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Annual emissions
of plastic into

the oceans were
estimated at
19-23 Million tons
in 2016.

Once in the oceans,
plastic spreads
very unevenly
among marine
regions.

1. Executive Summary

Current plastic pollution

Since the advent of the widespread commercial production and use of plastics
(see Glossary) after the Second World War, the rate of production and the asso-
ciated emission of plastic waste into the world’s oceans has grown significantly.
In recent decades, much of the plastic pollution came from single-use items.

Annual emissions into the oceans were estimated at 19—23 MMT (see “Metric
ton” in the Glossary) in 2016. Another important feature of plastic pollution is
that, once in the environment, the larger macroplastic items break down into
ever smaller fragments, becoming microplastics, which become nanoplastics.
Because of this fragmentation process, concentrations of microplastics and nano-
plastics will continue to rise for decades even if all plastic emissions cease now.

Increasing scientific and public interest

The last decade has seen an unprecedented increase in research findings
coupled with a growing interest in the media and rising concern in the public
sphere. Pictures of beautiful tropical beaches and coral reefs choked by plastic
waste, of dying animals caught up in abandoned fishing nets and throwaway
plastic items, and of birds with stomachs full of plastic waste have played a
prominent role in raising awareness of this issue to gain public attention
globally.

Meanwhile, scientists have worked on more and more questions related to
plastic pollution, with thousands of studies now covering many different aspects
of this pervasive environmental problem. In this report, we review the scientific
literature to summarise and evaluate the current state of knowledge on the
effects of plastic pollution on marine populations, species and ecosystems.

Spatial distribution

One important result from this research is that plastic pollution is now ubig-
uitous. It has reached every part of the ocean, from the sea surface to the deep
ocean floor, from the poles to coastlines of the most remote islands and is
detectable in the smallest plankton up to the largest whale.

Once in the oceans, plastics spread very unevenly among marine regions, spe-
cies and ecosystems. There are only a few areas where little to no plastic pol-
lution has been detected, in most areas it has and some hotspots are already
severely polluted. Such accumulation ‘hotspots’, are, for example, the five big
ocean gyre systems, areas near major source points, like long polluted rivers
and ecosystems such as coral reefs, mangrove forests and deep-sea canyons.
Moreover, certain regions, such as parts of the Mediterranean, East China and
Yellow Sea are considered pollution hotspots.

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 5



Future trajectories
of oceanic micro-
plastic concentra-
tions could result in
a 50-fold increase
by 2100.

Interactions of
marine organisms
with macroplastic
items are diverse

— like entanglement,
ingestion or
smothering.

While median (see Glossary) pollution levels across many scientific studies
from the seafloor, water column, surface, beach and sea ice amounted to 3,127
macroplastic items/km* and 200,000 microplastic items/km?, maximum levels
are much higher. Not surprisingly, the mass of macro- and microplastic debris
show a different pattern. For example, in the North Pacific Gyre, macroplastic
(75%) dominated over microplastic in terms of mass, whereas microplastic
items dominated in terms of numbers of items (94%). Coastlines have the high-
est numbers of macroplastic items while the deep seafloor has the highest num-
bers of microplastic particles — with concentrations even higher than those in
the accumulation areas of the big ocean gyre systems. The size of plastic items
does matter, as the spatial distribution of plastic pollution shows distinct differ-
ences for macro- and microplastics. Next to nothing is currently known about
the distribution and concentrations of nanoplastics.

Projections for future plastic pollution

A few studies have predicted the future of plastic production and environmental
emissions. All of their business-as-usual scenarios predict a substantial growth
in plastic production and emission levels for the next decades. Business-as-
usual means that annual emissions will at least triple by 2040—2060, but the
predicted increases vary considerably between studies. The future investment
plans of the chemical industry are also based on the assumption of further ex-
ponential growth. Such future trajectories could result in a four-fold increase

of oceanic macroplastic concentrations by 2050 and a 50-fold increase of ocean
microplastic concentrations by 2100. In contrast, the most optimistic scenarios,
which rely on a massive source reduction, improved waste management, recy-
cling and removal at a global scale, would reduce annual plastic emissions by
36—91%. However, even these optimistic scenarios would mean further increases
in marine pollution, albeit at lower rates. To conclude, plastic pollution will
inevitably continue to increase, but the magnitude of the increase is very much
dependent on what governments, industry, wholesale and societies do.

Effects on marine species and ecosystems

Even though research on plastic pollution and its effects on aquatic and terres-
trial species and ecosystems is still ongoing, the known impacts for certain
species and ecosystems are already severe. The size, and to some extent also
the shape and chemical makeup, of the zillions of plastic pieces now found

in marine environments greatly determines how they interact with marine
organisms and how much harm they do.

Macroplastic items primarily harm marine organisms through entanglement,
ingestion (see Glossary), smothering and leakage of associated chemicals. They
also provide a refuge to smaller animals and new substrates for settlement,
mostly for sessile species, but may also allow species and pathogens to spread
to new areas. While these interactions could lead to harm, in some cases even
to death, to our knowledge they seldom drive critical decreases in population (see
Glossary) at present. Other interactions are simple physical contact with no
apparent harm.



Levels of plastic pollution and the effects on species vary greatly due to the geo-
graphic variation of plastic pollution but also due to different exposures related
to the lifestyles of marine species. For example, filter-feeding species such as
mussels or baleen whales could take up large amounts of plastic. Encounters
Encounte IS with macroplastic could particularly affect large, charismatic animals, namely

WIth macrqplaStlc of individuals belonging to many of these groups are already declining as a
CUUId partICll|aI'|y result of other threats. Since the loss of the top predators and large herbivores
aﬂ:ect | arge’ (see “Megaherbivore” in the Glossary) has a great impact on ecosystem struc-
. . ture and function, the ramifications of losing further individuals, especially of
charismatic

anlma|S. throughout marine ecosystems.

seabirds, turtles, marine mammals, corals, and sharks and rays. The number

already dwindling populations, will reverberate the impacts of plastic pollution

Because of their size, microplastics and nanoplastics enter into the bodies of
animals through ingestion and inhalation. Ingested microplastics can block the
digestive tract, while both microplastics and nanoplastics can contribute to the
chemical body burden and elicit toxicological effects. Numerous studies have
conclusively established that microplastics and nanoplastics have entered the
marine food chain, which thus introduces microplastic and nanoplastic pollu-
tion and its associated chemical pollution into higher trophic levels including

Loggerhead turtle trapped in an abandoned drifting net, Balearic Channel, Mediterranean sea.
© naturepl.com/Jordi Chias/WWF
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The harm caused
by microplastics
and nanoplastics is
directly related to
their concentration.

There are examples
of coral reefs and
mangrove forests

that have been
seriously damaged
by plastic pollution.

humans. Micro- and nanoplastics have been found in human stool, colons, saliva,
hair, lungs, placentas and on the skin. However, the effects of microplastics

and nanoplastic exposure differ widely. The many studies considered in this
report demonstrate that the effects vary depending on (1) the size, type and
concentration of microplastics and nanoplastics, (2) the length of exposure, and
(3) the examined species or ecosystem. While some studies have demonstrated
deleterious effects, including increased morbidity and mortality of individuals
due to altered or decreased food uptake, growth, immune response, reproduc-
tion, altered cell functions, behaviours, and even negative effects on ecosystem
functions, other studies reported few or no effects. As expected, harm is directly
related to the concentration of microplastics or nanoplastics. Some experiments
demonstrated harm at environmentally realistic concentrations whilst others
did not. In addition, there is debate as to what are environmentally realistic
concentrations, because most studies fail to detect the smallest microplastics,
which account for the vast majority of particles, let alone nanoplastic. Therefore,
reported environmental concentrations may often be considerable underesti-
mates. As a result, risks could be underestimated.

Microplastics exist in various polymer types, shapes and sizes, and organisms
can be exposed to them at different concentrations and for various time periods.
If the possible experimental combinations are multiplied with the number of
coral species, it soon becomes clear that a great number of laboratory experi-
ments would have to be carried out to gain a full understanding of the risk.
Furthermore, as almost all laboratory studies lasted a few days or weeks at most
we know very little about the effects of long-term exposure. Our current know-
ledge therefore represents a very small glimpse of the full complexity and may
also underestimate the severity of the problem. However, since there is enough
evidence indicating adverse effects, the priority should be given to decreasing
the emissions of plastics into the environment.

Marine ecosystems that are already dealing with multiple stressors now face

an additional stressor in macroplastic pollution. So far, research has docu-
mented serious damage to coral reefs and mangrove forests due to smothering
and entanglement, which can lead to injury, disease and death of corals and
mangrove trees. There are examples of coral reefs and mangrove forests, which
have been seriously damaged by plastic pollution, since they experience several
other threats at the same time, plastic pollution exerts further stress on these
ecosystems that are vital to ocean health and human well-being. Other marine
ecosystems, such as deep-sea canyons, are also increasingly polluted, but so far,
we know little about possible impacts.



Plastic bag stuck on staghorn corals of a tropical reef near the Apo Island, Dauin, Negros, Philippines.
© Steve De Neef/National Geographic Creative

Negative effects of
plastic interactions
were reported for
88% of investigated
species.

Given the global ubiquity of plastic pollution, it can by now be assumed, that
almost every marine species has encountered plastic, although not all encoun-
ters with plastic lead to an adverse effect on the organism’s health. The number
of species to have interacted with plastics is steadily increasing, mostly due to
the growing number of studies because almost every investigated species has
had contact with plastics. A total of 1,253 scientific studies has documented
2,788 marine species that have encountered plastics, but even this number is
a substantial underestimate because scientists cannot examine every species.
Half of these studies only reported the interactions and did not investigate the
effects of the encounters on 1,713 species. Effects of these interactions were
reported for 43% (1,191) of the 2,788 species in field and experimental studies.
In experimental studies, negative effects of plastic interactions were reported
for 88% of 297 species.

In conclusion, many examples of harm caused by plastic pollution and affecting
marine populations, species and ecosystems have been established, but many
details and questions remain open. While macroplastic debris clearly causes
harm to marine life, the consequences of microplastic pollution on marine
biota are less well-known and the effects of nanoplastic pollution are largely
unknown. However, this almost certainly does not mean no harm, in light of
the evidence already available from laboratory studies of various effects of
microplastics and nanoplastics on numerous marine species.

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 9



Wherever hotspots Combination with other stressors
cause d hy 0 ther Plastic pollution cannot be considered in isolation. Rather, it adds another
impact to the litany of existing pressures caused by humans, such as global
threatS 0VEI’|ap W|th warming and heat stress, ocean acidification, eutrophication (see Glossary), de-
pl a St'C po"utmn’ oxygenation, overharvesting, bycatch, shipping and underwater noise, habitat

negatlvg eﬂ:eas. Of ors acting together may suffice over the longer term to push vulnerable marine
p|aStIC p(l"lltl[ln species, populations, or ecosystems, in badly polluted areas, over the brink with
W|" be eXa Cerh ated. probable detrimental effects for the functioning of the affected ecosystems and
its services. Wherever hotspots caused by other threats overlap with hotspots

destruction and fragmentation, and chemical pollution. These multiple stress-

caused by plastic pollution, the negative impacts of plastic pollution will be ex-
acerbated, especially for vulnerable species or regional subpopulations. For
example, the already threatened Mediterranean populations of monk seals or
sperm whales will be further jeopardized by the effects of plastic pollution.

An increasing threat from plastic pollution, in combination with the other
stressors, may be what leads to a further endangerment of one or several spe-
cies. In many other cases, biodiverse, productive and resilient ecosystems will
be replaced with simpler, unproductive and fragile ecosystems, especially when
several stressors interact. Such ecosystems, in turn, provide fewer benefits

and services, which then means fewer economic returns and less security and
well-being for human societies. In conclusion, plastic pollution must now be
considered a stressor of marine ecosystems, acting in combination with the
many other severe stressors of marine ecosystems.

Effects of future plastic pollution

This report documents clear-cut cases of harm done to certain marine species,
ecosystems and locations, where harm to date is mostly attributed to mac-
roplastics. We should heed the examples given as ominous warning signs of
much more common and widespread damage to come unless the future trajec-
tory of plastic pollution is drastically changed.

Recently, studies have estimated the threshold level of risks to marine ecosys-
tems caused by plastic pollution. One of these models suggested that oceanic
. . microplastic concentrations, which can be considered ecologically dangerous
The "Sk Of h|gh currently only exist in a few regions, such as the Mediterranean, East China

oce anic micropl a St“: and Yellow Seas. However, projected increase of microplastic concentrations
. . would spread this risk considerably to other areas by the end of the 21st century.
an Centratmns I5 Therefore, the precautionary approach should apply in order to avoid the risk of
prEd":tEd tl] Spl’ead irreversible harm. With continued business-as-usual scenarios, the documented

co nsujerably to other harmful effects of plastic pollution will increase, which could very well mean

areas by the end Of rently, plastic pollution presents a legacy burden for future generations, who,
the 21St Century. on current trajectories, will have to endure oceans contaminated with plastics.

crossing critical thresholds for some species, populations or ecosystems. Cur-
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2. Alfred Wegener Institute
Helmholtz Centre for Polar
and Marine Research

The Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research
(AWI) explores the Arctic, Antarctic, and the seas and coastal regions of the
temperate latitudes, from the atmosphere to the deep sea. It has researched
plastic pollution in the ocean for 15 years and developed state-of-the-art meth-
odologies for the standardised detection of small microplastics in different envi-
ronments. The work aims to unveil the distribution of plastic pollutants as well
as its impacts on marine life and trends over time to provide scientific data that
are needed to combat plastic pollution in the oceans. In addition, it synthesizes
scientific data in the online marine litter portal LITTERBASE (Box 1).

The research vessel Polarstern, one of the important tools of German polar research and the flagship of the Alfred
Wegener Institute Helmholtz Centre for Polar and Marine Research. © Mario Hoppmann

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 11
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3. Introduction

The threat from plastic pollution has grown from a minor environmental
nuisance and niche scientific issue to a major global environmental concern that
is attracting considerable and sustained interest from researchers, the media,
the public and decision-makers. In 2019, the United Nations referred to it as a
‘planetary crisis’ (MacLeod et al., 2021; Villarrubia-Gomez et al., 2018).

The Anthropocene (see Glossary) has also been named the ‘Great Acceleration’
because various socio-economic and Earth system related indicators experienced
a continuous growth after World War II (McNeill and Engelke, 2016). One indi-
cator of the Anthropocene is the emergence of plastic pollution, which was neg-
ligible before the war (Waters et al., 2016; Zalasiewicz et al., 2016). Already, the
global mass of plastic produced during the Anthropocene exceeds the current
total mass of all terrestrial and marine animals combined (Elhacham et al., 2020).

Plastic production has grown exponentially since World War II (Figure 1). In
1950, the annual plastic production was 1.5—2.0 million metric tons (MMT),
50 MMT in 1977, 100 MMT in 1989, 200 MMT in 2002 and 368 MMT in 2019
(Geyer et al., 2017; Lebreton and Andrady, 2019; PlasticsEurope, 2016, 2020).
Half of all the plastic ever produced was made between 2003 and 2016.

Plastic production ¥
in million metric tons

40% 600

increase in plastic production
by 2030 500

396 MILLION

metric tons in 2016 400

In 2016 the annual production of plastic reached 396 million metric tons.

300
Projected
200
*The coloured areas represent 100
the cumulative production
of plastic.
0

1950 1960 1970 1980 1990 2000 2016 2030

Figure 1: Global primary plastics production according to industrial use sector from 1950 to 2015. The
figure was produced using the data from (Geyer et al., 2017). The coloured areas represent the cumulative
production of plastic. MESAB, “The Circular Economy — a Powerful Force for Climate Mitigation”; CIEL,
“Fueling Plastics: How Fracked Gas, Cheap Oil, and Unburnable Coal Are Driving the Plastics Boom.”
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About 75%

of all plastic
ever produced
had become
waste.

Marine organisms

are also exposed to

C

hemicals entering
the environment,

some of which are
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related to plastic
production.

Corporations have invested 180 billion US dollars into new plastic factories
since 2010, which will lead to a 40% rise in plastic production within a decade
(Taylor, 2017). Cheap fossil resources such as gas and oil have fuelled large new
investments in plastics infrastructure around the world, with 164 billion US dol-
lars planned for 264 new facilities or expansion projects in the USA alone (CIEL,
2017).

By 2017, the total amount of all plastics ever made was 8,300 MMT, which
comprised 6,800 MMT of plastic resins, 500 MMT of additives and 1,000 MMT
of polyester, polyamide and acrylic fibres (PP&A). About 76% or 6,300 MMT
had already become waste. Incinerated waste accounts for 12%. Another 9%
had been recycled. Only 10% of this was recycled more than once. The remain-
ing 79% ended up in landfills or in nature, which accounts for 60% of all plastics
ever produced until 2017 (Geyer et al., 2017). In 2015, half of all plastic waste
originated from plastic packaging alone (Geyer et al., 2017). Annual plastic
production, excluding polyethylene terephthalate (PET), polyamide and poly-
acryl fibers had reached 368 MMT in 2019 (PlasticsEurope, 2020). Because

of ineffective waste management, 4.8—12.7 MMT of macroplastics entered the
oceans from land in 2010 (Jambeck et al., 2015), an estimate that rose to

19—23 MMT in 2016 (Borrelle et al., 2020).

Another important feature of plastic pollution is the variety of plastic types and
additives involved, which are used to make millions of different products. The
most important polymer types are: PP&A, low-density polyethylene (LDPE)
and high-density polyethylene (HDPE), PET, polypropylene (PP), polysty-

rene (PS), polyurethane (PUR) and polyvinylchloride (PVC) (Geyer et al.,

2017), although there are many more (Andrady and Rajapakse, 2016; Kutz,
2011; Wypych, 2016). Some of the most harmful chemicals, which enter the
marine environment via plastics and that adsorb to plastics are endocrine dis-
ruptors (e.g. bisphenol A, phthalates, and alkylphenol additives), persistent or-
ganic pollutants (POPs) (e.g. flame retardants — see Glossary), and various toxic
chemicals that are already in the environment. Some of these are related to
plastic production, whereas others are legacy pollutants or pesticides, for exam-
ple, polychlorinated biphenyl (PCBs) or dichlorodiphenyltrichloroethane (DDT)
(Section 5.3). While a number of these polymers and additives are known to be
harmful to marine organisms, many others could be harmful or not, but have
not yet been studied. The chemicals enter the environment during production,
transport, use and disposal of the product — in other words, throughout its life
cycle. Marine organisms are exposed to them either directly via ingestion or
indirectly via contact with water, air, sediment or food.



Plastic production,
use and disposal
could account

for 10-20% of the
total greenhouse
gas emissions
budget.

Scientific research on the scale and effects of plastic pollution has unveiled
worrying results:

» ocean animals can suffer agonizing deaths, injuries and other health
impairments due to interactions with plastic objects (Kiihn et al., 2015).

» food chains are contaminated with micro- and nanoplastic (Box 2) and
hazardous chemicals leached from plastic, with potentially serious
consequences for growth, health and reproduction of animals, including
humans (Box 3).

» functions of ocean ecosystems are negatively affected by structural,
chemical and ecological changes (Lamb et al., 2018).

» invasive species, diseases and disease vectors spread as hitchhikers on
plastic debris (Garcia-Gémez et al., 2021).

» drainage, dams and wastewater systems become blocked, which can lead to
floods and disease spread from stagnant waterways (Boelee et al., 2019).

» people get injured, sick or killed by coastal debris, germs on debris, or in
shipping accidents and floods (Campbell et al., 2016).

» coastal and ocean-based recreation and tourism suffer from unsightly plastic
pollution, which is costly and laborious to remove (Newman et al., 2015).

» industries such as shipping and yachting, fisheries, aquaculture, coastal
agriculture or energy production infrastructures suffer from the costs due to
obstructions in equipment caused by plastic debris and maritime accidents
(Newman et al., 2015).

» financial and social costs of implementing mitigation technologies impact
economies, social justice and human and environmental health (Borrelle et
al., 2020).

Plastic pollution costs the global economy at least 13 billion US dollars each
year (UNEP, 2018). In addition, plastic production, collection, disposal and
the waste itself are significant sources of greenhouse gases (Ford et al., 2022;
Royer et al., 2018; Zheng and Suh, 2019). In the 2000s, already 8% of the
annual global fossil fuel production went towards plastic production (Hopewell
et al., 2009). Future greenhouse gas emissions from plastic processing and
incineration could therefore significantly impair the goal of keeping global
warming below 2°C (Muffett and Feit, 2019). Plastic production, use and dis-
posal could, within a few decades, account for 10—20% of the total emissions
budget allowable to keep the global temperature increase below 1.5°C (Hamilton
and Feit, 2019; PEW and SYSTEMIQ, 2020).

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 15



16

BOX 1: LITTERBASE

Over the last decade, the progress in marine litter
research has increased exponentially (Figure 2)
making it difficult to keep track of the progress. In
response, the Alfred Wegener Institute Helmholtz
Centre for Polar and Marine Research devised
the online portal LITTERBASE (http://litterbase.
org), which provides regularly updated informa-
tion on the global distribution and composition
of litter pollution and its impacts on biota.

The data presented in the portal are taken from
peer-reviewed publications and reports and fed
into a database using standardised protocols.
Striving for a comprehensive picture, the scientif-
ic literature is continuously screened for new
articles and bulk updates are performed period-
ically. As of November 2021, data from 2,881
studies had been entered into comprehensible
global maps and infographics on the spatial and
temporal distribution of litter pollution and its
impacts on organisms, in order to communicate
scientific knowledge to the general public.

The metadata for the distribution of man-made
litter include bibliography, location, litter type,
size category, amount unit (e.g. number or mass
of items per kilometre, per square kilometre,
per cubic metre) and biome (beach, sea surface,
water column, seafloor). The units of measured

litter concentrations were standardised when

possible for comparability (e.g. m to km). Very
large data sets had to be aggregated as they
would have exceeded the capacity of manual
data entry. As of January 2021, the compilation
of litter distribution data with a publication date
up to the end of 2018 had been completed, and
the process of extracting data from more recent
publications is in progress.

The following records of interactions between
marine life and litter were entered: location

and type of observed encounter (entanglement,
ingestion, colonisation, other), species/taxon
observed, effects (e.g. injury, mortality, growth,
reproduction, behaviour), percentage of individ-
uals affected, litter type, size, aquatic system and
biome. So far, about 2,150 taxa have been re-
corded to have encountered marine litter in the
wild. As of January 2021, the extraction of data
from the studies, which had been published by
the end of 2019 was completed, and the update
for more recent literature is ongoing.

To draw a global picture, much of the information
provided in this report relies on analyses of data
from LITTERBASE unless other references are
given. More details on methods and restrictions
of the analyses are provided in Annex, Section
10.1 for plastic distribution and Annex, Section
10.2 for plastic impacts on marine life.

LITTERBASE is an inter-
active online portal, which
provides access to our cur-
rent state of understanding
of marine litter to the general
public and stakeholders.
Published records of marine
litter and microplastics and
their impact on marine life
are compiled in a database
and are regularly updated.:

wwuw.litterbase.org



Together with government institutions and the local community, WWF organises waste collection campaigns in
Vietnam. © Melanie Gommel/WWF

The last two decades have seen increasing grass roots actions, media cam-
paigns, reports, and conferences organized by people and environmental NGOs
(Dauvergne, 2018; Jorgensen et al., 2020; Nelms et al., 2017; Thiel et al., 2014;
Walther et al., 2020; 2021). In turn, the interest of the media, public and de-
cision-makers has grown tremendously, with plastic pollution now being one

of the foremost reported global environmental issues in the press and internet
(Prata et al., 2019; Volker et al., 2020; Walther et al., 2021). One likely reason
is the fact that plastic pollution is much more visible and easier to grasp than
the less tangible threats of climate change and loss of biodiversity (see Glossary).

As with any complex, global, environmental issue, there are many aspects to
plastic pollution, such as understanding its scale and distribution, interactions
with ecosystems, effects on human health and economies and mitigation
policies. This report reviews the scientific literature to evaluate the impacts

of plastic pollution on marine organisms, from the level of the individual (see
Glossary) to the population and species level up to the level of entire ecosystems
(see Glossary for definitions). Before assessing the details of the impacts on
marine biota, details about the sources of plastic pollution and future predic-
tions are covered (this chapter). Chapter 4 provides an overview of the spatial
distribution of this pollutant. Chapter 5 reviews the interactions of plastic with
species and the effects caused by the interactions, and in the same context
Chapter 6 focuses on selected ecosystems. Chapter 7 evaluates the findings

of this report.
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Box 2: Tiny bits of plastics — micro- and nanoplastics

Plastics comprise a wide range of synthetic or
semi-synthetic organic compounds that are
malleable, so can be moulded into solid objects
of almost any shape (Kutz, 2011; Wypych, 2016).
Under the influence of sunlight, mechanic abra-
sion and temperature fluctuation, plastic items
become brittle and break into smaller and small-
er pieces in the environment. Their sizes often
determine their biological impact. While differ-
ent definitions circulate, usually the following
size categories have been applied based on the
longest linear dimension of the item: megaplas-
tics (> 100 cm), macroplastics (100—2.5 cm),
mesoplastics (25—5 mm), microplastics (5 mm-—
0.1 um), and nanoplastics (< 0.1 um). For ease
of reading, we included mesoplastics into the
category of macroplastics (see Glossary for more
details on macro-, micro- and nanoplastics).

Microplastics are often further categorized into
primary and secondary microplastics. Primary
microplastics are pieces of plastic, which were
produced in this size. Examples include micro-
beads or plastic scrubbers in cosmetic and
hygienic products and pre-production pellets
also called nurdles, which are then melted down
to shape almost every product made of plastic.
Secondary microplastics are fragments resulting
from the breakdown of larger primary plastic

items.

Microfibres from synthetic textiles have been
identified as one of the main sources of micro-
plastic pollution in the environment. Indeed,
0.6—1.5 million microplastic fibres are shed from
synthetic textiles during a single wash of a normal
2.0—2.5 kg load of clothes (De Falco et al., 2019).
When these microfibres reach wastewater treat-
ment plants, a small but significant fraction is
not retained; it ends up in waterways and even-
tually in the oceans. It should be noted that in
the absence of treatment facilities, all of these
particles inevitably reach the oceans.

While the vast majority of polymers (see Glossary)
used today is made from petrochemicals, various
new bioplastics have been developed, which are
made from renewable materials such as poly-
lactic acid from corn, ethanol from sugarcane,
cellulose from cotton linters and even from
chicken feathers, algae and prawn exoskeletons.
However, depending on their chemical structure,
many bioplastics are neither always recyclable
or biodegradable (see Glossary). They could per-
sist in the environment and often have the same
effect as non-biodegradable plastics (Green,
2021; Napper and Thompson, 2019). The reason
is that the polymer type and the environmental
conditions determine the potential degradation
pathways, products and speed (Bertling et al.,
2018; Gewert et al., 2015; Peng et al., 2020).

Microplastics in sand.

© www.naturepl.com



Plastic and trash pollution in the eastern Caribbean between the islands of Roatan and Cayos Cochinos along the

coast of Honduras. © Caroline Power

80% of

ocean plastics
are estimated to
come from land-
hased sources.

Sources of plastic pollution

Depending on the product and location, the probability of plastic ending up in
nature differs widely. Nevertheless, researchers have shown where most of the
plastic pollution in the oceans comes from.

Plastic pollution can be distinguished between land-based sources and sea-
based sources. It is often quoted that land-based plastics account for 80% of the
marine plastic debris by number (LI et al., 2016). A global analysis of litter-type
inventories resulted in a similar percentage (Morales-Caselles et al., 2021).
Plastic makes up 80% of the litter items, and a set of plastic items from take-
out food and beverages largely dominated global litter (50—88%). This category
was followed by fishing-related litter (about 22%, but up to 61% in open waters).
A continuous monitoring of beach litter provides data on the long-term balance
between the inputs (land-based sources or stranding) and outputs (export,
burial, degradation and clean-ups) (Galgani et al., 2015). The National Marine
Debris Monitoring Program conducted between 2001 and 2006 in the US re-
vealed that land and sea-based items contribute 49% and 18% of the collected
debris, respectively. The origin of 33% of the items could not be attributed to
any source category. The majority of the collected items was plastic (Sheavly,
2010). It should be noted that although densely populated and industrialised
areas are the main sources for land-based plastic debris, it varies with region.
The mass of sea-based plastic debris can exceed land-based sources. Plastics
from fisheries constituted more than 80% of the overall weight of the litter col-
lected from Arctic beaches (Bergmann et al., 2017). The mass of nets, lines and
ropes from fishing and shipping accounted for 46% of the plastics floating in the
North Pacific Gyre (Lebreton et al., 2018).
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Box 3: Effects of plastic pollution on human health

While numerous reviews about the effects of
plastic pollution on human health have been
published (Azoulay et al., 2019; Barboza et al.,
2018; Campanale et al., 2020; Fournier et al.,
2021; Galloway, 2015; Halden, 2010; Prata

et al., 2020; Rahman et al., 2020; Rist et al.,
2018; Seltenreich, 2015; Sharma and Chatterjee,
2017; Smith et al., 2018; Thompson et al., 2009;
Vethaak and Legler, 2021; Wright and Kelly,
2017) data from new studies are still sparse.

Large litter items can affect humans much in the
same way as animals. For example, people can
get injured when walking barefoot on a littered
beach or become entrapped whilst swimming.
Waste pickers can contract diseases when han-
dling debris with germs (Kretchy et al., 2020).
In the ocean, litter can cause maritime accidents,
sometimes fatal, through collision and entangle-
ment of propellers or of bottom fishing gear in
large items on the seafloor (Lee, 2015).

Although there is a lack of conclusive research
on the topic, potential risks to human health
may also arise from microplastics or nano-
plastics (Bouwmeester et al., 2015; Galloway,
2015; Kessler, 2011; Lehner et al., 2019; Mitrano
et al., 2021; Peng et al., 2020; Revel et al., 2018;
Schirinzi et al., 2017). Both size fractions may
cause transfer of toxic compounds, and there is
also the possibility of internal injury (Vethaak
and Leslie, 2016).

Humans can be exposed to micro- and nano-
plastic via three main routes: ingestion, inhala-
tion, and through the skin (Hwang et al., 2020).
Given that a wide range of food products (e.g.
table salt, seafood, drinking water, tea bags,
fruit, vegetable) and daily-care products contain
microplastic (Carbery et al., 2018; Chen et al.,
2020a; Conti et al., 2020; Cox et al., 2019; EFSA
Panel on Contaminants in the Food Chain (CON-
TAM), 2016; Hantoro et al., 2019; Hernandez

et al., 2019; Lee et al., 2019; Miller et al., 2016;
Rochman et al., 2015; Senathirajah et al., 2020;

Nurdles are the raw material of plastic packaging

and biobeads are used in sewage treatment to break
down human waste. 9 million of these microplastic
pollutants have been collected by the Rame Peninsula
Beach Care Group on a 100 m stretch of Tregantle
Beach, Cornwall in just 7 visits. © Sam Hobson/
WWEF-UK

Van Cauwenberghe and Janssen, 2014; WHO,
2019; Zhang et al., 2020), it does not come as a
surprise that it has been detected in human stool,
colon, saliva, hair and on the skin (Abbasi and
Turner, 2021; Ibrahim et al., 2021; Schwabl et
al., 2019).

An estimate for the consumption rate of US
citizens was 1,419—2,321 microplastics per week
(Cox et al., 2019). A global mass estimate was
0.1-5.0 g of microplastics per week (Senathira-
jah et al., 2020). However, a later study based
on more comprehensive data claimed this to
be a considerable overestimate and provided
the following estimates: a median intake rate of
3,871 microplastic particles (1,288 ng) per week
for children and 6,181 (4,081 ng) per week for
adults (Mohamed Nor et al., 2021). By contrast,
Zhang et al. (Zhang et al., 2021a) suggested that



the uptake by infants is higher than by adults.
Their results pointed out that infants ingest PET
(polyethylene terephthalate) and PC (polycar-
bonate) particles with a daily concentration of
83,000 and 860 ng per kg body weight, whereas
for adults, the concentration is 5,800 ng/kg for
PET and 200 ng/kg for PC.

Synthetic fibres have been found in lung biop-
sies, confirming inhalation as a pathway into our
bodies (Gasperi et al., 2018; Pauly et al., 1998;
Suran, 2018). If not cleared by coughing, over
time, microplastics could accumulate in our air-
ways and promote conditions such as respiratory
irritation, asthma, inflammation, or potentially
carcinomas (Wright and Kelly, 2017). Interest-
ingly, facemasks now worn commonly due to

the COVID-19 pandemic can both reduce or en-
hance inhalation of microplastics depending on
the type of mask, length of use and disinfection
treatment (Li et al., 2021).

It remains unclear whether microplastics pass
through the lungs or intestinal barriers into our
bloodstream and other organs and if so, what
effect this might have (Mitrano et al., 2021;
Ramsperger et al., 2020). Small particles in the
nano-size range are more likely to pass biological
barriers and to be taken up by cells and could lead
to inflammation and cationic toxicity (Mitrano et
al., 2021). Recent evidence suggests that polysty-
rene nanoparticles can form a protein corona with
biomolecules in human fluids, enabling them to
pass the placenta barrier (Gruber et al., 2020).

Indeed, microplastics were recently found on
both sides of human placentas suggesting that
they can be passed from the mother to their fetus
(Ragusa et al., 2021; Zhang et al., 2021a). In addi-
tion, cerebral and epithelial cells experienced ox-
idative stress when subjected to polyethylene and
polystyrene microplastics (Schirinzi et al., 2017).
Another study showed that human blood cells
exposed to polystyrene nanoplastics experienced
early-stage local inflammatory responses (Hwang
et al., 2020). In-vitro cells exposed to nanoplas-
tics and associated contaminants also showed
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clear metabolic alterations (Magri et al., 2021).
One reason could be the fact that nanoplastics can
interact with proteins, which can lead to cellular
damage (Holloczki and Gehrke, 2019).

However, adverse effects may not only arise
from the polymer itself but also from the asso-
ciated chemicals such as plasticisers, pigments,
or flame retardants that can leach from the
particle into the body (Section 5.3). These chem-
icals can have a wide range of effects including
breast cancer and heart disease and are also
transferred through food packaging (Vanden-
berg et al., 2010). Therefore, experts from the
field of ecotoxicology suggest incorporating
chemical safety concerns into the design of
sustainable packaging materials (Muncke et al.,
2020). Serious concerns about the hormonal
effects of plastic-derived endocrine disruptors
(see Glossary), such as BPA and phthalates,
need to be urgently researched and addressed
as they may even threaten human reproduction
itself (Section 5.3 and Albert and Jégou, 2014;
Brockovich, 2021; Bryant, 2021; Levine et al.,
2017; Swan and Colino, 2021).

Finally, plastic items can serve as disease vec-
tors (see Glossary) (Vethaak and Leslie, 2016).
For example, potentially pathogenic Vibrio pa-
rahaemolyticus was detected on microplastics
sampled in the North and Baltic Sea (Kirstein et
al., 2016), and Escherichia coli on plastic pellets
sampled on beaches (Rodrigues et al., 2019). In
addition, it could be a vector for the dispersal of
multiple antibiotic resistant pathogens (Lagana
et al., 2019).

Even though research on the adverse effects of
plastic pollution on human health has not yet
reached firm conclusions, potential risks suggest
a need for a precautionary approach (Cox et al.,
2019). Should the precautionary principle be
followed, the most effective action would be to
reduce the production and use of virgin plastic,
especially considering the fact that microplastic
pollution is accumulating and poorly reversible
(MacLeod et al., 2021; Senathirajah et al., 2020).



River deltas
receive 52%

of plastic pollution

22

carried by fluvial
systems.

An exponential
increase in total
plastic waste

is predicted.

Land-based sources of macroplastic inputs into aquatic ecosystems amounted
to 19—23 MMT in 2016 (Borrelle et al., 2020). They originate from the land
adjacent to the world’s coastlines, but an additional 0.8—2.7 MMT per year are
carried from further inland by 1,000 rivers, accounting for 80% of global river-
ine plastic emissions (Meijer et al., 2021). The contribution of macrolitter even
from small rivers and streams was recently emphasized by the analysis of the
first ever database of riverine floating litter across Europe, which estimated that
307—925 million items are released every year from Europe into the ocean, 82%
of which are plastic (Gonzalez-Fernindez et al., 2021).

River deltas comprise only 0.87% of the global coast but they receive 52% of
the plastic pollution carried by fluvial systems, which remains close to the river
mouth (Harris et al., 2021). Rainfall and floods flush the plastics load of rivers
into the sea, yet the mechanisms of further dispersal are complex; plastic debris
carried by rivers does not necessarily travel to the sea. An assessment in Cape
Town, South Africa, showed that a large proportion of plastic carried by the
investigated seasonal river was washed ashore after entering the sea (Ryan and
Perold, 2021). The next biggest sink are tidal coasts, such as mangroves and
salt marshes, which receive 30% of the rivers’ plastic pollution (e.g. Lloret et al.,
2021; Martin et al., 2019; 2020).

The amount of sea-based pollution emitted from commercial, fishing, military
and recreational vessels, oil and gas platforms, and aquaculture is currently
unknown. It is likely highly variable, depending on the type of vessel but also on
the attitudes of its crews and passengers (Chen and Liu, 2013; Culin and Bieli¢,
2016; Olsen et al., 2020; Pahl et al., 2020).

Recently, the long-range transport of air-borne particles has been identified

as another source of plastics (Bergmann et al., 2019; Bianco and Passananti,
2020; Brahney et al., 2021; Dris et al., 2016; Zhang et al., 2020). Although the
magnitude is currently unclear, it may be substantial (Liss, 2020) with particles
carried as far as Arctic regions.

Projected future scenarios

The numbers presented in this section are global estimates of future plastic pro-
duction and waste generation. It should be noted that the studies making these
predictions had different aims: while some considered all plastics produced and
discarded, others focused on plastic waste emitted into oceans.

Jambeck et al. (2015) estimated that 4.8—12.7 MMT of plastic waste entered
the oceans in 2010. They predicted at least a 10-fold increase in plastic waste
entering the oceans from 2010 to 2025; predictions for 2025 range from just
below 100 to 250 MMT. Geyer et al. (2017) projected an exponential increase
in total plastic waste until 2050. They also predicted that more of this waste
will be incinerated or recycled so that a smaller proportion of waste will be dis-
carded. Nevertheless, the exponential increase in total plastic waste means an
almost linear increase in discarded waste between now and 2050. In 2050, the
total amount of discarded plastic is expected to be around 12,000 MMT, which
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Group photo of the plastic-campaign, in front of the UNEA conferrence building in Kenya. © Markus Winkler/WWF

would presumably mostly end up in landfills or incinerated, but also in the nat-
ural environment. However, this study did not specify future emissions into the
environment.

Even Scenarios Lebreton and Andrady (2019) estimated that 60—99 MMT of plastic waste en-

WIth ImpmVEd triple to 155—265 MMT by 2060 under a business-as-usual scenario (see Glos-
WaSte management sary). However, an improved-waste-management scenario could reduce the
entail a further annual amount to about 50 MMT, and this coupled with a reduce-plastic-use

bu"dup Uf pIaStIC even these scenarios entail a further build up of plastic waste, some of which
WaSte. would enter the oceans.

tered all environments in 2015. They predicted that this amount could almost

scenario could further reduce the annual amount to 25 MMT. Nevertheless,

A business-as-usual scenario by Lau et al. (2020) projects that annual plastic
pollution of aquatic and terrestrial environments (Box 4) will almost triple from
about 30 MMT in 2016 to 80 MMT in 2040, of which 28 MMT will be emitted
into aquatic environments. Four more ambitious scenarios, which involve
improvements to collection, recycling and source reduction (see Glossary)
would result in 20 to 45 MMT of annual plastic pollution in 2040. Of the 20
and 45 MMT, 5 and 18 MMT are estimated to enter aquatic environments,
respectively. Again, even the most ambitious scenario entails further plastic
pollution of the aquatic environment.

Borrelle et al. (2020) estimated that 19—23 MMT of plastic waste entered aquat-
ic environments in 2016. A business-as-usual scenario projects that annual
plastic pollution of the aquatic environment would reach 36—90 MMT in 2030.
Two scenarios, which involve improvements in source reduction, collection and
removal operations, predict either 3—12 MMT or 20—53 MMT in 2030. Again,
even these ambitious scenarios would result in significant inputs of plastic
pollution into the oceans.
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Several studies predicted the increase in oceanic macroplastic concentrations

based on future business-as-usual trajectories. A four-fold increase by 2050
and 2060 was predicted by Lebreton et al. (2019) and Isobe et al. (2019),
respectively. Everaert et al. (2018) estimated a 50-fold increase of microplastic

concentration by 2100.

To conclude, business-as-usual growth probably means a rapid and massive

build-up of plastic pollution in the oceans. Even ambitious measures, which

combine source reduction, better waste collection and recycling and environ-

mental clean-ups still result in a continuous, albeit slower build up of plastic

waste in aquatic environments.

In essence, plastic pollution resembles other global pollution crises, such

as the pollution with greenhouse gases, heavy metals or POPs, because

(1) business-as-usual growth means a continuous build-up of pollution,

(2) the pollution affects the entire planet, and (3) solutions need to be of a

radical, global and systemic nature to have any chance of success.

Box 4: Impacts of plastic pollution on terrestrial environments

Until recently, surprisingly little research had
been undertaken into the impacts of plastic debris
on life on land (Dioses-Salinas et al., 2020; Hurley
and Nizzetto, 2018; Ng et al., 2018; Royal Society,
2019; Wang et al., 2019; Wong et al., 2020),
even though this is the main human habitat (see
Glossary) and where most of our food comes
from. Plastic debris can affect terrestrial wildlife
much in the same way as it affects marine wild-
life, through entanglement, ingestion (Eriksen et
al., 2021; Omidi et al., 2012; Weitzel et al., 2021)
and potentially by inhalation of microplastics.

It has been estimated that 32% of all the pro-
duced plastic may end up in soils (Kumar et al.,
2020). Farmers in the USA currently use 57,000
tonnes of plastic mulch and 191,000 tonnes of
plastic containers annually. Consequently, the
microplastics content in agricultural soils is
estimated to be between 63,000—430,000 and
44,000—300,000 tonnes in Europe and North
America, respectively (Nizzetto et al., 2016).

The process of weathering and fragmentation of
large plastic items is even faster on land than in

water (Chamas et al., 2020) meaning that micro-
plastics build up in the environment over time.
Road traffic is another important source of
terrestrial microplastics as vehicle tyres, road
markings, and bitumen, a component of road
surfaces, become abraded (Bertling et al., 2018).
Because of their very small sizes, these particles
can be transported quickly over long distances
though the air. In addition, the remains of dere-
lict mulching films pollute agricultural land along
with polymer-based fertilizers and pesticides,
plastic-coated seeds and sewage sludge. Sewage
sludge contains the concentrated leftovers from
wastewater treatment processes, which include
microplastic particles and fibres at concentrations
of thousands to tens of thousands of microplas-
tics per kg, but could be much lower if effective
treatments were used (Mahon et al., 2017; Zhang
and Chen, 2020). Microfibres appear to remain
unchanged for at least five years after the appli-
cation of the sludge (Zubris and Richards, 2005).
Terrestrial microplastic can infiltrate aquatic sys-
tems via groundwater and surface runoff (Blasing
and Amelung, 2018; Werbowski et al., 2021).



But how does plastic pollution affect terrestrial

ecosystems? Several studies have shown that
microplastics change the physicochemical prop-
erties of soils such as density, water holding
capacity and thermal properties (e.g. Carson et
al., 2011; de Souza Machado et al., 2018; Khalid
et al., 2020). Microplastics in soils also affect
microbial composition and activity, which is

one of the prime ecosystem services and of great
importance for the global carbon cycle (de Souza
Machado et al., 2018). Experiments showed that
microplastics in soils can also increase the soil’s
carbon dioxide emissions and thereby increase
global warming (Gao et al., 2020).

Nematodes, which have an important role in soil
food webs, produce fewer offspring when exposed
to microplastics (Schopfer et al., 2020). This could
affect important ecosystem functions and alter
soil biogeochemical cycles (Schopfer et al., 2020).
Soil-dwelling organisms such as earthworms can
transfer microplastics and their associated pollut-
ants into deeper soil layers and even to the ground-
water (Rillig et al., 2017; Weber and Opp, 2020;
Yan et al., 2020; Yu et al., 2019). While the in-
gestion of microplastics is not necessarily lethal to
the worms, it can alter their burrowing behaviour,
immune system and cause stress (Prendergast-
Miller et al., 2019; Rodriguez-Seijo et al., 2017).

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 25

Deer with a plastic
bag hooked on its
antlers in Marbella,
Andalusia, Spain.

© iStock/Getty Images

A growing body of evidence suggests that mi-
croplastics could also affect plants including
crops. It has been estimated that up to 0.13 tril-
lion particles may accumulate on the surfaces of
leaves in the 11 countries with the highest leaf
area (Liu et al., 2020), but the impacts are still
unknown. While nanoplastic in soils did not
enter the root system of wheat in experimental
conditions (Taylor et al., 2020), high levels of
microplastics were found in market fruits and
vegetables (Conti et al., 2020) and in the roots
of beans (Jiang et al., 2019). This is important
because it reveals that micro- and nanoplastics
can infiltrate plants. Experiments with beans
and rice showed increased stress as well as lower
growth rates and biomass of plants after expo-
sure to microplastics (Jiang et al., 2019; Meng
et al., 2020; Wu et al., 2020). If this is true for
other plants microplastic pollution of agricultur-
al land could affect crop yields and forests but
more research is needed to verify this.

A risk assessment concluded that environmen-
tally relevant concentrations of microplastics
reported in the literature could pose a consider-
able risk to soil biota, and that risks will increase
with increasing plastic emissions (Jacques and
Prosser, 2021).
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4. The scale, extent and
nathways of marine plastic
nollution

As plastic pollution is considered a planetary boundary threat (MacLeod et al.,
2021; Villarrubia-Gomez et al., 2018) the activities of scientists, NGOs, educa-
tional institutions, public authorities and citizens to combat it have increased.
While the data gathered in numerous field campaigns still only allow us to draw
a somewhat sketchy picture of the global extent of plastic pollution, scientific
data are our only source of validated information. Since the 1980s, the number
of peer-reviewed publications on plastic pollution, has increased exponentially
(Figure 2). Consequently, we have to some extent acquired an understanding of
the sources, transport processes and sinks of plastic debris in the world’s oceans
(Figure 3).
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Figure 2: The number of scientific studies on the abundance of marine litter (green dots) and interactions
between marine litter and marine life (orange dots) from different regions around the world published
between 1900 and 2018 (LITTERBASE).
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The distribution of plastic pollution is ubiquitous, persistent and uneven. Plas-
tic pollution has invaded almost every part of the oceans from urban beaches
to the deepest ocean trenches and sea ice in polar regions (Peng et al., 2018,
Peeken, 2018) (Figure 4). Influenced by geographic factors, ocean currents,
plastic buoyancy (see Glossary) and marine organisms, plastic debris can accu-
mulate in certain areas. For example, the five major ocean gyres (see Glossary)
accumulate high concentrations of floating plastic debris due to ocean currents
and wind patterns (Cozar et al., 2014; Eriksen et al., 2013, 2016; Lebreton et al.,
2018; Moore et al., 2001; Pabortsava and Lampitt, 2020; Poulain et al., 2019;
van Sebille et al., 2015). These gyres are also called oceanic ‘garbage patches’
(Lebreton et al., 2018; van Sebille et al., 2012) (see Glossary). Plastic pollutants
also travel globally by air (Box 5), ‘rain’ on every part of the world’s oceans and
enter into global biogeochemical cycles (Brahney et al., 2021; Hoellein and
Rochman, 2021; Zhu, 2021).

[

Top: Catching a barrel. © Roman Kroke 2019/UFZ; Left: A neuston catamaran sample. © Melanie Bergmann/AWI;
Right: Plastic debris. © Roman Kroke 2019/UFZ; These three samples were collected for the BMBF-funded
project MICRO-FATE during the research expedition SO268/3 of the German research vessel SONNE while

crossing the North Pacific Ocean.
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Figure 4: The global distribution of marine plastic debris recorded in scientific studies. The green dots
show where plastic debris was observed (presence), and the orange dots where other types of litter were

found (e.g. metal, glass) but not plastic (absence).
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Box 5: Transportation of microplastics and nanoplastics through the air

One time or another, we have probably all seen a
plastic bag entangled in a tree or blown around
by a gust of wind. Smaller items, especially
microplastics and nanoplastics, are even more
likely to be transported by wind currents. This is
one reason why scientists have to be very careful
to avoid contamination of their samples from
the air in the laboratory. The first evidence of
microplastics in the air was found in samples
from two sites close to Paris in 2015 (Dris et al.,
2016). Since then, microplastics have been re-
corded in rain, snow, glaciers, road dust and fil-
tered air from the cities of Bremen (Bergmann et
al., 2019), Dongguan (Cai et al., 2017), Hamburg
(Klein and Fischer, 2019), Da Nang, Kathmandu,
(Yukioka et al., 2020), London (Wright et al.,
2020), Montreal (Wang et al., 2021), Shanghai
(Liu et al., 2019) and Tehran (Dehghani et al.,
2017). Airborne plastic particles also have been
collected at remote uninhabited parts such as

Snow sampling for the assessment of atmospheric

microplastic. The sampling took place on a sea ice
floe in the Fram Strait during the research expedition
PS107 of the German research icebreaker Polarstern
(Bergmann et al., 2019). © Kajetan Deja

the Alps (Bergmann et al., 2019; Parolini et al.,
2021), Andes (Cabrera et al., 2022; Cabrera et
al., 2020), Pyrenees (Allen et al., 2019), Tibetan
Plateau (Zhang et al., 2021) and even Mount
Everest (Napper et al., 2020), from the North
Atlantic atmosphere (Trainic et al., 2020) and
the two polar regions (Bergmann et al., 2019;
Gonzalez-Pleiter et al., 2021). Microplastics
and nanoplastics in the atmosphere may even
enhance ice nucleation, cloud formation and
precipitation events (Ganguly and Ariya, 2019).
If emissions increase, they could even affect sun
reflection (Revell et al., 2021).

But where does this form of air pollution come
from? The wear of tyres and brakes of cars are

a major source of microplastic emissions, and

it has been estimated that these are responsible
for 140,000 metric tons per year entering the
oceans (Evangeliou et al., 2020). If dark micro-
plastics are deposited on ice surfaces (Bergmann
et al., 2019), it could affect the reflectance of

the sun (Albedo), potentially accelerating global
heating. In addition, microfibers shed from our
extensively used synthetic textiles and fabrics
could add 7-34 metric tons per year to the ocean
(Liu et al., 2020). Wind abrasion from plastic-
coated surfaces of buildings, cars, ships and off-
shore platforms may be another important source
along with particles that are released during
waste processing. A recent study estimated that
the total atmospheric burden of microplastics
over the western US land regions amounts to
currently 0.001 MMT, of which 84% stem from
road dust, followed by sea spray (11%), agricul-
tural dust (5%) and dust generated downwind of
population sources (0.4%) (Brahney et al., 2021).
This is important as this pathway has been paid
little attention so far and opens a fast route to
agricultural land as well as otherwise untouched
remote areas. In addition, it highlights that
microplastics — like other air pollutants — could
be inhaled by humans (Cox et al., 2019; Pauly

et al., 1998; Wright and Kelly, 2017) and air-
breathing animals.



Deployment of McLane
Large Volume Water
Transfer System to filter
seawater for plastics while
crossing the North Pacific
Ocean during the research
expedition SO268/3

in 2019. © Roman Kroke
2019/UFZ

Beaches and the
seafloor contain
the largest
microplastic
concentrations.

While we are gaining an increasingly accurate picture of the situation, we need

to keep some caveats in mind. A global analysis of plastic pollution levels is
challenging for at least three reasons. (1) Since a global assessment within a
single sampling campaign is impossible, scientific studies only analyse the
distribution of marine litter within a limited area. Therefore, estimates of the
distribution and levels of global plastic pollution are necessarily based on the
extrapolation of data from many different studies. (2) Since different studies
rely on different sampling and analytical methods, any conclusions have to
consider these differences (Edelson et al., 2021). (3) Sampling efforts also differ
for different marine environments. For example, it is much more difficult to
deploy sophisticated in-situ devices to a depth of thousands of metres than to
collect plastic debris from beaches. Therefore, it is not surprising that we have
more data on the pollution of coastal areas than of the seabed.

Plastic pollution levels show distinct patterns in different marine ecosystem
compartments (Figure 5). Beaches harbour the highest macroplastic concen-
trations. However, this result could be biased since more studies deal with
beaches compared to other ecosystems (Figure 6), meaning that they could have
caught more pollution hotspots. By contrast, the seabed harbours the highest
microplastic levels. To illustrate the point: on a beach area the size of a football
pitch, 3,500 (up to 12.5 million) macroplastic and 690,000 (up to 845 million)
microplastic items can be found. The same area on the seabed harbours eight
(up to 2.5 million) macroplastic and two million (up to 80 million) microplastic
items (LITTERBASE). In general, microplastic concentrations are several orders
of magnitudes higher than macroplastic concentrations (Table 1, Figure 5). This
is not surprising given that plastic items break down into microplastics over
time. Studies of the seafloor often rely on camera surveys, which overlook buried
macroplastic items (Canals et al., 2021). Buried macroplastic may well be missed
during beach surveys, yet these are mostly small items (Ryan, 2020).
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A total of 1,115 scientific studies on the distribution of plastic debris were con-
sidered in this report (Figure 4), which showed that plastic debris was present
at 12,460 locations. Despite thousands of sites surveyed, the expanse of the
examined area is still very limited compared to the vastness of the oceans, and
unknown pathways and sinks likely still exist. The common approach to quan-
tify marine debris has been to either report abundances or weight per unit area,
distance or volume. Since values given in different units cannot be compared,
the studies reporting their results in the most commonly used units were
included into the data analyses (Figure 5, Figure 6, Table 1).
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Figure 5: Median plastic debris quantities in different environmental compartments. Since amounts
reported in different units are not comparable, a colour code was used to depict quantities per km, km2,
m3 and kg of sediment. Plastic concentrations are shown on a logarithmic scale. This analysis is based
on 605 publications (LITTERBASE).
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Table 1: Average global amount of plastic pollutants. The data are given in different units as provided in different

studies. The analysis is based on 605 publications, reporting from 6,483 locations, which provided data in the most

commonly used units. Because of the large range, median values are shown along with the 1st and 3rd quartiles,

indicating variability of the values (LITTERBASE). Mesoplastic (5—25 mm) is grouped as a separate category because

it leads to unrealistically high concentrations of macroplastics when included in macroplastics.

Number of publications 192

Number of sampling 1,439

locations

Median’ 3,127

Minimum o'
Maximum 1,072,500,0003
Q1" 97

Q3™ 176,998

96
579

693
o2
1,476,0004
100
2,032

Number of publications 19
Number of sampling 182
locations

Median® 3,150,000
Minimum 4575
Maximum 4,168,000,000°
Q1 10,035
Q3™ 20,750,000

8 5

31 25

0.12 13
0.01° 37
1,200° 56

0.06 10

0.30 26

Number of publications 113
Number of sampling 1,171
locations

Median® 200,000
Minimum 0.01"
Maximum 118,469,000,000%
Q1 21,489
Q3™ 69,000,000

1 (Barnes and Milner, 2005; Campbell et al., 2017;

D'Onghia et al., 2017; Galgani et al., 2000; Gutow et al., 2018;
Havens et al., 2011; Hinojosa and Thiel, 2009; Katsanevakis
and Katsarou, 2004; Moschino et al., 2019; Parga Martinez
et al., 2020; Pogojeva et al., 2021; Rayon-Vifia et al., 2018;
Schmuck et al., 2017; Sen et al., 2019; Shimanaga and Yanagji,
2016; Stevens, 2000; Sullivan et al., 2019; Tekman et al.,
2017; Wei et al., 2012)

(Jozwiak, 2005)

(Storrier et al., 2007)

(Debrot et al., 2013)

(de Scisciolo et al., 2016)

ubh wN

170 102
2,102 795
7 200
0 0®
41,577,670 630,005
0.16 72
2,000 560

Median: The value separating the higher half from the lower half of the dataset.
1st quartile: The middle number between the smallest number (minimum) and the median of the data set.
3rd quartile: The middle value between the median and the highest value (maximum) of the dataset.

(Isobe et al., 2014)

(Blaskovic¢ et al., 2017)

(Okuku et al., 2020)

(Kim et al., 2021)

(Blaskovic et al., 2017)

(Benson and Fred-Ahmadu, 2020)
(Chae et al., 2015; Jensen et al., 2019; Kuklinski et al., 2019;
Lechthaler et al., 2020; Setala, 2016)
(Talvitie et al., 2015)

(Kim et al., 2015)

(Brandon et al., 2020)

(Van Cauwenberghe et al., 2013)
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605 publications* Spatial distribution and transport pathways of oceanic plastic pollution
V] [BW seaice Beach litter pollution raises aesthetic concerns, which cause revenue from the
é] 6 A‘n tourism sector to fall, and undermine the beneficial effects of blue environments
b (Jang et al., 2014; Wyles et al., 2016). The ease of access and visibility of pollu-
ng7a b tion at the shore has motivated beach clean-ups and citizen science activities
600 worldwide, as marine plastic debris is relatively easy to identify, also for non-
scientists. Therefore, it is not surprising that across marine compartments the
studies on coastal plastic pollution have the highest share (44%) (Figure 6).
Sampling campaigns by citizen scientists have contributed substantially to our
knowledge of coastal litter pollution (Cigliano et al., 2015; Hidalgo-Ruz and
Thiel, 2015; Rambonnet et al., 2019; Thiel et al., 2014). Since the density of the
human population has been identified as a significant factor for plastic pollu-
500 tion (Pedrotti et al., 2016), the general perception is that local human activities
are the main source of coastal plastic pollution. However, uninhabited remote
beaches also suffer high levels of macroplastic pollution (Bergmann et al., 2017;
Lavers and Bond, 2017; Ryan et al., 2019), which can come from both nearby
and distant sources (Ryan, 2020; Ryan et al., 2021). Among other types of
plastic debris, single-use plastics account for 60—95% of global marine plastic

400 pollution (Schnurr et al., 2018).
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Typical plastic pollution found on a German beach, dolly ropes on the left and
pellets on the right (location: Norderney Island, date: 23.03.2021).

© Valeria Bers

* Some studies have done research in different marine compartments

0
Figure 6: Proportion of publications on plastic pollution in different

marine compartments. This analysis is based on 605 publications (LITTERBASE).

Some studies focus on multiple marine compartments. Therefore the sum of publications
reporting from individual compartments exceeds the total number of publications.
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Floating microplastic (Figure 7) was estimated to account only for 1% of the mass
of plastic released into the oceans (van Sebille et al., 2015). Another study (Koel-
mans et al., 2017) suggested a lower proportion: According to their model, 99.8%
of 196 MMT of plastic that had entered the ocean since 1950 sunk below the
surface waters by 2016. However, even the small proportion of 0.2% amounts to
15—51 trillion microplastics weighing between 0.09—0.3 MMT (Koelmans et al.,
2017; van Sebille et al., 2015). Some studies suggest that the actual floating mass

of microplastics and macroplastics has been grossly underestimated (Conkle et al.,
2018; Lebreton et al., 2018; Lindeque et al., 2020; Pabortsava and Lampitt, 2020).

Figure 7: WWF global plastic navigator (https://plasticnavigator.wwf.de/) visualises the most recent and
high-resolution data of current scientific publications on marine plastic pollution — from mismanaged
waste on land, emission of rivers into the oceans and floating plastic concentration in the oceans.

It has been suggested, for example, that two-thirds of all the buoyant plastic
(46.7—126.4 MMT of plastic), which were released into the marine environment
since the 1950s are actually being stored by the world’s shorelines as stranded,
settled or buried debris (Lebreton et al., 2019). The remaining third had degrad-
ed into smaller microplastics and either remains floating in the ocean or has
sunk to the ocean floor. More recent studies suggest even larger ranges of plastic
debris trapped in coastal zones (Chenillat et al., 2021; Onink et al., 2021).

The most well-known floating polymer types are HDPE, LDPE, PP, linear
low-density polyethylene (LLDPE) and expanded polystyrene, commonly re-
ferred to as Styrofoam (Reisser, 2015). More than half of the plastics ever pro-
duced is made of positively buoyant polymer types (Andrady, 2011; Geyer et al.,
2017). Positively buoyant plastics float in water, at least initially. Therefore, it
is not surprising to find high amounts of polyethylene (PE) and polypropylene
(PP) in the North Pacific Subtropical Gyre (Lebreton et al., 2018). But even
buoyant plastic can, over time, sink to the ocean floor. Plastics heavier than
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Plastic incorporation
into sea ice could be
an additional factor
that amplifies

global warming.

The German polar
research base
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in Antarctica.
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seawater likely sink to the seafloor immediately (Engler, 2012). However, de-
pending on the location and environmental conditions, they do not necessarily
remain settled. Baltic amber is repeatedly migrating between the beach and
underwater slope under certain wind and current conditions (Chubarenko and
Stepanova, 2017). Since many types of plastics have a density similar to amber,
such migration of coastal plastic debris can be expected until they break down
into smaller fragments and are mixed to deeper waters.

Some of the highest concentrations of microplastic measured to date were
identified from sea ice, hence it is considered a temporal sink for microplastics
(Peeken et al., 2018). Microplastic has been found in both the Arctic and Ant-
arctic as well as in Baltic Sea ice (Geilfus et al., 2019; Hallanger and Gabrielsen,
2018; Kelly et al., 2020; Peeken et al., 2018). This could increase or decrease
(Geilfus et al., 2019) the albedo effect depending on the colouration of particles,
and affect heat adsorption and melting. Given the high concentrations found in
Arctic sea ice and the projected increase (Chapter 3), plastic incorporation into
sea ice could be an additional factor that amplifies global warming and elicits

further pressure on ice-associated organisms.

Several mechanisms enable the transport of floating debris to the ocean floor:

(1) Degradation, dissolution and leaching of additives can alter plastic composi-
tion and thus density (Booth and Sgrensen, 2020; Suhrhoff and Scholz-Béttcher,
2016; Zhu et al., 2020). (2) Bio-fouling (see Glossary) can decrease the buoyancy
of plastic (Booth and Sgrensen, 2020; Fazey and Ryan, 2016; Kaiser et al., 2017;
Wang et al., 2018). Any object floating in aquatic environments is subject to
colonisation by organisms. Once fouling is extensive enough to overcome the



The seafloor is
considered an
accumulation area
for microplastics.

positive buoyancy, plastic debris starts to sink. However, fouling does not
guarantee an ultimate sinking path as submerged items could undergo de-
fouling, become positively buoyant again and resurface (Ye and Andrady, 1991).
(3) Turbulence of ocean waters can force smaller microplastics downwards
(Poulain et al., 2019). (4) Incorporation in marine snow (see Glossary) and
algal clumps (Kvale et al., 2020; Long et al., 2015; Porter et al., 2018); and

(5) ingestion and transport by animals (Choy et al., 2019; Cole et al., 2016;
Courtene-Jones et al., 2017; Coyle et al., 2020; Katija et al., 2017; Savoca et al.,
2021; Vroom et al., 2017).

Although the water column is the largest biome on Earth, it is “out of sight” and
therefore has not received much attention in terms of plastic pollution research.
However, after the seafloor was identified as a major sink for microplastics,
scientific curiosity has been directed to sinking mechanisms of these particles.
Biological processes in this biome directly affect the food supply to the seafloor
(Iversen and Ploug, 2010). This raises the question of how this pollution will
affect pelagic (see Glossary) ecosystems and the biological pump (see Glossary).

Recent studies have confirmed the existence of microplastic in the water column
and incorporation of these particles into sinking aggregates (Long et al., 2015;
Tekman et al., 2020; Zhao et al., 2018). Sinking particles are consumed by pe-
lagic species (partly or completely), including plankton, which form the base of
marine food webs (Brandon et al., 2020; Cole et al., 2013; Davison and Asch,
2011; Katija et al., 2017). Any disruption in the efficiency of these processes
could affect the amount of food reaching the seafloor (Wieczorek et al., 2019),
which may cause changes in food-limited benthic (see Glossary) ecosystems.

Recent research also highlighted the importance of sideward transportation

of particles through the water column due to water currents (Li et al., 2020;
Tekman et al., 2020) and trapping in turbidity layers (Zhou et al., 2021). All
these results indicate a much more complex sinking process of plastic debris
than anticipated. Basically, plastic particles are travelling in the water column,
and once they start to sink, it is very hard to estimate where and when they will
end up and how they affect the food web.
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The increase

in the abundance
of microplastic
rises in line with
global plastic
production rates.

Once plastic debris reaches the deep seafloor, further long-range dispersal

is unlikely because of the relatively stable conditions. Still, bottom currents
can carry microplastic particles to accumulation hotspots on the deep seafloor
(Kane et al., 2020). The seafloor is thus considered an accumulation area for
microplastics (Woodall et al., 2014). Indeed, our analysis of data from 67 stud-
ies (LITTERBASE) showed that the seafloor harbours the highest median
microplastic concentration among all marine compartments (Figure 5).

Temporal distribution of oceanic plastic pollution

Table 1 shows that the amounts of plastic pollutants reported from different
studies vary considerably. Such wide variation would likely lead to biased re-
sults, if temporal trends were deduced only by aggregating data from different
studies. Therefore, consistent time-series data are very valuable for identifying
temporal trends of plastic pollution and accumulation, yet they are scarce and
report observations from a limited area (Galgani et al., 2021; Gerigny et al.,
2019; Maes et al., 2018; Parga Martinez et al., 2020; Ribic et al., 2010; Unger et
al., 2021). While the abundance of industrial plastic in both stomachs of North
Sea fulmars and water samples from the North Atlantic subtropical gyre de-
creased between the 1970’s and 2012, there was no consistent trend in the abun-
dance of user plastics (van Franeker and Law, 2015). Similarly, plastic levels
remained relatively constant both in Baltic Sea water samples and herring and
sprat between 1987 and 2015 (Beer et al., 2018). Likewise, no clear trend could
be deduced from 25 years of beach litter surveys from the southeastern North
Sea (Schulz et al., 2015). However, continuous Plankton Recorder surveys in the
North Atlantic and adjacent seas revealed an exponential increase in plastic pol-
lution from 1957 to 2016 although levels decreased slightly over the last decade
(Ostle et al., 2019). Microplastic pollution in the North Pacific Subtropical Gyre
increased by two orders of magnitude between 1972 and 2010 (Goldstein et al.,
2012). In the Arctic deep sea, marine litter pollution, most frequently plastics,
had increased between 2002 and 2017 (Parga Martinez et al., 2020). A contin-
uous growth was reported in the number of small plastics after 2014, implying
that even if we stop emissions into the oceans, legacy plastic will continue to
fragment, leading to an increase of micro- and nanoplastics pollution.

An alternative approach of analysing naturally-accumulating archives has prov-
en to be very reliable (Bancone et al., 2020). Since the seafloor is an area of
continual particle deposition, the analysis of microplastic particles in sediment
layers has revealed temporal trends of plastic pollution (Brandon et al., 2019;
Chen et al., 2020; Courtene-Jones et al., 2020; Fan et al., 2019; Martin et al.,
2020). Using these stratigraphic methods, 40 years’ of increase in the abun-
dance of microplastics were shown for the South China Sea (Chen et al., 2020).
Mangrove sediments across the Red Sea and the Arabian Gulf showed an ex-
ponential rate of microplastic burial, corresponding to plastic production rates
(Martin et al., 2020). Similarly, the increase in microplastic deposition rates of
coastal sediments from the Santa Barbara Basin, California, was linked to global
plastic production (Brandon et al., 2019) (Figure 8).



These conflicting temporal trends indicate that plastic pollution is localized,
and long-term observations from a region do not reveal much about the global
trends. Also, stable sink-environments such as the seafloor could be more ap-
propriate for long-term monitoring. An assessment of temporal trends would
require a closed mass balance of all plastics in all seas (Galgani et al., 2021).
Currently, such an assessment would be very challenging, as we only have re-
cently started to understand the mechanisms of transport, degradation and ac-
cumulation within and between marine compartments.
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Figure 8: Plastic deposition into sediments and global plastic production rates (reproduced from
Brandon et al., 2019).
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Figure 9:

Map of encounters
between plastic pollut-
ants and marine life.
The dots on the global
map refer to 1,511 loca-
tions reported in 851
studies (LITTERBASE).

5. Effects of plastic debris
and hazardous substances
on marine species

5.1 Introduction

Plastic pollution of the oceans has recently reached the consciousness of the
public (Prata et al., 2019; Volker et al., 2020; Walther et al., 2020; 2021b),
especially through images of interactions between charismatic animals and ma-
rine debris (NOAA-MDP, 2014; Warner et al., 2020, Parton, 2019), even from
places as secluded as the Arctic (Bergmann et al., 2017a; Collard and Ask, 2021).
Physical interactions are not limited to charismatic species as shown by a grow-
ing body of evidence of the impacts of plastic pollution on marine species (Fig-
ure 9, 10) in terms of the physical and chemical effects of plastic debris. Plastic
products are made up of hundreds of polymers and additives (Andrady and
Rajapakse, 2016; Kutz, 2011; Wypych, 2016), some of which can be a threat to
marine life. Therefore, plastic items not only have a direct harmful physical im-
pact on organisms, but also indirectly affect them though leached or adsorbed
substances (Silva et al., 2021).

INTERACTION OF PLASTIC DEBRIS

. ; .+« , réported in 851 studies
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Figure 10: Plastic entanglements and ingestions reported in 244 studies and 451 locations in
Europe (LITTERBASE).

The nature of the impact of plastic debris and chemicals depends on the shape,
body size, movement, feeding mode and habitat of the species as well as on the
type, shape, size and density of the plastic items and fragments (Bucci et al.,
2020; Rochman, 2019). For example, the size of a petrel’s head scales with the
size of ingested and retained plastic debris (Roman et al., 2019b). Plastic debris
as big as a part of a car was found in stranded sperm whales (Physeter macro-
cephalus) (Unger et al., 2016).

Uccurence In this chapter, we review the scientific literature on the physical and chemical

. and Seventy Of the severity of impacts depend on exposure levels (Besseling et al., 2019). Ex-
ImpaCtS depend O  perimental studies on microplastic ingestion have often been criticised for using
exposure IEVEIS. unrealistically high concentrations of particles (Section 5.2.2) and therefore, it is
critical to determine the threshold levels, at which the effects occur so that stud-
ies can realistically address the impacts. Recently, models have been developed

impacts of plastic pollution on species and populations. Both the occurrence and

to assess the ecological risks of plastic pollution and establish threshold levels
(Chapter 7) (Besseling et al., 2019; Burns and Boxall, 2018; Compa et al., 20109;
Everaert et al., 2018; 2020; Gouin et al., 2019; Jung et al., 2021). However, if such
risk assessments underestimate microplastic concentrations, they are more likely
to conclude low harm at current pollution levels (e.g. Everaert et al., 2018; 2020).
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The physical impact of plastic pollution on biota can be understood by looking
at two levels of information: Interactions and their effects (Figure 11). In this
report, ‘interaction’ refers to encounters between organisms and plastic such as
(1) entanglement, (2) plastic ingestion, (3) colonisation of plastic items by ma-
rine life and (4) contact or coverage (e.g. smothering) of organisms with plastics
and are reviewed in the “Physical Interaction” Section (5.2). The impacts of
harmful substances are addressed in the “Chemical Interactions” Section (5.3).

Whether these interactions actually have an effect on the well-being of the or-
ganisms is a more difficult question to resolve and is categorised as ‘effects’ in
this report (Figure 11). The most frequently observed effects of interactions

are restrained movement, injury, mortality and dispersal of organisms by raft-
ing. A complete list of effects and the approach for their evaluation is given in
Annex (Section 10.2). Some effects cannot be easily assessed through field
sampling (e.g. changes in reproduction or growth) and are thus usually studied
in laboratory experiments.

Physical A
interactions  Effects

Entanglement Behaviour/locomotion

Ingestion Breathing/Oxygen uptake
Colonisation Dispersal

Contact/Coverage Injury (internal/external)

Mortality

Food uptake

POPULATIONS
ECOSYSTEMS
BIODIVERSITY

Chemical
interactions  crowtn

Additivesand  Physiological change
adsorbed substances

Reproduction

Toxicity

Translocation /

Figure 11: Diagram of the most frequently reported interactions and their effects on
organisms (LITTERBASE). The colours represent the respective interactions.
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To assess the impacts of plastic pollution on marine species, we analysed data
from 1,253 scientific studies (LITTERBASE). For our analyses, those studies
that did not explicitly name plastic as a distinct type of marine litter were not
included in the dataset. For example, unless specified as plastic, fisheries’ debris
or ropes were not included in the analysis. Therefore, the figures in this report
are conservative (Annex). Our analysis shows that overall 2,788 species interact
with plastic debris (Figure 12). A total of 63 studies performed field experi-
ments. On top of these, 30 conducted both experiments and field sampling. A
total of 309 studies examined the interactions of plastic with 367 species in the
laboratory. The remaining 851 publications reported encounters between 2,144
marine organisms and plastics in the wild (LITTERBASE).

In total 4 4
2,788 SPECIES
. . == 869 - 149
had interactions
with plastics 22 "
p : 114
893
24
1,043
4
== 180 1
81
277
4
—-— 22 130
8
50
12 14
Coverage Entanglement Ingestion Colonisation

Figure 12: Types of interactions with plastic debris observed in field sampling and reported in field

and laboratory experiments. These interactions were reported for 2,788 species in 1,253 studies

(LITTERBASE). Multiple interactions were recorded for some species. Similarly, some species were

subject to different types of interactions in experiments. Therefore, the number of species next to the

bars amounts to a higher value than the total number of species. The blue thumbnails above the bars

represent the total number of publications for each type of interaction. As with the species, some studies

investigated multiple effects.

46



Colonisation

on floating plastic
debris can promote
the dispersal of
invasive species.

This report pays special attention to the “colonisation” type of interaction whose
main effect is the dispersal of associated organisms on floating debris (Garcia-
Gomez et al., 2021). Although, colonisation has little direct effect on the organ-
ism itself, it can promote the dispersal of invasive species or pathogens. 745
species were recorded from floating or beached plastic debris, including exotic
species (see Glossary) and pathogens. Of the remaining interactions, significant
effects were reported for 467 species. This comprised field observations, such as
injuries due to entanglement and laboratory studies. A total of 255 laboratory
studies evaluated the effects of interactions with plastic debris on 175 species.
These interactions were found to have a significant effect on 68% of the exam-
ined species in 66% of the studies.

In the beginning of this chapter, different types of physical interactions and
harmful substances associated with plastics will be introduced, followed by the
impacts of these interactions on marine populations. In the second part, the
scientific literature on encounters between plastic pollutants and seabirds, sea
turtles, marine mammals and fishes will be analysed. Interactions with fish
species will be discussed in two groups: “Sharks and rays” and “other fishes”.
Moreover, the interactions and effects of plastic pollution on some species from
each taxon, that are well-known by the public or have an ecological importance,
will be evaluated.

Rice sack litter above Tubbataha reef, Sulu seas, Palawan, Philippines. Date: 11.04.2009. © Jiirgen Freund/WWF
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Figure 13: The effects of interactions with plastic on seabirds, corals, sponges, sea turtles, sharks, rays
and fishes. The height of the bars refers to the number of species. The data are from 778 publications based
on field and experimental studies (LITTERBASE).
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Figure 14: The effects of interactions with plastic on the species, which do not belong to seabirds, corals
and sponges, sea turtles and fishes. The “Other” group refers to the species of Chaetognatha, Chelicerata,
Fungt, Ochrophyta and Rotifera. The height of the bars refers to the number of species. The data are from
557 publications based on field and experimental studies (LITTERBASE).
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5.2  Physical interactions

5.2.1  Entanglement with plastic debris

Entanglement happens if a plastic item in the shape of a rope or loop wraps

itself around the body. Abandoned ghost nets (see Glossary) catching marine
mammals is a typical example, but monofilament lines, plastic sheets or rings
can wrap themselves around marine animals and plants, too (Macfadyen et al.,
2009; NOAA-MDP, 2014; Richardson et al., 2019; Warner et al., 2020; World
Animal Protection International, 2014; WWF, 2020; Parga Martinez et al.,
2020). Fishing related debris, balloons and plastic bags pose the greatest risks
of entanglement (Wilcox et al., 2016).

An edible crab (Cancer pagurus), hydrozoans and seaweed entangled in a lost fishing net that happens to be colonised

by barnacles (location: Norderney Island, Germany, date: 10.01.2021). © Valeria Bers

At least 451 species have been reported to have suffered from being entangled
(LITTERBASE). Effects of entanglements were reported for 276 species in 161
studies and are either restrained (200 species), injured (71 species) or killed
(125 species). However, the cause of death or injuries can only be attributed to
entanglement if the carcass has severe recent injuries. For example, in north-
ern Patagonia, 27 kelp gulls (Larus dominicanus) were found with fishing lines
wrapped around their bodies. 81% had recently died, and some of the survivors
were seriously injured (Yorio et al., 2014). In this case, the cause of injuries and
deaths could be attributed to entanglement.
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If entangled underwater, air-breathing animals cannot return to the sea surface
to breathe and die of suffocation. But even gill-breathing animals are affected: if
fish or invertebrates remain entangled for too long, they starve or are eaten. The
odour of carcasses attracts further animals, which may also become entangled,
especially in items such as lost fishing gear (see Glossary) (Erzini et al., 2008).
This vicious cycle is called ‘ghost fishing’ and can go on for quite some time.
Therefore, most entangled animals will never be recorded as they die out of
sight and the numbers presented above likely represent the “tip of the iceberg”.

The majority of entangled species are seabirds, fishes, sharks and rays, mam-
mals, and corals (138, 132, 40, 38, and 30 species, respectively) (Figure 13).
Given our observation bias (see Glossary), and the ubiquity of plastic debris,
many more species in each group are probably affected.

S

5.2.2  Ingestion of plastic debris
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Ingestion of plastic debris is the most frequently studied type of interaction
(LITTERBASE). A wide range of animals consume plastics, from charismatic
species such as whales, turtles, and seabirds, to fishes, crustaceans, molluscs,
worms and plankton.

Plastic debris (more than 181 items, weighing 75 g) found inside a loggerhead sea turtle (location: La Réunion,

western Indian Ocean, 2015). © Stéphane Ciccione
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Uptake of macro-
plastic can cause
blockage or injury
to the intestines
and lead to a
reduced food
uptake.

A copepod crustacean
(Pseudodiaptomus
annandalei) that ingested
polystyrene beads

in a laboratory study.

© Ariana Chih-Hsien Liu
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The uptake of macroplastic can cause a blockage of or injury to the intestines
and lead to a reduced food uptake or death (Byrd et al., 2014; de Stephanis et
al., 2013; Dickerman and Goelet, 1987; Macedo et al., 2011). In addition, items
that cannot be egested (see “Egestion” in the Glossary) can lead to a false sense
of satiation causing the animal to eat too little up to the point that fitness,
growth and reproduction could be affected (Baak et al., 2020; Santos, 2020). In
the Mediterranean, 6% of commercially important narwal shrimps (Plesionika
narval) had ingested plastics. Some had empty stomachs, especially those with
balls of tangled plastic fibres, which indicates a blockage of their digestive sys-
tems (Bordbar et al., 2018). Plastic bags and utensils pose the greatest ingestion
risks, although many other plastic items are eaten (Wilcox et al., 2016).

Studies have reported that microplastic ingestion can also cause reduced
feeding, growth and reproduction, changes in physiology, oxidative damage,
alter the antioxidative system and metabolism, and have toxic effects on the
nervous system (Proki¢ et al., 2019; Prinz, 2020). The effects depend on the size
and dose of microplastics and their interaction with other xenobiotics (see Glos-
sary). Microplastics were found in the stomachs of all fish sampled at the Bahia
Blanca Estuary in Argentina (Arias et al., 2019). The number of plastic items
per fish was positively correlated with the hepatosomatic index (see Glossary),
indicating lower energy reserves caused by plastic ingestion. In experiments,
young glassfish (Ambassis dussumieri) whose food contained microplastics
(0.25—1 mm) grew less than fish offered natural food (Naidoo and Glassom,
2019). In a similar experiment, small microplastics (1—5 um) passed into the
muscle of European sea bass (Dicentrarchus labrax) (Zeytin et al., 2020),
which is consumed by humans.

Diameter 25um PS beads




Microplastics
can be taken up
by a much wider
range of species.

The size of microplastics determines the uptake and their impact. In an ex-
periment, two Caribbean corals actively fed on large microplastics but not on
sizes below 250 um (Hankins et al., 2018). Clams (Pecten maximum) took up
greater amounts of 24-nm sized nanoplastics than of 250 nm sized nanoplastics
(Al-Sid-Cheikh et al., 2018). In another experiment, high amounts of nano-
plastics of 0.07-um size decreased the growth, survival and reproduction of
rotifers (zooplankton), whereas larger particles elicited no effects (Sun et al.,
2019). The uptake of small, but not of large, microplastic particles decreased
the growth and body condition of the spiny chromis fish (Acanthochromis
polyacanthus) (Critchell and Hoogenboom, 2018).

Generally speaking, microplastics can be taken up by a much wider range of
species than large plastics, so their potential to enter marine food webs and
move up trophic levels through predation is higher (Carbery et al., 2018; Nelms
et al., 2018; Hipfner, 2018). Especially filter-feeding animals from small mus-
sels to large whale sharks (Rhincodon typus) can take up considerable amounts
of microplastics (Germanov et al., 2019).

While a wide variety of effects of microplastic ingestion on marine organisms
have been shown in experiments, the findings are debated because they often
use unrealistically high concentrations to explore the path of plastic in ani-
mals (Phuong et al., 2016) and therefore seem not to reflect real-life conditions
(Backhaus and Wagner, 2020; Cunningham et al., 2020; Voélker et al., 2020).
It should be noted, however, that few field studies measure concentrations of
particles smaller than 0.1 mm (Bergmann et al., 2017b; 2019; Haave et al., 20109;
Lorenz et al., 2019; Tekman et al., 2020). Those studies that did, showed that
more than 80% of microplastic items were smaller than 0.1 mm, which means
that most field studies currently underestimate pollution levels (Conkle et al.,
2018; Lindeque et al., 2020).

To summarize, studies have reported that hundreds of species have ingested
plastics of various sizes in the wild, from large fishing nets to microplastics.
Apart from field observations and sampling, plastic ingestion was examined in
experiments: 869 field and experimental studies reported macro- and micro-
plastic ingestion by 1,254 species. 80% of these species were sampled in the
field and 20% studied in the laboratory. The effects of plastic ingestion were
evaluated for 190 species and harmful effects were found in 83% of them. A
total of 119 species (62%) were investigated in laboratory experiments for the
effects of plastic ingestion and significant effects were found for 73% of these
species. The most often reported effects in the field and in experiments include
mortality (42 species), changes in food uptake (36), physiology (44), growth
(26) or behaviour/locomotion (22), passage from the intestinal tract to blood or
organs (translocation, 49), toxicity (25) and injury (16) (LITTERBASE). While
the effects can be severe for some individuals, the impacts are probably minor
to negligible for most others, toxicological impacts notwithstanding. However,
given the current trajectory in plastic production and pollution, adverse effects
will likely increase in the future (Everaert et al., 2018; 2020).
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5.2.3  Colonisation of plastic debris

Any material adrift in the ocean becomes colonised by microbes, algae and an-
imals. It is therefore not surprising that colonisation is the type of interaction
that was reported for the highest number of species (1,187 species in 149 stud-
ies, LITTERBASE). 62% of these species rafted on floating plastics and ended
up somewhere else (‘dispersal’). Colonisation of plastic debris can be a threat

to functioning marine ecosystems because it promotes the dispersal of species
beyond their normal geographic range where they can become disruptive and
invasive (see Glossary) (Barnes, 2002; Garcia-Gomez et al., 2021). Plastic debris
comes in addition to natural rafts such as plant debris and pumice and adds to
the opportunities of alien invasion through aquaculture and discharge of ballast
water by ships.

Plastic debris collected while crossing the North Pacific Ocean during the research expedition SO268/3 of research
vessel SONNE in 2019. Left: © Melanie Bergmann/AWI; Right: © Gritta Veit-Kéhler/Senckenberg am Meer
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A showcase for this type of dispersal is the Japanese tsunami in 2011. In the
following five years, more than 289 coastal invertebrate and fish species from
Japan reached the shores of North America and Hawai‘i by transoceanic raft-

ing (Carlton et al., 2017). The Japanese seaweed Pyropia became established

in British Columbia (Lindstrom, 2018). The highly invasive Tubastraea corals
(Mantelatto et al., 2020) are another example of range extension through marine
litter. First introduced to Brazil’s rocky reefs by oil platforms these corals were
recently observed on floating marine debris, including plastics suggesting that
plastic is a secondary dispersal vector for these corals along the Brazilian coast.



Various Red Sea coral
species that colonised

a discarded tyre

(location: Eilat, Israel,
Red Sea, date: 10.07.2020;
water depth: 8 m)

© Marcos Schonholz/
WeSea

On the coastline
of central Java,
plastic debris
covered up to half
of the mangrove
forest floor at
several locations.

Plastics provide a hard substratum for organisms to settle on. This can happen in

seawater but also in muddy or sandy ecosystems, where few hard substrata exist
naturally. Vast expanses of the deep ocean consist of uniform muddy environ-
ments (Meyer-Kaiser et al., 2019) and marine debris introduces new structures
on which species can settle. For example, Arctic deep-sea anemones have settled
on plastic more often than on other types of litter (Tekman et al., 2017). The
appearance of these species alters the community structure of the native ecosys-
tems (Katsanevakis et al., 2007; Song et al., 2021), e.g. by limiting the resources
for other species, with unknown repercussions for ecosystem functioning.

5.2.4  Contact or coverage with plastic debris

The contact or coverage with plastic, also called smothering, is another type of
interaction. To understand the ecological impacts of coverage, experimental
studies have assessed the impacts of plastic items on the organisms underneath.
For example, a field experiment on an Irish intertidal shore showed that, after
coverage with a plastic bag for nine weeks, the sediment below the bag suffered
from oxygen-deficiency, and the number of sand-dwelling organisms decreased
(Green et al., 2015). On the coastline of central Java, South East Asia, plastic
debris covered up to half of the mangrove forest floor at several locations (van
Bijsterveldt et al., 2021). In experiments, plastic coverage led to suffocation

and leaf loss, and a complete coverage of the roots caused death of the trees
(van Bijsterveldt et al., 2021). In the Philippines, coverage of the foraging area
with plastic litter negatively affected the feeding behaviour of the intertidal snail
Nassarius pullus (Aloy et al., 2011). A total of 68 species were reported to be
covered by or in contact with plastic in 22 studies (LITTERBASE). These num-
bers are most likely an underestimation limited by our capacity for ocean floor
observation. Since this interaction is insufficiently studied, the effects of plastic
coverage on marine biota should receive far more attention given plastic’s ubig-
uitous spread on the seafloor (Canals et al., 2021), where it is in contact with or
covers sediment and sessile (see Glossary) organisms such as corals or sponges
(Angiolillo et al., 2015; Oliveira et al., 2015; Parga Martinez, 2020).
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Hermit crab sheltering
in a piece of transparent
plastic on a beach.

© iStock/Getty Images

Thousands of
strawberry
hermit crabs

are trapped in
containers and
die each year on
Henderson Island.

Macroplastic
debris on the
seafloor can he
broken down into
microplastic by
the resident fauna.
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5.2.5  Other types of physical interactions

Several types of physical interactions have been reported, which do not fall into
any of the four main interaction categories. For example, birds use plastic de-
bris for nests (Section 5.4.1). Similarly, pollution on beaches can affect the nest-
ing of adult sea turtles and survival of their offspring (Section 5.4.2).

Plastic containers on beaches can entrap organisms. Thousands of strawberry
hermit crabs (Coenobita perlatus) are trapped in containers and die each year on
Henderson Island (Lavers et al., 2020). 1,403 animals including insects, beetles
and gastropods were found to be trapped in bottles discarded in Italian dunes
(Poeta et al., 2015). The ‘trap effect’ does not only apply to the organism but also
to the debris itself. The burrows of the crab Chasmagnathus granulata, which
cover vast areas of southwest Atlantic estuaries act as passive traps and sinks for
debris (Iribarne et al., 2000). Similarly, bottom-dwelling animals work plastic
particles deeper into the sediment as they burrow in it (N&KkKki et al., 2017). Bur-
rows of the ghost crab Ocypode quadrata that contain plastic items are inhabited
at a higher density (~68%) compared to those without marine debris (~28%),
indicating that crabs use plastic debris to mark their burrows (Costa et al., 2018).

Another type of interaction is the breakdown of plastic debris by organisms.

A large number of expanded polystyrene (EPS) particles were found in the
digestive tracts of burrowing polychaetes (Marphysa sanguinea) living on
expanded EPS buoys. Further experiments on the individuals sampled in the
field showed that a single polychaete can produce hundreds of thousands of
microplastics per year, suggesting that macroplastic debris on the seafloor can
be broken down into microplastics by the resident fauna (Jang et al., 2018).
Langoustines also promote fragmentation into smaller plastic particles (Cau
et al., 2020) as do boring isopods, which release thousands of microplastic
particles as they damage aquaculture floats in Asia, Australia, Panama and the
USA (Davidson, 2012). In the laboratory, the amphipod Orchestia gammarel-
lus shredded plastic bags into microplastics of 489 um (Hodgson et al., 2018),



which raises the question: Up to what size of plastic can be broken down by
animals? In an experiment, Antarctic krill (Euphausia superba) shredded mi-
croplastics from 32 um to less than 1 um (Dawson et al., 2018).

Biodegradation (see Glossary) of plastic by bacteria has been studied with a
view to mitigating legacy pollution in landfills (Helinski et al., 2021; Schmaltz
et al., 2020). In trials, three out of 60 marine bacteria were able to grow on
polyethylene as the sole carbon source, with a polyethylene weight loss of 1.5%
in 30 days (Harshvardhan and Jha, 2013). Rhodococcus ruber formed a biofilm
on polyethylene, reducing the mass by up to 8% in 30 days (Orr et al., 2004).
Similarly, the activity of Bacillus cereus and B. gottheilii caused a weight loss
of 1.6—7.4% over 40-day experiments using different types of plastics (Auta et
al., 2017; 2018). While these studies demonstrate the general potential to use
bacteria to combat marine plastic pollution, the low biodegradation rates raise
questions about upscaling. Therefore, the importance of the prevention of plas-
tics entering into the oceans must be emphasized.

Passive removal of microplastics from the seawater through adhesion to organ-
isms has been reported for some species and ecosystems. In the laboratory,
plastics stuck to the shells of Red Sea giant clams (Tridacna maxima), which re-
moved 66% of the microplastics from the water (Arossa et al., 2019). Similarly,
scleractinian corals removed microplastics from seawater (Martin et al., 2019)
(Chapter 6). The blades of the seaweed Fucus vesiculosus also trap microplastic,
which is grazed and ingested by the snail Littorina littorea, highlighting an entry
point into the food web (Gutow et al., 2016). Snails also produce trails of mucus
that retain microplastics, which are then ingested by other organisms (Gutow et
al., 2019).

Interactions were reported for 205 species in 129 studies (LITTERBASE).

The types of interactions of plastics with various species are not limited to the
ones summarised above and they merit further study to gain an accurate under-
standing of the extent of the impacts on species, populations, ecosystems and
biodiversity.

5.3  Chemical interactions

Plastic items are made up of hundreds of polymers and additives (Andrady and
Rajapakse, 2016; Kutz, 2011; Wypych, 2016), of which substantial numbers leak
into marine environments. For example, the mass of 20 chemical additives,
which entered the oceans in 2015 via seven items of common plastic debris was
estimated to be 190 metric tons (De Frond et al., 2019).

Below, we summarize the effects of harmful chemical substances linked to plas-
tic production. These are defined as chemical interactions in contrast to the
physical interactions described above. Exposure results from direct uptake by
ingestion or contact with contaminated water, air, sediment or food. The health
risk of exposure should always be considered in the context of the overall expo-
sure to chemical pollution and other stressors (Box 6).
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Box 0: Plastic pollution as one of many stressors of biodiversity and ecosystems

Plastic pollution, including the chemical pollu-
tion due to plastics, should always be considered
in the context of the overall pollution of the bio-
sphere and the many other stressors (see Glos-
sary), which affect biodiversity and ecosystems
(Ibanez et al., 2007; Nash et al., 2017; Persson et
al., 2013; Steffen et al., 2015). While the impact
of a single chemical can be small, it is only one
of a mix of chemical pollutants, which marine
plants, animals and humans experience (Landos
et al., 2021).

Marine ecosystems are also subject to heat
stress, acidification, decreased oxygen content,
overharvesting, maritime traffic, noise, invasive
species and habitat degradation. While very little
is known about the additive, combinatory or syn-
ergistic effects (see Glossary) of these stressors
(Coe et al., 2013; Gunderson et al., 2016; Kroek-
er et al., 2017; Landos et al., 2021; McComb and
Cushman, 2020; Orr et al., 2020) experts agree
that we are already at the beginning of a mass
extinction (Barnosky et al., 2012; Ceballos et al.,
2015; Jackson, 2008; Pereira et al., 2010). One

stressor alone, such as the chemical pollution
from plastics, may in itself not be so harmful,
especially in a laboratory setting where all other
stressors are absent. However, combined with
several others, it may just push an individual,
population or ecosystem into decline and possi-
bly over a critical threshold.

Harm can only occur in certain individuals, pop-
ulations, species, ecosystems, or under certain
circumstances. Therefore, in a scientific context,
the use of modal verbs means that there is a cer-
tain probability harm will occur, which is not the
same as zero effect. Accordingly, several of the
potentially harmful effects, which we described
are still being investigated. Plastic pollution is
accumulating and poorly reversible on remote
ocean surfaces and coastlines, in the water
column, deep sea, soils, organisms and consid-
ered a planetary boundary threat (MacLeod et
al., 2021). As with any potential environmental
or health problem (e.g. air pollution and smok-
ing cause health problems), we should not wait
for absolute certainty to act.

Climate change is destroying the reef’s unique habitat in Belize. © Richard Aronson



There are many
pathways by
which animals and
humans are
exposed to BPA.

5.3.1  Harmful substances associated with plastics

Bisphenol A (BPA)

BPA is a precursor to an important group of plastics, primarily certain polycar-
bonates and epoxy resins that are used for various common consumer goods
(see Glossary). It belongs to the so-called endocrine disruptors, which interfere
with the hormonal functions of animals. This chemical enters the environment
during production, transport and use of the product (Flint et al., 2012; Hong et
al., 2013; Rochman, 2013). During production, BPA is discharged from manu-
facturing plants, which amounted to 2 MMT per year in Europe and the USA in
the 2000s (Corrales et al., 2015).

BPA also leaches from the plastic lacquer lining of tin cans into foods, from
dental sealants into saliva, from polycarbonate bottles into their contents
(Rubin et al., 2001) among other sources (Corrales et al., 2015). It also seeps
from microplastics into seawater (Chen et al., 2019). BPA is found at low levels
in the water, sediment, soil and animals in most parts of the world. Consequent-
ly, there are many pathways by which animals and humans are exposed to BPA
either chronically or during sensitive life stages (Flint et al., 2012).

BPA could amplify or lower hormonal responses (Diamanti-Kandarakis et al.,
2009; Flint et al., 2012; Gore et al., 2015). Excessive oestrogenic activity (see
Glossary) can cause many adverse health effects in fetal and juvenile mammals,
even at very low doses, because it interferes with the animals’ hormone regula-
tion and hence with normal development (Talsness et al., 2009; Vandenberg et
al., 2012). It can also affect thyroid function and increase the risk of polycystic
ovary syndrome (see Glossary) and miscarriages, perhaps because of mutagenic
effects (see Glossary) on the embryo’s karyotype (see Glossary) (Meeker et al.,
2009). Epoxy resins of BPA are toxic to cells and may increase cell division rates
(Lau and Wong, 2000). Exposure of humans to BPA is widespread (Vanden-
berg et al., 2010) and thought to increase the risk of heart disease (Melzer et al.,
2012) and breast cancer, the second most fatal cancer in women (Shafei et al.,
2018). BPA is also mutagenic (Jalal et al., 2018) and pro-inflammatory and thus
causes inflammatory and autoimmune diseases (Bergman et al., 2013).

It should be noted that the effects are usually but not always detected in lab-
oratory studies without the additive, combinatory or synergistic impacts of
other stressors, and that effects may be very different for different individuals,
populations and species facing various additional stressors (Beaman et al.,
2016; Braun, 2017; Diamanti-Kandarakis et al., 2009; Flint et al., 2012; Gore
et al., 2015; Landos et al., 2021; Oehlmann et al., 2009) (Box 6). For example,
although BPA is nearly ubiquitous in aquatic environments globally, exposure
levels differ greatly (Flint et al., 2012). BPA concentrations in wildlife, mostly
fish, ranged from 0.2 to 13,000 ng/g, which spans more than four orders of
magnitude (Corrales et al., 2015).
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All phthalates
are of concern,
because they are
easily released
from plastics into
the environment.

BPA and another widely used group of additives called phthalates (Section 5.3.1)
affect the movement, behaviour, sexual development, growth including abnor-
malities, survival and reproduction of aquatic species and can bioaccumulate
(see Glossary) in organisms such as fish and tadpoles (Oehlmann et al., 2009).
Early life stages, amphibians, fishes and invertebrates are particularly sensitive
(Chapin et al., 2008; Flint et al., 2012; Oehlmann et al., 2009; Wu and Seebacher,
2020). While some of these effects were only found at high concentrations,
which were so far only recorded from very polluted sites, others occurred
already at realistic concentrations (Oehlmann et al., 2009).

Often, political action has not followed scientific advice to address these chem-
icals. While the European Food Safety Authority and the US Environmental
Protection Agency stated that BPA poses no health risk at current levels, the
European Chemicals Agency listed BPA as a substance of very high concern in
2017 (Lehmler et al., 2018). Already in 2012, the US Food and Drug Adminis-
tration had banned the use of BPA in baby bottles, and it is now also banned in
baby and children’s utensils in Brazil, Canada and the EU (Jalal et al., 2018).

In 2019, the EU listed BPA as a substance of very high concern because of its
likely effect on human reproduction. Because of concerns and bans, substitutes
of chemicals have been used in so-called ‘BPA-free’ products. However, some of
these are also bisphenols, such as bisphenol S and F and cause effects similar to
those of BPA (Rochester and Bolden, 2015). In experiments, Bisphenol S and F
had negative effects on round worms (Ficociello et al., 2021).

Phthalates

Some 20 phthalates are added as plasticisers (see Glossary) to make plastics
more pliable (Beaman et al., 2016). With an annual production of 2 MMT and a
wide usage in medical devices, one of the principal phthalates is di-2-ethylhexyl
phthalate (DEHP) (Halden, 2010). In the late 1960s, it was shown that DEHP
leaches from medical plastics into the body fluids and translocates into tissues
(Halden, 2010). But all phthalates are of concern, because they are easily
released from plastics into the environment and also act as endocrine disruptors
(Diamanti-Kandarakis et al., 2009; Gore et al., 2015; Hauser and Calafat, 2005;
Katsikantami et al., 2016).

Humans ingest phthalates through fat-containing foods such as butter, meat,
and milk. Small children are particularly susceptible to phthalate exposure,
suffering from food allergies and neurobehavioral disorders due to early life
exposure (FAO and UNEP, 2021). Concerns are mounting that phthalates can
be linked to diabetes, breast cancer, obesity, immune function and harm the
normal development of the male reproductive system, decreasing testosterone
production and male fertility (Meeker et al., 2009; Talsness et al., 2009;
Teuten et al., 2009). However, no firm conclusions could be drawn on the
effects of phthalates, on the anti-androgenic (see Glossary) consequences, be-
cause of the difficulties of studying humans over long time periods and other
unresolved methodological problems (Albert and Jégou, 2014). Various impacts
on the movement, feeding behaviour, sexual development, growth and repro-
duction of aquatic animals have also been documented (Bergman et al., 2013;



Flame retardants
are found in
plastic debris and
marine animals.

Oehlmann et al., 2009). Diethyl phthalate has moderately harmful effects on
the development, liver and sperm of various mammal species (Weaver et al.,
2020). Only few studies have considered the effects of phthalates on popula-
tions, but one found that the community structure of bottom-dwelling animals
was altered after 2 months such that the density of all groups was reduced by
15% and 32% at the lowest (10 pg/g) and highest concentrations (1,000 pg/g) of
dibutyl phthalate in sand (Tagatz et al., 1986).

Flame retardants

Flame retardants are commonly added to long-lifespan plastic items to decrease
their flammability (Samani and van der Meer, 2020). Tetrabromobisphenol

A (TBBPA) is a classical brominated flame retardant (see Glossary) and can
disrupt thyroid function or hormone levels in animals and humans, which, in
turn, may hinder the development of the nervous system, especially in children
(Talsness et al., 2009; Zhou et al., 2020). TBBPA also promotes oestrogenic
activity, growth of the brain’s pituitary gland and growth hormone production
(Talsness et al., 2009). Polybrominated diphenyl ethers (PBDEs) are anoth-

er group of widely used flame retardants and classified as persistent organic
pollutants (Bergman et al., 2013). Chronic exposure may decrease intelligence
(Vuong et al., 2020). Toxicological studies with animals and humans have
demonstrated that PBDEs are potential carcinogens, endocrine disruptors, and
have toxic effects on the liver, nervous system, neurobehaviour, and reproduc-
tion (Akortia et al., 2016; Talsness et al., 2009). Flame retardants can also act
as anti-androgenics (see Glossary) and cause cryptorchidism (see Glossary),
testicular cancer and lower birth weight (Gore et al., 2015; Meeker et al., 20009;
Talsness et al., 2009). Several studies found sound evidence of the relationship

between prenatal exposure to PBDEs and impaired motor, cognitive and behav.
ioural abilities in small children, who showed a lower intelligence quotient or
aggressive behaviour (FAO and UNEP, 2021).

Flame retardants are found in plastic debris and marine animals, including
benthic invertebrates, shellfish, sea turtles, sharks, dolphins, polar bears, seals,
whales and birds (Law et al., 2014). Brominated flame retardants were found
in the tissue of blue sharks (Prionace glauca), often at levels unsafe for human
consumption (Alves et al., 2016).

Flame retardants are most likely responsible for high concentrations of bromine
and chlorine in beached microplastic debris (Turner, 2016). Hexabromocy-
clododecane (HBCD) is used to make Styrofoam buoys used in oyster farms in
South Korea (Hong et al., 2013). Although the use of HBCD is banned under

the Stockholm Convention (see Glossary), an exemption is made for Styrofoam
products. Because of leaching, high HBCD concentrations were found in the
farmed oysters, water column and sediments near the farms. PBDEs, PCBs, and
organochlorine pesticides were also detected in Black-browed albatrosses (Thal-
assarche melanophris) and Cape petrels (Daption capense) from Argentinian
marine waters (Adrogué et al., 2019). However, PBDE concentrations are lower
in seabirds than in freshwater or terrestrial birds (Law et al., 2014). The US En-
vironmental Protection Agency phased out production of pentabromodiphenyl-,
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octabromodiphenyl — and decabromodiphenyl ethers, and set a safe daily expo-
sure level for the four most common PBDE congeners (see Glossary) (Beaman
et al., 2016). The EU banned the use of two classes of flame retardants, namely
PBDEs and polybrominated biphenyls in electric and electronic devices. In 2009,
the parties of the Stockholm Convention declared pentaBDE and octaBDE to be
persistent organic pollutants. However, despite the phase out, PBDEs persist in
the environment as they have been used since the 1970s (Gorini et al., 2018).

Metals

Metals are added to plastic during manufacture, e.g. as biocides, catalysts,
fillers, pigments, plasticisers, heat stabilisers or slip agents (Hahladakis et al.,
2018; Nakashima et al., 2012; Turner, 2016). They can leach from plastics, but
can also adsorb onto plastic debris from the marine environment (Ashton et al.,
2010; Rochman et al., 2014a).

Many metals such as antimony, cadmium, lead and tin (as organotin), have
been commonly used as plastic additives (Hahladakis et al., 2018). The harm-
ful effects of elevated exposure to metals, especially heavy metals, have been
reported for decades (Castillo, 2016; Lavers et al., 2014, Rai, 2019; Vardhan et
al., 2019). Various metals were detected in and on beached microplastic debris
(Ashton et al., 2010; Holmes et al., 2012; Nakashima et al., 2012; Turner, 2016).
Consequently, for many of the hazardous compounds, maximum concentrations
in different products were set within the EU Registration, Evaluation, Authori-
sation and Restriction of Chemicals (REACH).

Petroleum hydrocarbons

Petroleum hydrocarbons comprise several hundred chemical compounds that
include crude oil and products refined from crude oil, such as diesel and gas-
oline. They also absorb to plastic items, which are ingested, among others, by
fishes and seabirds (Teuten et al., 2009). For example, polyhalogenated aromat-
ic hydrocarbons (PHAHSs) accumulate in swordfish (Xiphias gladius), an impor-
tant top predator that is fished recreationally. PHAHs can act as endocrine dis-
ruptors, which affect the swordfish’s reproductive functions (Fossi et al., 2001).

Polychlorinated biphenyls (PCBs) and organochlorine pesticides
PCBs were once widely used as dielectric, heat transfer and coolant fluids in
electrical appliances and carbonless paper. Harmful biological effects such as
endocrine disruption, neurotoxicity and carcinogenic effects have been linked
to PCBs (Gore et al., 2015; Neal, 1985). The human consumption of fish con-
taminated with PCBs appears to cause excess cardiovascular mortality, coun-
teracting the health benefits of eating fish (Donat-Vargas et al., 2020). Because
of their toxicity, PCBs are classified as persistent organic pollutants (Bergman
et al., 2013) and production is banned under the Stockholm Convention. Still,
PCBs persist in the global environment and on marine plastic debris because
they adsorb so well to plastics (Antunes et al., 2013; Hirai et al., 2011; Karapa-
nagioti et al., 2011; Mizukawa et al., 2013), which are ingested, among others,
by fish and seabirds (Engler, 2012; Teuten et al., 2009). Pesticides such as
DDT (dichlorodiphenyltrichloroethane), its metabolites (DDE, DDD) or
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hexachlorinated hexanes (HCHS) can also adsorb to plastic items and be in-
gested by marine animals (Beaman et al., 2016; Teuten et al., 2009). DDT and
HCHs have been associated with cancer in humans and their production is
banned (with an exemption of DDT production for disease vector control — see
Glossary), yet as persistent organic pollutants they are still present in the envi-
ronment (Man et al., 2011).

PCBs accumulate in species at the top of food webs, particularly those found in
high-latitude northern regions, and interfere with reproduction (Godfray et al.,
2019). The mass of plastic ingested by adult great shearwaters (Ardenna gravis)
was correlated with PCB levels in fat tissues (Ryan et al., 1988). Similarly, the
mass of plastic ingested by short-tailed shearwaters (Ardenna tenuirostris) was
correlated with the level of PCB congeners (Yamashita et al., 2011). In a global
study, several persistent organic pollutants including PCBs were detected in 24
species of seabird (Yamashita et al., 2018). In a global analysis of contamination
of rays and sharks with PCBs, DDTs, and heavy metals, the highest concen-
trations were found in sharks at the top of the food chain (Tiktak et al., 2020).
Furthermore, European bottlenose dolphins (Tursiops truncatus), killer whales
(Orcinus orca), and striped dolphins (Stenella coeruleoalba) had PCB levels
markedly above all known marine mammal PCB toxicity thresholds, and thus
likely cause population declines and suppress population recovery (Jepson et
al., 2016). Killer whales are so contaminated with PCBs that more than half of
all populations could go extinct due to impaired immune systems and reproduc-
tion (Desforges et al., 2018). Atlantic cod (Gadus morhua) and haddock (Mel-
anogrammus aeglefinus) from the Barents Sea were also contaminated with
PCBs (Boitsov et al., 2019). Likewise, fishmeal sourced from around the world
and fed to farm animals is contaminated with PCBs, with 4.5% of all samples
considered unsafe by EU standards (Li et al., 2019). Regular consumption of
whale meat, fish and livestock could harm human health (Li et al., 2019). The
global persistence of PCB in the marine food web is a clear warning that the
continuous use of persistent organic pollutants endangers marine life.

Polycyclic aromatic hydrocarbons (PAHs)

PAHs are ubiquitous and persistent chemicals that are generated during the
incomplete combustion of organic materials (e.g. coal-fired power plants, resi-
dential heating, smoking), which can adsorb to plastic items. They have adverse
effects on aquatic organisms and ecosystems due to their toxicity, persistence
and bioaccumulation characteristics (Recabarren-Villalon et al., 2019). For
example, PAH exposure in fish can induce liver damage and biochemical or
physiological disorders. Several PAHs are endocrine disruptors (Bergman et al.,
2013) and also cause cancer and cardiovascular diseases. PAHs were found on
plastic pellets, which are ingested, among others, by fishes and seabirds (Fisner
et al., 2013; Rochman et al., 2013b; Teuten et al., 2009).

Other chemicals

This is by no means an exhaustive list of chemicals used in or adsorbed to
plastics, which are of concern to marine organisms (Bergman et al., 2013; Craw-
ford and Quinn, 2017; De Frond et al., 2019; Diamanti-Kandarakis et al., 2009;
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aquatic animals.

Gallo et al., 2018; Gore et al., 2015; Hahladakis et al., 2018; Hermabessiere et
al., 2017; Landos et al., 2021; Li, 2018; Lithner et al., 2011; Muncke et al., 2020;
Ramanayaka et al., 2020; Rochman, 2015; Takada and Karapanagioti, 2016;
Teuten et al., 2009; Wang et al., 2018a; Wang et al., 2018b; Ziccardi et al., 2016
for further substances of concern). A recent study on zooplankton crustaceans
highlighted that insecticide-loaded microplastics elicit a higher toxicity than
insecticide alone (Bellas and Gil, 2020) corroborating the role of microplastics
as vectors of pollutants to marine animals thus increasing the overall toxici-

ty of the insecticide. In addition, many polymers are composed of hazardous
monomers combined with hazardous additives (see above). In fact, more than
half of all polymers produced worldwide are made from monomers that are
considered hazardous (Lithner et al., 2011; Rochman, 2013). Various chemicals
leached from plastics have already been shown to be toxic to aquatic animals
(Hermabessiere et al., 2017). For example, 13 out of 16 leachates derived from
16 different types of plastic packaging caused reduced and abnormal growth in
sea urchins (Piccardo et al., 2021). Plastic leachates also impaired the growth
and oxygen production of Prochlorococcus, the ocean’s most abundant photo-
synthetic bacteria (Tetu et al., 2019).

5.3.2  Spatial variation

Concentration levels of harmful substances vary geographically and across in-
dividuals and species (Corrales et al., 2015; Teuten et al., 2009). For example,
alkylphenols, PAHs, PBDEs and PCBs were detected at levels ranging from 1 to
10,000 ng/g in samples collected on beaches and in the open ocean (Hirai et al.,
2011). Levels in seawater and sediments also varied by several orders of mag-
nitude (Hermabessiere et al., 2017). The levels of PAHs and PCBs were higher
for plastic debris collected from urban beaches compared to debris from remote
beaches or the open ocean (Hirai et al., 2011). The International Pellet Watch,

a global volunteer-based initiative gathering information on marine pollution,
also found that contamination levels varied substantially across the globe
(Beaman et al., 2016).

HCH preen oil is excreted from a gland above the tail of seabirds and used as

an indicator of pollution in fat tissues. POP levels were lower in the preen gland
oil of seabirds from polar regions compared to other regions (Yamashita et al.,
2021). Spatial variation in POP contamination was also evident in baleen whales,
whereby Pacific whales had a much higher burden than Atlantic whales (Winfield
et al., 2020). Spatial variations of PBDEs and HBCDs were documented for var-
ious marine species (Law et al., 2014) and also for POPs across animals from the
Canadian Arctic (Braune et al., 2005). An example of spatial variation of heavy
metal pollution at the regional level was recently described for China. Among the
examined metals, zinc showed the highest concentrations in seawater, sediment
and marine organisms, whereas the concentration of mercury was the lowest.
However, differences were observed between coastal regions, marine compart-
ments and species. Higher concentrations were found in crabs than in fishes,
which was explained by higher sediment background values (Hao et al., 2019).



5.3.3  Sorption and desorption of chemical pollutants

Plastic items can also fetch additional pollutants from contaminated water or
sediments (GESAMP, 2015, 2016; Ramanayaka et al., 2020; Takada and Kara-
panagioti, 2016; Wang et al., 2018a; Wang et al., 2018b). Over time, metal and
organochlorine pollutants accumulate on the items’ surface (Ashton et al., 2010;
Holmes et al., 2012; Lee et al., 2014; Mato et al., 2001; Rochman et al., 2014a).
Adsorbed pollutants have been found on plastic debris all around the world and
include dioxins, DDT, PAHs, PCBs, POPs, metals and pesticides (Engler, 2012;
Adsorbed pﬂ"“‘ Holmes et al., 2012; Rios et al., 2007; Rochman et al., 2013b; Takada, 2013;
Teuten et al., 2009). Their concentrations on microplastics are often orders of
tantS haVE been magnitude higher than in ambient seawater (Ogata et al., 2009). Depending
found on pl a St'C on environmental factors and concentration gradients, both the added and ad-

dEbrIS a" amund isms, making plastic debris both a sink and a source of toxic chemicals (Engler,
the WOI‘|d. 2012; Wang et al., 2018a; Wang et al., 2018b).

sorbed pollutants can be released back into the environment or marine organ-

In the laboratory, PAH adsorbed to microplastics, accumulated in several or-
gans of mussels and caused toxic effects on molecular and cellular pathways
(Avio et al., 2015). Similarly, Japanese rice fish fed on plastic pellets with chem-
ical pollutants accumulated pollutants in their tissues causing liver toxicity and
pathology (Rochman et al., 2013a). It was argued that microplastics combined
with adsorbed pollutants constitute a novel threat unlike the same pollutants
adsorbed to sediment particles, which are also eaten by organisms (Rochman).
Therefore, microplastic particles are hazardous by themselves, and in addition
they transport and transfer hazardous pollutants.

Plastic waste contaminated with oil accumulated in a nature reserve on an island in the Can Dao
archipelago (Viethnam). © Bernhard Bauske/WWF
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5.3.4  Pathways of exposure

There are different mechanisms that enable the transfer of chemicals from plas-
tics to organisms (Koelmans et al., 2016). They can leach directly from the in-
gested plastics into the body or into the environment from which they are taken
up through the skin or gills or via consumption of contaminated prey. However,
depending on microplastic properties and gradients of chemical concentrations,
chemicals from the body can also adsorb to microplastics and then be excreted,
which reduces the burden on the body. Similarly, plastics in the water can ac-
cumulate chemicals, leading to a lower concentration of chemicals in the water.
Other publications also describe exposure pathways in detail (GESAMP, 2015,
2016; Koelmans, 2015; Ziccardi et al., 2016).

5.3.5  Contribution of plastic pollution to overall chemical pollution

While exposure pathways of harmful substances are well established, it is less
well-known how much the chemical pollution from plastics contributes to the
overall chemical pollution that marine life experiences. A number of studies
have suggested that the contribution of ingested plastics to the body burden
of chemical pollutants is likely to be small in relation to direct uptake via sedi-
ment, water or contaminated prey (Bakir et al., 2016; Beckingham and Ghosh,
2017; Besseling et al., 2017; Devriese et al., 2017; Gouin et al., 2011; Herzke et
al., 2016; Holmes et al., 2012; Koelmans et al., 2016; Koelmans et al., 2014;
Paul-Pont et al., 2016; Ziccardi et al., 2016).

The relative contributions of the various pathways, however, differ widely for
different individuals, populations and species. While the contribution of in-
gested microplastics to the overall chemical burden of the lugworm Arenicola
marina seemed negligible (Section 5.4.7), it can be substantial for other species
such as great shearwaters, whose PCBs levels were related to the mass of ingest-
ed plastic (Ryan et al., 1988). The presence of ingested plastics was also linked
to nonylphenol and PBDE burdens in fish (Gassel et al., 2013; Rochman et al.,
2014b) and PBDE/PCB congeners and toxic metals in seabirds (Lavers et al.,
2014; Tanaka et al., 2013; Yamashita et al., 2011).

In another study, ingested plastics accounted for 6% and 30% of the northern
fulmar’s (Fulmarus glacialis) exposure to and accumulation of lead and bro-
minated compounds, respectively (Turner, 2018). This shows that, even for
the northern fulmar, most chemical pollution comes through other pathways.
This proportion is probably much lower in other species, including humans
(Koelmans et al., 2016). Still, certain results from natural populations as well
as experimental studies (Beaman et al., 2016; Besseling et al., 2013; Browne et
al., 2013; Tanaka et al., 2015) imply some contribution of microplastics to the
contamination of marine life. Plastic-mediated exposure could be minor where
background pollution is high, e.g. in industrial areas, but be important in re-
mote areas with low background pollution (Tanaka et al., 2016).
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5.3.6  Application of the precautionary principle

The science of understanding the impact and severity of an emerging environ-
mental threat is usually lagging behind the reality of the situation because we
still adhere to a linear material’s economy, which releases all kinds of waste into
the environment and only considers the consequences once substantial pollu-
tion levels have built up, whether this is greenhouse gases, persistent organic
pollutants or plastics.

One editorial warned that “it should be clear that the current policy of releas-
ing chemicals into the environment and then waiting for the consequences is
irresponsible at best and criminal at worst” (Walther, 2009). In the long term,
it seems futile to try to manage the risk of chemical pollutants by determining
maximum levels of pollutants and risks to human health. The task is simply too
big: “For some of the most controversial chemicals like BPA and phthalates,
evidence continues to accumulate while thousands of other [chemicals] that
migrate into food lack hazard and exposure information” (Muncke et al., 2020).

Therefore, many scientists endorse the precautionary approach and have called
for urgent preventive measures (Gallo et al., 2018; MacLeod et al., 2021;
Kessler, 2011; Leslie and Depledge, 2020) to avoid chemical and plastic pol-
lution reaching dangerous levels. Over evolutionary time scales, animals have
adapted to toxins, which are present in nature, but they cannot be expected to
adapt to a multitude of new toxins in such short time frames.

5.4  Impacts of plastic pollution on species
5.4.1  Impacts on seabirds

Seabirds are a diverse group of birds that make a living from the ocean. They in-
clude albatrosses, auks, boobies, cormorants, fulmars, gannets, gulls, penguins,
pelicans, petrels, sea ducks, shearwaters and terns. Because of their diverse
habitats and behaviours, they face varied threats. Monitored seabird species
declined by 70% globally between 1950 and 2010 (Paleczny et al., 2015). Recent
global assessments of threats to seabirds concluded that the top three threats are
bycatch, climate change, and invasive species like cats and rodents. Other impor-
tant threats include egg theft, disturbance at or destruction of breeding colonies
and overfishing (Croxall et al., 2012; Dias et al., 2019; Rodriguez et al., 2019).

So far, plastic pollution has only been associated with seabird population
declines for the flesh-footed shearwater (Ardenna carneipes). Entanglement
affected both diving and surface-feeding birds (Donnelly-Greenan et al., 2019).
Plastic ingestion is predicted to affect almost all seabird species in a few decades
(Wilcox et al., 2015). However, despite a large body of literature on plastic
ingestion in seabirds global and long-term analyses are still hampered by the
use of non-standardised methods (Provencher et al., 2017).
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In the northeast Atlantic, 74% of the examined seabird species had ingested
plastic (O’Hanlon et al., 2017) and 69% in Hawai‘i (Rapp et al., 2017). Northern
fulmars, sooty shearwaters and great shearwaters from Sable Island, Canada,
ingested plastic at a high rate (>72%) with the highest amounts found in north-
ern fulmars (93%) (Bond et al., 2014). While a temporal increase in the inges-
tion rates was reported (Wilcox et al., 2015), recent studies found a slight de-

Wl

crease of ingestion rates in flesh-footed shearwater fledglings in the Lord Howe
Island, New South Wales and in northern fulmars in the North Sea between
2005 and 2019 (Lavers et al., 2021; van Franeker et al., 2021).

Once eaten, plastic-related chemicals can leach from ingested plastics to the
tissues of seabirds (Tanaka et al., 2013; 2015). Japanese quail (Coturnix japonica)
was used to assess the impact of plastic ingestion on seabirds (Roman et al.,
2019a). Although no lasting toxic effects were found, cysts in the male repro-
ductive system, minor delays in growth and sexual maturity could be expected.
However, as these endocrine effects did not affect the species’ survival, popula-

tion-level effects seem unlikely.

Left: Lost gill net with cormorant. © Wolf Wichmann; Right: Young pink pelican with a piece of plastic in its beak.
© iStock/Getty Images

The incidence of plastic particles in Northern fulmar stomachs is used to moni-
tor plastic pollution in the North Sea as they feed exclusively at the sea surface.
The OSPAR Convention has defined an Ecological Quality Objective that aims to
reduce plastic pollution so that fewer than 10% of northern fulmars have more
than 0.1 g of plastic in their stomach. Currently, more than half of the birds
exceed this threshold (van Franeker et al., 2021).
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Left: copious amounts of plastic debris incorporated into the nests of northern gannets on Helgoland, Germany with
one strangulated bird (date: 24.06.2017). © Doruk Diindar; Right: A common murre (Uria aalge) entangled in a
string attached to a plastic balloon (location: Texel, The Netherlands, date: 18.02.2012). © Jan van Franeker/

Wageningen Marine Research

A study in the Canadian high Arctic, highlighted that different feeding modes
affect the uptake of plastic with surface-feeding birds (northern fulmar,
black-legged kittiwake) ingesting more plastics than pursuit-diving birds (thick-
billed murre, black guillemot) (Poon et al., 2017). However, plastic debris can
also be passed on to predatory birds such as great skuas (Stercorarius skua) if
they feed on surface-feeding northern fulmars, for example, that had previously
ingested plastic, as observed off the Faroe Islands (Hammer et al., 2016). Once
in the gastrointestinal tract, plastic can be broken down, in the grinding section
of bird stomachs, until small enough to pass into the intestines and be egest-

ed (Nania and Shugart, 2021). The type, colour, density and shape of plastic
particles may also influence whether they are eaten or incorporated into nests
(Hidalgo-Ruz et al., 2021). Light objects are more easily noticed from above and
could be picked up more frequently by seabirds (Santos et al., 2016) as observed
for black-footed albatrosses (Phoebastria nigripes) (Nishizawa et al., 2021).

The incorporation of plastic debris into seabird nests has been reported as an-
other type of interaction (Figure 13, it is one of the “Other” type of interactions).
Twenty-nine colonies of northern gannets (Morus bassanus) were examined

to assess the rate of the incorporation of marine debris into the nests across

the species’ range (O’Hanlon et al., 2019). With a preference for threadlike
plastics, debris was present in 46% of 7,280 examined nests. In one of these
colonies on Helgoland, Germany, debris was embedded in 92% of the nests
(O’Hanlon et al., 2019). On two Brazilian coastal islands, 61% of brown booby
(Sula leucogaster) nests contained plastic debris (Tavares et al., 2016 ).
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However, the occurrence of plastic debris in seabird nests does not always in-
dicate that it was used for construction. Regurgitations can be another source
of plastic as it was observed in the Kelp gull (Larus dominicanus) nests in the
Western Cape, South Africa (Witteveen et al., 2017). A higher plastic abundance
in these nests was observed at colonies close to urban landfill sites. Another
example for diet-related origin was reported from the island of Ohinau, New
Zealand, where flesh-footed shearwaters nest in colonies of burrows (Buxton et
al., 2013).

In a Kittiwake (Rissa tridactyla) colony in Northwest Denmark, the number

of plastic incorporating nests accounted for 39% in 1992, whereas a later eval-
uation in 2005 showed an 18% increase (Hartwig et al., 2007). The type of de-
bris in the nests corresponded to the plastic distribution on the nearby beach
(Hartwig et al., 2007). For a colony in Helgoland, Germany, 11% of the nests
contained plastic debris, even though sufficient natural material was observed
in the surroundings (Hartwig et al., 2007). Contrary to this, plastic abundance
in the nests of Kelp gulls in Western Cape corresponded with the limited vegeta-
tion in the surroundings (Witteveen et al., 2017). For a study of the endangered
Black-faced spoonbill (Platalea minor) in South Korea, natural materials (tree
branches and rice straws) were placed in the nesting area at the beginning of
the breeding seasons in 2011 and 2012, in order to monitor the changes in plas-
tic abundances in the nests (Lee et al., 2015). Not only did the number of nests
containing plastic decrease (2010: 71%, 2011: 37% and 2012: 33%), but the total
number of nests also increased (2010: 28, 2011: 38 and 2012: 43).

On one island associated with a higher fishing activity, more fishing related de-
bris was incorporated into the nests, while on another island with more beach-
es, more hard plastic fragments were prevalent within the nests (Tavares et al.,
2016). The high amount of fishing gear in the nests of northern gannets in New-
foundland was associated with the gillnet fishing effort in the area (Bond et al.,
2012). Environmental consequences of human activities are thus reflected in the
nests of seabirds. Entanglement with the plastics incorporated into their nests
can cause mortality to adults and juveniles, yet further investigation is required
to assess this impact on a population level.

According to 214 studies in LITTERBASE, a total of 272 (of 346) seabird species
had encountered plastic debris by ingestion (68%), entanglement (50%) and
other interactions (8%) including its use for nests. Quite a few species experi-
enced several of these interactions. Harmful effects of interactions were report-
ed for 40 species and comprised mortality (23 species), injury (13), changes in
locomotion/behaviour (9), hampered food uptake (4), translocation of ingested
plastic particles to organs (3) and physiology (1) (Figure 13).



The northern fulmar

The northern fulmar Fulmarus glacialis is a fulmarine petrel with

Northern parts of Atlantic and Pacific Oceans, breeding in large colonies

on narrow ledges of precipitous sea cliffs or crags located on shorelines

Species:

distinctive tube-shaped nostrils.
Distribution:

and islands.
Food:

Mainly crustaceans, cephalopods, fish, fish offal and carrion, mostly

by seizing food from the sea surface, more rarely by diving.

Conservation status: Least concern.

Interaction with plastic pollution

Because of its feeding mode, surface-seizing and
shallow-diving, northern fulmars may mistake
plastic debris for food or ingest plastic items in
combination with their regular food. As early as
the 1970s—1980s, researchers documented plas-
tic items in the digestive tracts of the northern
fulmar (Baltz and Morejohn, 1976; Provencher et
al., 2017; van Franeker, 1985). Since then, doz-
ens of studies from all parts of its distribution
range have documented plastic debris in north-
ern fulmars. As a widespread and abundant
seabird it was chosen as an indicator for plastic
pollution in the North Sea (van Franeker et al.
2011, 2021).

Plastic ingestion by the northern fulmars was
reported around the globe. 95% of 1,295 individ-
uals in the North Sea (van Franeker et al., 2011),
93% of 176 in Nova Scotia, Canada (Bond et al.,
2014), 79% of 70 in the west Atlantic (Avery-
Gomm et al., 2018) and 93% of 67 from beaches
in the eastern North Pacific (Avery-Gomm et al.,
2012) had ingested plastic. Of these, 58%, 66%,
34% and 54% had ingested more than 0.1 g of
plastic, respectively and thus exceeded the Eco-
logical Quality Objective.

A northern fulmar flying over the water in Svalbard,
Norway. © Canon/Brutus Ostling/WWF-Sweden
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In some regions plastic ingestion increased from
the 1970s to 2010 (Avery-Gomm et al., 2012).

A long-term study in the Netherlands showed a
slightly decreasing trend from the 1970s to the
2010s but with more than 50% of the fulmars
exceeding the Ecological Quality Objective,

and no regional population remaining within

it (Van Franeker et al., 2021). The average fre-
quency of occurrence of plastic ingestion by

the northern fulmars across 26 studies was 82%
(Kiithn and Van Franeker, 2020). Around a ful-
mar colony in Baffin Island, Canada, microplas-

tic pollution could be traced to several pathways,
which included fulmar guano, atmospheric
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deposition, surface sediment and surface water
(Hamilton et al., 2021). By depositing guano,
fulmars also introduce millions of plastic par-
ticles into their own colonies (Bourdages et al.,
2021). Ingested microplastics can also introduce
hazardous chemicals into the fulmars’ bodies
(Kiihn et al., 2020a; Tanaka et al., 2019). For
example, PBDEs may pass to fulmar livers,
leading to poor body condition (Neumann et

al., 2021). However, the transfer of POPs from

ingested microplastics could be considered neg-
ligible compared to the transfer of POPs from
ingested prey (Herzke et al., 2016).

Four studies recorded entanglement of fulmars
(Camphuysen, 1990; Degange and Newby, 1980;
Moore et al., 2009; Ryan, 2018), and 35 studies
reported plastic ingestion (Battisti et al., 2019;
Kiithn and Van Franeker, 2020).

Researcher Dr. van Franeker demonstrating how much plastic a human would have to ingest to

consume a comparable amount to that which a northern fulmar typically ingests (scaled by body mass).

© Jan van Franeker/Wageningen Marine Research



The northern gannet

The northern gannet (Morus bassanus) is the largest species of the bird

family of boobies and gannets (Sulidae) known for their stream-lined bodies,

which they use to plunge dive at high speed to catch fish below the sea

Northern parts of the Atlantic Ocean, breeding in colonies on isolated stacks

or small uninhabited islands, or inaccessible cliffs on the mainland or large

Species:

surface.
Distribution:

islands.
Food:

Conservation status: Least concern.

Interaction with plastic pollution

Some of the earliest records of detrimental inter-
actions with plastic waste refer to this species:
As early as the 1970s, gannets used plastic debris
to build their nests (Bourne, 1976), 12 gannets
were found entangled in net fragments (Lucas,
1992; Schrey and Vauk, 1987), and one gannet
died of starvation because Styrofoam from a lob-
ster-pot buoy blocked its stomach (Dickerman
and Goelet, 1987; Pierce et al., 2004).

Gannets could become entangled when they
plunge-dive into the water to catch fish, but also
because of net fragments in their nests. Even

in the remote Russian Arctic, most of the nests
from two colonies contained plastics (CAFF,
2019). Similarly, in Newfoundland, 97% of all
examined nests contained plastic (Montevecchi,
1991) and the proportion of nests with plastic
debris decreased after the closure of a nearby
fishery in 1992 (Bond et al., 2012). In a colony
of 40,000 gannets in Wales, nests contained

on average 470 g of plastic, which scales to

18.5 tonnes of plastic waste for the entire colony
(Votier et al., 2011). Several hundred gannets
died because of entanglement over an eight-year
period, but these mortalities had no adverse
impact on population dynamics. However,

on Helgoland, Germany, 99% of the nests
contained plastic litter, and 26 gannets died due
to entanglement in 2015, sometimes over a pe-

A northern gannet with plastic nets entangled in its beak
(location: Texel, The Netherlands, date: 06.09.2009).

© Jan van Franeker/Wageningen Marine Research
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Mainly fish caught during dives. The gannet is a top predator.

riod of weeks (Werner et al., 2016). As a result,
annual adult mortality increased from 0.5% to
4—8%, which is in contrast to the results from
Wales (Votier et al., 2011). In a study of 29
colonies on both sides of the Atlantic, plastic
had been incorporated into 46% of all nests
(O’Hanlon et al., 2019). Highest rates of
entanglement were reported from wintering
grounds in Spain, where 1% of the gannets were
entangled with plastic items (Rodriguez et al.,
2013). But there was large variation: while two
sites had no entangled birds another had 20%
entanglement, which likely reflects variable
pollution levels. Gannets also ingest plastics,
albeit at lower rates than other seabirds (Basto
et al., 2019). As they follow their prey rather
than plucking it from the water, they are less
likely to swallow plastic items by mistake than
other seabirds. In total, four studies recorded

entanglements with plastic debris, and six stud-
ies reported plastic ingestion (LITTERBASE).




74

The Laysan albatross

Species:

The Laysan albatross (Phoebastria immutabilis) is a large seabird, which

flies long distances over the ocean in search of food.

Distribution:

Northern and central parts of the Pacific Ocean, breeding almost exclusively

in colonies on the northwest Hawai‘ian Islands.

Food:
from the sea surface.
Conservation status: Near threatened.

Interaction with plastic pollution

Reports of interactions between plastic pollution
and Laysan albatrosses go back as long as 1966,
when 74 out of 100 deceased albatrosses found
in Hawai‘i already had plastic in their digestive
systems (Kenyon and Kridler, 1969). Later, a
dead young chick from Midway Islands had

died because of intestinal obstruction by plastics
(Pettit et al., 1981), which it had probably been
fed by its parents. Later studies found that
83-94% of adult birds contained plastics (Gould
et al., 1997; Gray et al., 2012; Robards et al.,
1997), and that 67-100% of examined chicks
had plastics in their digestive tracts, including
intact bags, caps, toys, lighters and a toothbrush
(Cooper et al., 2004; Fry et al., 1987; Kinan and
Cousins, 2000; Lavers and Bond, 2016a; Sileo
et al., 1990; Sileo, 1990). Chicks with larger
volumes of ingested plastics had lower fledging
weights, but plastics were very rarely the direct

Mainly cephalopods, but also fish (eggs), crustaceans and other invertebrates

cause of death (Sievert and Sileo, 1993). How-
ever, a decreased body condition appears to
indirectly increase the risk of death from natural
causes (Auman et al., 1998). Adults that feed in
more contaminated ocean patches feed more
plastic to their chicks; indeed, chicks from one
colony were fed almost ten times more plastic
than chicks from another colony (Young et al.,
2009). In addition, chicks with more plastic
inside had increased concentrations of trace
metals in their feathers, and both plastic and
trace metal concentrations have increased from
the 1960s—2010s (Lavers and Bond, 2016a). A
recent study showed that ingested microplastics
introduce hazardous chemicals into the alba-
trosses’ bodies (Tanaka et al., 2019). In total,

17 studies recorded ingestion of plastic items
(LITTERBASE). Laysan albatrosses also suffered
entanglement (Degange and Newby, 1980).

Corpse of a young Laysan albatross with plastic items in its stomach (location: Midway Atoll, date: June 2011).
© Shigeru Fujieda



The flesh-footed shearwater

The flesh-footed shearwater (Ardenna carneipes) is from the same family

Large parts of the Indian Ocean, western parts of the Pacific Ocean, some

eastern parts south of Alaska. It breeds in colonies in two distinct areas, one

in the southwest Pacific and one on islands along Western Australia and

Species:

(Procellariidae) as northern fulmars.
Distribution:

extending to Saint Paul Island in the southern Indian Ocean.
Food:

short dives.
Conservation status: Near threatened.

Interaction with plastic pollution

A comprehensive study found 95% of flesh-foot-
ed shearwaters in the Central North Pacific had
ingested plastics (Robards et al., 1997). Thirteen
out of 30 shearwaters had ingested plastics near
New Zealand in the early 2000s (Robertson et
al., 2004).

In addition to long-line fishing and loss of
nesting habitat, plastic pollution could have
contributed to the decade-long decrease of the

population on Lord Howe Island (Hutton et al.,
2008). 79% of fledglings had ingested plastics.
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Fish and squid, but not well-studied; mostly at the sea surface or during

This likely contributes to contamination with
toxic metals and metalloids (see Glossary), re-
ducing the fledglings’ body condition and thus
decreasing breeding success (Bond and Lavers,
2011; Lavers et al., 2014; Lavers et al., 2019a).
However, a recent study found no relationship
between the levels of ingested microplastics
and pollutants in fledglings (Szabo et al., 2021).
Usually, they contain more plastic items than
adults (Lavers and Bond, 2016b), including
ultrafine plastic particles (1 um—1 mm) (Lavers
et al. 2019b, c). Plastic fragments were common
in a large flesh-footed shearwater colony on Ohi-
nau, New Zealand, but absent at a nearby colony
on Mauitaha (Buxton et al., 2013). It has been
estimated that the density of plastic fragments
introduced by shearwaters into their colony

on Lord Howe Island was 218 items/100 m?,
scaling up to almost 690,000 fragments depos-
ited each year (Grant et al., 2021). 10 studies
recorded ingestion of plastic items (LITTER-
BASE). Flesh-footed shearwaters also become
entangled in plastics (Taylor, 2004)

Flesh-footed shearwater on the water, Oman.

© IMAGO/Nature Picture Library
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A loggerhead sea turtle

(Caretta caretta)

got caught in

plastics and nets.

© Alexis Rivera/WWF

5.4.2  Impacts on sea turtles

Sea turtles (also called marine turtles) comprise only seven species (IUCN red
list status in brackets): hawksbill sea turtle (critically endangered), Kemp’s rid-
ley sea turtle (critically endangered), green sea turtle (endangered), leatherback
sea turtle (vulnerable), loggerhead sea turtle (vulnerable), olive ridley sea turtle
(vulnerable), flatback sea turtle (data deficient).

The threats that make sea turtles one of the most endangered groups of marine
species include overharvesting of eggs and adults for food, shells, traditional
medicines, or as bycatch; alteration of nesting beaches, introduced (egg) pred-
ators; climate change; boat strikes; and oil and plastic pollution. Several global
analyses have demonstrated significant harm to sea turtles from plastic inges-
tion and entanglement (Duncan et al., 2017; 2019; Nelms et al., 2016; Schuyler
et al., 2014a; 2016).

Entanglements causing the amputation of limbs have been reported for all spe-
cies of sea turtle (Kiihn et al., 2015). In Rapa Nui for example, when a logger-
head turtle was entangled in a fishing line, causing the amputation of its flippers
and a few hours later its death (Thiel, 2018).

An assessment of stomach contents of sea turtles from southern Brazil showed
that all five species and 49 out of 86 individuals had ingested plastics (Rizzi et

al., 2019). The two omnivorous species (green, hawksbill) ingested more plastic
(80%) compared to carnivores (25% for leatherback, loggerhead, olive ridley).
The encounter-ingestion ratio of artificial debris in green turtles (62%) was
much higher than that in loggerhead turtles (17%) on the Sanriku Coast in the
Japanese archipelago. A carnivorous diet poses a lower risk for plastic ingestion
than gelatinovorous, herbivorous, or omnivorous feeding habits probably be-
cause the carnivorous species are more selective with their diet.



A typical example of a sea turtle (green turtle) entangled by plastic debris (location: La Réunion, western Indian

Ocean, date: 13.02.2012). © Jérome Bourjea IFREMER

On beaches, plastic
debris can slow
down or obstruct
the passage of sea
turtle hatchlings to
the open water.

Oceanic juvenile life stages are more prone to plastic ingestion, probably because
they feed mostly in the water column close to the sea surface or coastal areas,
where plastic accumulates (Rizzi et al., 2019; Schuyler et al., 2014a; 2016).
While 23% of the juveniles and 54% of post-hatchlings from east Australia con-
tained plastic, only 16% of the adults had ingested plastic (Wilcox et al., 2018).

A study on microplastic ingestion by sea turtles found microplastics in all of the
102 individuals from all seven sea turtle species sampled in the Atlantic, Medi-
terranean and Pacific (Duncan et al., 2019). It suggested that polluted seawater,
sediments and prey all contribute as pathway of microplastic ingestion. Since
there are no studies on the effects of microplastic ingestion on sea turtles, this
issue requires further investigation. A recent study showed that sea turtles are
attracted to the odour emanating from bio-fouled plastics, which could act as
olfactory traps, promoting both entanglement and plastic ingestion, especially
in very polluted regions (Pfaller et al., 2020).

On beaches, plastic debris can slow down or completely obstruct the treacher-
ous passage of sea turtle hatchlings to the open water after crawling out of their
nests. This prolongs their crawling time significantly (Aguilera et al., 2018) and
gives predators more time to catch hatchlings (Ozdilek et al., 2006). During
nesting, marine debris can entangle and entrap both mothers and hatchlings,
which can limit the number of offspring (Glindogdu et al., 2019).

Interactions between sea turtles and plastic were investigated in 81 studies and

all species ingest plastic debris or get entangled in it (LITTERBASE). Plastic
pollution poses a serious threat to sea turtles (Nelms et al., 2016).
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The hawkshill sea turtle

Species:

The hawksbill sea turtle (Eretmochelys imbricata) belongs to the

Cheloniidae family and can be distinguished from other sea turtles by

its sharp, curving beak (hence the name).

Distribution:

Worldwide in all major oceans on both sides of the equator, mainly

tropical and subtropical but also in temperate waters. Adults accomplish

extensive migrations.
Food:

Omnivorous, although 70—95% of its diet consists of sponges; they also feed

on algae, corals, jellyfish and sea anemones.

Conservation status: Critically endangered.

Interaction with plastic pollution

Four out of 20 examined hawksbills had ingest-
ed plastics in Costa Rica in the early 1970s, and
other early records from the 1970s and 1980s
were from Ascension Island, the eastern At-

lantic, Florida and Hawai‘i (Balazs, 1985) and
Madeira (Den Hartog, 1979). Some of the earli-
est entanglement records also date back to the
1970s and 1980s when 14% of the stranded indi-
viduals in the US were entangled (Balazs, 1985;
Laist, 1997).

Six dead entangled individuals were reported
from islands off Texas, and seven out of eight
examined individuals had ingested plastic
(Plotkin and Amos, 1990). Entanglement was
later reported from Australia (Duncan et al.,
2017; Wilcox et al., 2014), Florida, USA (Adimey
et al., 2014), Kaeyama Island, Japan (Duncan
et al., 2017), and the Maldives (Duncan et al.,
2017). Plastic ingestion was recorded for turtles
from Brazil (Macedo et al., 2011; Poli et al.,
2015), Easter Islands, Chile (Thiel, 2018) and
Queensland, Australia (Duncan et al., 2019;
Schuyler et al., 2012; 2014b).

In total, three studies recorded entanglement,
and seven studies recorded ingestion of plastic
items (LITTERBASE, Kiihn et al., 2020a). One
problem with this species is that sample sizes

are very low because it is critically endangered
and therefore very rare. Hence, studies on many
individuals, which would allow us to estimate
the overall impact of plastic pollution, are almost
impossible.

Newly hatched hawksbill turtles trapped

in plastic washed-up on the beach. Manatee

Lagoon Beach, Belize. © Anthony B. Rath/WWF



The leatherback sea turtle

Species:

The leatherback sea turtle (Dermochelys coriacea) is the only species in the

Dermochelyidae family, the largest of all living turtles.

Distribution:

Worldwide in all oceans on both sides of the equator in tropical, subtropical

and temperate waters. Adults accomplish extensive migrations.

Food:

Mainly jellyfish whose populations they control; in addition, they feed on

other soft-bodied animals, such as cephalopods and tunicates.

Conservation status: Vulnerable.

Interaction with plastic pollution

Since the leatherback’s main diet consists of
jellyfish, they ingest many floating plastic bags,
which resemble jellyfish (Mrosovsky et al.,
2009). Already in the 1960s to 1980s, more than
half of 24 examined turtles (Mrosovsky, 1981)
and 27% of 221 examined turtles (Balazs, 1985)
had plastic bags, sheets and other plastic items
in their stomachs (Brongersma, 1972; den
Hartog and van Nierop, 1984). However, the
cause of death of some of them was entangle-
ment in discarded nets. Some of the earliest
entanglement records are from the Atlantic,
Pacific and Mediterranean from the 1960s—1980s

affecting 7% of stranded individuals (Balazs,
1985; Laist, 1997). Later records of entangle-
ment were from the Bay of Biscay, France
(Duguy et al., 1998), Scotland (Gill et al., 2000)
and the USA (Adimey et al., 2014; Moore et al.,
20009; Plotkin and Amos, 1990).
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Plastic ingestion was reported for many loca-
tions including the Adriatic (Poppi et al., 2012),
southeast Canada (Lucas, 1992), North Carolina
(Duncan et al., 2019), Bay of Biscay, France
(Duguy et al., 1998), Scotland (Gill et al., 2000),
Azores (Barreiros and Barcelos, 2001), Brazil
(Bugoni et al., 2001; Lima et al., 2018), French
Guiana (Plot and Georges, 2010) and Pacific
(Cawthorn, 1985; Clukey et al., 2017; Davenport
et al., 1993; Thiel, 2018; Wedemeyer-Strombel
et al., 2015).

Four studies refer to entanglement and 10 stud-
ies to the ingestion of plastic items (LITTER-
BASE, see also Kiihn et al., 2020a). Deadly or
harmful interactions between leatherback turtles
and plastic pollution occur worldwide, which is
concerning because this species is considered
vulnerable.

Leatherback turtle
caught in a net in late
1999. Principe,

Sao Tome and Principe.
© Michel Gunther/WWF
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The loggerhead sea turtle

The loggerhead sea turtle (Caretta caretta) belongs to the Cheloniidae

family and is distinguished by its relatively large head and yellow to

Worldwide in all major oceans on both sides of the equator mainly in

tropical, subtropical and temperate but also in subarctic waters, e.g. Alaska.

Species:

reddish-brown colouration.
Distribution:

Adults accomplish extensive migrations.
Food:

Omnivorous, feeding on algae, corals, invertebrates (including jellyfish),

fish, plants and turtle hatchlings (including those of its own species). Their

powerful jaws enable them to feed on hard-shelled prey, such as conchs and

whelks.
Conservation status: Vulnerable.

Interaction with plastic pollution

In a study of loggerheads in the Mediterranean,
the turtles only ingested transparent or white
plastic particles; the authors therefore concluded
that these materials were mistaken for jellyfish
(Gramentz, 1988). In contrast to this, a prefer-
ence for white and blue items by the hatchlings
was reported from southern Cape beaches,
where translucent items were more abundant
(Ryan et al., 2016). Other scientists believe that
loggerheads are indiscriminate feeders because
other types of plastics were also ingested (Carr,
1987; van Nierop and den Hartog, 1984) or that
it is the odour of bio-fouled plastic items that
attracts loggerheads (Pfaller et al., 2020; Ryan

et al., 2016). Some of the earliest records of in-
gested plastics are from loggerheads collected

in the Azores, Madeira, and North Atlantic from
the 1960s to the 1980s (Brongersma, 1968, 1972;
Sadove and Morreale, 1990; van Nierop and den
Hartog, 1984) but also from the Mediterranean,
Australia, Japan, South Africa and the USA
(24—52% with ingested plastics) (Balazs, 1985;
Plotkin and Amos, 1990). Plastic ingestion was
later reported from the Azores (83% with in-
gested plastics) (Frick et al., 2009; Pham et al.,
2017), the Bay of Biscay (Duguy et al., 1998),
Portugal (59%) (Nicolau et al., 2016), Brazil (Bu-
goni et al., 2001; de Carvalho et al., 2015; Rizzi

Loggerhead sea turtle trapped in a loose free floating ghost net, Azores. © IMAGO/blickwinkel



et al., 2019), Florida (Bjorndal et al., 1994;
Carr, 1987; Lutz, 1990), Hawai‘i (Wedemeyer-
Strombel et al., 2015), the Mediterranean
(14-85%) (Camedda et al., 2014; Campani et
al., 2013; Casale et al., 2008; Domeénech et al.,
2019; Matiddi et al., 2017; Tomas et al., 2002),
Adriatic Sea (35%) (Lazar and Grac¢an, 2011),
South Africa (60%) (Ryan et al., 2016), Australia
(Boyle and Limpus, 2008), the Indian Ocean
(51%) (Hoarau et al., 2014) and the Pacific
Ocean (35—-80%) (Clukey et al., 2017; Parker et
al., 2005). Loggerheads foraging in open waters
had much higher plastic ingestion rates (80%)
than those feeding on bottom-dwelling prey
(13%) (Casale et al., 2016).

Some of the earliest records of entanglement
are from the Lesser Antilles and the USA in the
1970s and 1980s (1% of stranded individuals en-
tangled) (Balazs, 1985; Laist, 1997; Plotkin and
Amos, 1990; Sadove and Morreale, 1990). More
recent records come from the Azores (Barreiros
and Raykov, 2014), Canary Islands (Oros et al.,
2005), Cape Verde Islands (Lopez-Jurado et al.,
2003), the Mediterranean (Casale et al., 2010),

Florida (Adimey et al., 2014), Chesapeake Bay
(Barco et al., 2016), northern Australia (Wilcox
et al., 2014) and South Pacific (Thiel, 2018).

Young loggerheads are especially affected by plas-
tic pollution. Hatchlings are impeded by plastic
debris lying on the beach, which can block their
passage to the water or even entangle and entrap
them (Aguilera et al., 2018; Triessnig et al., 2012).
When they begin feeding in the water, plastic in-
gestion causes young loggerheads to suffer from a
lower intake of energy and nitrogen. Such effects
lower growth rates and prolong developmental
periods, which could reduce survival and repro-
duction (McCauley and Bjorndal, 1999).

In total, 7 studies recorded entanglement and 36
studies recorded ingestion of plastic items (LIT-
TERBASE). Because the loggerhead turtle is still
a relatively widespread and abundant species,
the EU Marine Strategy Framework Directive
(see Glossary) selected this species as an indi-
cator for monitoring the amount and impact of
marine litter (Domeénech et al., 2019; Matiddi et
al., 2017).

Post-hatchling loggerhead turtle that died in a rehabilitation centre after stranding on the South African south

coast in 2015. The plastic debris pictured was found at post mortem examination obstructing the distal gastro-

intestinal tract, cloaca and bladder. Date: 08/05/2015. © Georgina Cole
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5.4.3  Impacts on marine mammals

The threats identified for 98% of the 123 marine mammals include the follow-
ing: incidental catch (112 species), pollution (99 species), direct harvesting (89
species) and traffic (86 species). 33 species were classified as globally endan-
gered or threatened (Avila et al., 2018).

Plastic debris including nets, ropes, plastic bags, foils, packaging material, caps,
strapping tapes, duct tape and a part of a car were found in the gastro-intestinal
tracts of 22 out of 30 sperm whales (Physeter macrocephalus) stranded along
the North Sea coast in 2016 (Unger et al., 2016). The amount of ingested debris
varied largely with up to 25 kg of debris in one whale. Ingestion or entangle-
ment have been reported from necropsies of stranded sperm whales from all
around the world: The Mediterranean (Alexiadou et al., 2019; de Stephanis et
al., 2013; Mazzariol et al., 2011; Roberts, 2003), North Sea (Unger et al., 2016),
Ireland (Lusher et al., 2018), Iceland (Lambertsen and Kohn, 1987; Martin and
Clarke, 1986), Canary Islands (Arbelo et al., 2013; Puig-Lozano et al., 2018), the
USA (Byrd et al., 2014; Jacobsen et al., 2010), Peru (Ignacio et al., 2013) and
south Australia (Evans and Hindell, 2004).

An Atlantic grey seal entangled in a piece of fishing net. © Kev Gregory/Shutterstock
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11% of 6,561
examined manatees
had ingested
marine debris.

Studies investigating a wider area, or a longer period can elucidate how marine
mammals in general have been impacted by plastic pollution. For example, a
study on stranded cetaceans around the Canary Islands over 16 years reported
litter in 8% of 465 necropsied dolphins and whales (Puig-Lozano et al., 2018).
Plastic bags, caps, nylon wires and cylindrical plastic items accounted for 80%
of ingested items. More debris was found in deep-diving species than in those
of shallow divers suggesting that deep-diving behaviour increases the risk of
plastic ingestion (Puig-Lozano et al., 2018).

Entanglement of seals in marine debris has been observed since the early 1970s
(Butterworth and Sayer, 2017; Shaughnessy, 1980). Entanglements limit the
movements of pinnipeds and cause them to use up more energy (Feldkamp

et al., 1989). Marine debris interactions have been reported for 22 out of the

33 species of pinnipeds (Jepsen and de Bruyn, 2019). Younger animals are more
prone to entanglement (Lawson et al., 2015). The feeding mode appears to be
one of the most important factors influencing plastic debris interactions.

Many reports for seals refer to plastic rings around their necks (Jepsen and de
Bruyn, 2019), which injure and strangle them as they grow (Butterworth, 2016;
Derraik, 2002). Entangled northern fur seal females have been observed to
spend more time at sea, which decreased their pups’weight gain and chances

of survival (DeLong et al., 1985).

Plastic entanglement and ingestion have also been reported for sirenians (du-
gongs and manatees) (Adimey et al., 2014; Attademo et al., 2015; Barros et al.,
1990; Beck and Barros, 1991; Owen et al., 2017). For example, 14% of 439 res-
cued Florida manatees (Trichechus manatus latirostris) had ingested marine
debris, 1% died as a direct result and 3% by entanglements in lines and nets
(Beck and Barros, 1991). A 20-year-study showed that 11% of 6,561 examined
manatees had ingested marine debris or become entangled, and 50 individ-
uals died as a direct result (Reinert et al., 2017). Plastic is also consumed by
Amazonian manatees (Trichechus inunguis), which caused the death of one
(Guterres-Pazin et al., 2012). An interesting case was presented for 40 rescued
Antillean manatees (Trichechus manatus manatus) of which four had ingested
plastic debris (Attademo et al., 2015). After treatment, they were released into
the wild, but two died subsequently, and the two others had to be rescued again
because they were debilitated and unable to survive in the wild.

The studies on interactions of plastic debris with marine mammals mostly rely
on the examination of stranded animals, but this method overlooks animals
dying out a sea, which introduces bias. In addition, some of the stranded animals
are in such a bad state that a determination of their cause of death is impossi-
ble. Therefore, until more systematic surveys are done, the rate of entanglement
and other causes of death will be underestimated when only beached animals
are used (Williams et al., 2011).
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Sperm whale interacting with plastic bag; status: vulnerable (IUCN), Pico Island, Azores, Portugal, Atlantic Ocean.
© naturepl.com/Franco Banfi/WWF

According to 156 studies, 71 of the 123 species of marine mammals have endured
interactions with plastic (LITTERBASE). Adverse effects caused by entangle-
ment with and ingestion of plastic debris have been reported for 35 species in-
cluding dolphins, whales, seals, sea lions, sea otters, polar bears and manatees.
Restrained movement (7 species), reduced feeding (77), injury (23) and mortality
(19) are amongst the adverse effects recorded (Figure 13).
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The harbour porpoise

Species:

The harbour porpoise (Phocoena phocoena) is one of the smallest members

of the Phocoenidae family. It resembles a dolphin, but is actually more

closely related to belugas and narwhales.

Distribution:

Temperate and colder waters of the equator and far into Arctic waters. They

regularly visit bays, estuaries and harbours, hence the name. Interestingly,

there is a geographically isolated population in the Black Sea, which extends

into the Marmara and northern Aegean Seas.

Food:

Mainly small pelagic shoaling fish, particularly herring, capelin and sprat,

crustaceans, squid; usually hunting alone, but sometimes in groups.

Conservation status: Least concern.

Interaction with plastic pollution

The earliest record of an interaction with plas-
tic debris dates back to 1975 when a harbour
porpoise from North Carolina was found with a
piece of cloth and plastic in its stomach (Walker
and Coe, 1990). In 1991, an emaciated female
found on the Dutch coast contained a large
plastic bag and a fishing line (Kasteleine and
Lavaleye, 1992), and several other unpublished
records of plastic ingestion were reported from
the Netherlands in the 1990s (Baird and Hooker,
2000). An emaciated male from Nova Scotia
had a balled-up piece of plastic blocking the
oesophagus (see Glossary) (Baird and Hooker,
2000). Five out of 42 porpoises caught in fishing
nets in 2002—2003 had plastics in their stom-
achs (Tonay et al., 2007). In a study from Irish
waters, six and five individuals out of 125 had
ingested macrodebris and microplastics, respec-
tively (Lusher et al., 2018). 2% of 456 individuals

A harbour porpoise
killed by discarded
fishing nets in north
Wales, United Kingdom.
© Paul Kay/Photodisc/
Getty Images
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stranded in the UK had ingested debris (Baulch
and Perry, 2014). Among 654 individuals from
the Netherlands, 7% had ingested plastics from
2003—2013 (van Franeker et al., 2018). In the
eastern Mediterranean, one out of five individu-
als collected between 2000 and 2013 had a plas-
tic sheet in its stomach (Alexiadou et al., 2019).
On average 5 microplastic particles were detect-
ed in the digestive tracts of 21 dead individuals
recovered in southwest England, all of which
contained microplastics (Nelms et al., 2019).

63% out of 40 porpoises stranded on the eastern
US coast in the 1990s had been entangled; how-
ever, these numbers are dwarfed by the thou-

sands of porpoises killed annually as bycatch in
Canadian and US fisheries (Cox et al., 1998). In
total, eight studies recorded ingestion of plastic
items (LITTERBASE).
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The common bottlenose dolphin

Species:

The common or Atlantic bottlenose dolphin (Tursiops truncatus)

is a member of the family of true dolphins (Delphinidae).

Distribution:

Worldwide in all oceans on both sides of the equator, tropical and

subtropical but also in temperate waters.

Food:

Mainly eels, shrimp, squid and various species of fish, often hunting in

groups and locating prey primarily with echolocation.

Conservation status: Least concern.

Interaction with plastic pollution
Ingestion of plastic was already noticed among
six wild dolphins from California in the 1970s
and 1980s (Schwartz et al., 1992; Walker and
Coe, 1990). The death of an emaciated dolphin
in Florida was also attributed to plastic inges-
tion (Barros et al., 1990). Eleven dolphins died
because of marine litter in Croatia (Baulch and
Perry, 2014). In Israel, a female died after in-
gesting a large net in 2007 (Levy et al., 2009).
An emaciated male died in Virginia in 2009
because of entanglement with fishing twine
marketed as extra strong (Barco et al., 2010).

Researchers observed a mother when her calf

became entangled in a monofilament line in
western Australia in 1990 (Mann et al., 1995).
Eighteen fatal cases of ingestion were reported
for bottlenoses interacting with discarded hook
and line fishing gear in Florida over a 13-year
period (Stolen et al., 2013). Macroplastic and
microplastic ingestion was also documented for
dolphins in Ireland (Lusher et al., 2018) and
Wales in 2016 (Nelms et al., 2019). In total, nine
studies recorded plastic ingestion and five stud-
ies recorded entanglement of bottlenose dol-
phins (LITTERBASE).

Sociable wild bottle-
nose dolphin Belize.

© naturepl.com/Doug
Perrine/WWF



The fin whale

Species:

The fin whale (Balaenoptera physalus) is a filter-feeding baleen whale and

the second largest animal species after the blue whale.

Distribution:
Food:

(Euphausiacea), fish, squid.

Conservation status: Vulnerable.

Interaction with plastic pollution

Some of the earliest records of interaction of fin
whales and plastic go back to 1985 where 7% of
82 whales had ingested plastics and 5% of 95
whales showed signs of entanglement (Sadove
and Morreale, 1990). Both entanglement and
plastic ingestion had been reported for fin
whales by 2008 (Williams et al., 2011), and one
fin whale died in the Canary Islands because of
marine debris (Baulch and Perry, 2014). A fin
whale stranded in Ireland in 2000 had a nylon
rope tucked in its baleen plates and swallowed
part of it (Lusher et al., 2018; Smiddy et al.,
2002).

Fin whale near sea surface. Pico Island, Azores,
Portugal. © naturepl.com/Luis Quinta/WWF
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Worldwide in all oceans on both sides of the equator.
Mainly small swarming crustaceans like copepods (see Glossary) and krill

In the western Mediterranean, researchers found
high concentrations of phthalates in samples of
neustonic plankton and also in fin whales feed-
ing on it, suggesting an emerging threat of plas-
tic additive contamination to these whales (Fossi
et al., 2012, 2014). Additionally, several persis-
tent organic pollutants were found in fin whale
tissues (Fossi et al., 2016). Since some Mediter-
ranean populations feed in areas of high plastic
concentrations (Fossi et al., 2017a), which may
contribute to high body burdens of persistent
organic pollutants (Fossi et al., 2016), fin whales
were proposed as an indicator for monitoring
marine litter under the EU Marine Strategy
Framework Directive (see Glossary) (Fossi et al.,
2014). Four studies recorded entanglement and
four studies recorded ingestion of plastic items
by fin whales (LITTERBASE).
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The grey seal

Species:
Distribution:

The grey seal (Halichoerus grypus) is a large seal from the Phocidae family.
Two separate subspecies, one in the Baltic Sea, the other one in the North

Atlantic found along Europe’s coastline from Russia to France, around
Iceland and from Newfoundland to Massachusetts.

Food:

Mainly various fishes, but also lobsters, octopuses and occasionally much

larger prey such as harbour porpoises and harbour seals.

Conservation status: Least concern.

Interaction with plastic pollution

Already in the 1980s, dozens of entangled grey
seals were observed in Nova Scotia, Canada,
mostly in trawl nets, e.g. 3% of 241 pups were
entangled (Lucas, 1992). Eleven seals were
found entangled in Massachusetts in the 2000s
(Bogomolni et al., 2010). At a resting site in
southwest England, 4—5% of all seals were en-
tangled, mostly by fishery-related material, and
entangled seals often had serious injuries and
lower survival rates (Allen et al., 2012).

Microplastic was found in the faeces of captive
grey seals (Nelms et al., 2018). Another study

in southeast Massachusetts, USA, detected mi-
croplastics in 1% of the faeces (Hudak and Sette,
2019). Three seals washed ashore in southwest
England contained 4—8 microplastics per seal
(Nelms et al., 2019). Thirteen bycaught seals
from Irish waters all contained microplastics
(mean 28 particles/seal) but no macrodebris
(Hernandez-Milian et al., 2019). Five seals from
northern Germany all contained microplastics
(mean 18 particles) (Philipp et al., 2020). In
total, four studies recorded entanglement, and
four studies recorded ingestion of plastic items
by grey seals (LITTERBASE).

Seal entangled with plastic band around its neck, which has cut through the seal’s blubber to the flesh.
Horsey, Norfolk. © Sam Hobson/WWF-UK



The harbour seal

The harbour seal or common seal (Phoca vitulina) is a medium-sized seal

Along most temperate to Arctic coastlines, can swim almost 200 km up-

Species:

from the Phocidae family.
Distribution:

stream in large rivers to hunt fish.
Food:

Mainly fishes, but occasionally also ducks, crabs, molluscs, shrimp, squid.

Although primarily coastal, dives down to over 500 m have been recorded.

Conservation status: Least concern.

Interaction with plastic pollution

In the 1980s, dozens of entangled seals were ob-
served in Nova Scotia, Canada, mostly in trawl
nets (Lucas, 1992). Only three (0.09%) out of
3,394 seals sampled on two Californian islands
in 1985-1986 were entangled but these surveys
likely underestimate entanglement rates since
entangled seals often die out at sea (Stewart and
Yochem, 1987). Three seals were found entangled
during a 23-year study on a Californian island
(Hanni and Pyle, 2000). Three out of 1,072 seals
(0.28%), which were found stranded on the Cali-
fornian coast during a 13-year study had been
entangled by plastic debris (Goldstein et al.,
1999). Eleven harbour seals were found entan-
gled during a five-year study in California with a
0.04% entanglement rate (Moore et al., 2009).

Several seals were also found entangled in Mas-
sachusetts in the 2000s (Bogomolni et al., 2010)
and British Columbia (Laist, 1997; Williams

et al., 2011). 11% of 107 examined stomachs of
Dutch seals contained plastic debris (Bravo
Rebolledo et al., 2013). Six percent of harbour
seal faeces from southeastern Massachusetts
contained microplastics (Hudak and Sette, 2019).
All four dead seals from southwest England had
microplastics in the digestive tract with a mean
of 4 microplastics per seal (Nelms et al., 2019).
Five dead seals from northern Germany all con-
tained microplastics (mean 33/seal) (Philipp et
al., 2020). In total, ten studies recorded entan-
glement and three studies recorded ingestion of
plastic items by harbour seals (LITTERBASE).

Harbour seal entangled in rope cutting through the skin causing severe wounding. Location: Svalbard, Arctic.
© Eigil Molvik/The Governor of Svalbard
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Baby blue shark with
a plastic ring around
its mouth, leaving
behind an incision.

© Domenico Ottaviano

5.4.4  Impacts on sharks and rays

In a global review, the main threat to chondrichthyan fishes, which include
sharks, rays, and chimaeras, was overfishing (targeted harvesting and bycatch),
followed by habitat degradation, persecution and climate change (Dulvy et al.,
2014). Globally, shark and ray populations have declined by 71% since 1970 due
to an 18-fold increase in fishing pressure (Pacoureau et al., 2021). In compari-
son, plastic pollution is currently, probably a minor threat to sharks and rays.

The impacts of plastic pollution on sharks and rays are poorly studied compared

to other marine vertebrates. Nevertheless, sharks and rays are also affected by
plastic pollution. A review reported entanglements for 34 species of sharks, rays
and chimaeras (Parton et al., 2019). Lost fishing gear accounted for 74% of the
cases, and strapping bands for another 11%. 26 species of sharks were entan-
gled, with reports partly gleaned from Twitter, and fishing gear caused 95% of
all entanglements. Only a few blue sharks and no mako sharks were observed
with plastic straps around their gills in a survey between 2004 and 2018 in the
South Pacific and North Atlantic (Mucientes and Queiroz, 2019). In the south-
west Atlantic, plastic rings around the gills or mouth regions caused severe
abrasions on Brazilian sharpnose sharks (Rhizoprionodon lalandii) (Sazima et
al., 2002) and as the animals grew, these rings likely hampered their feeding
and breathing.

Similarly, strapping bands were found around the gills and heads of 0.19% of
28,687 sharks (spinner, copper, bull, blacktip, dusky, sandbar, great white and
tiger sharks), which were caught in the nets that protect beach users from shark
attacks in KwaZulu-Natal, South Africa (Cliff et al., 2002). 0.02% of these had
plastic in their stomachs. While plastic ingestion by sharks was presumed to
occur rarely (Thiel, 2018), recent studies on blue sharks confirmed plastic



ingestion for several localities (Barreto et al., 2019; Bernardini et al., 2018;
Colmenero et al., 2017; Fernandez and Anastasopoulou, 2019; Mucientes and
Queiroz, 2019). 25% of 139 critically endangered blue sharks from the Mediter-
ranean had ingested macro- and microplastics (Bernardini et al., 2018), likely
originating from packaging material.

Since whale sharks, manta rays and basking sharks filter zooplankton from
water, they are good indicators of microplastic pollution (Fossi et al., 2014). In-
deed, examination of faeces from three Indonesian locations suggest an uptake
of up to 63 and 137 microplastics per hour for manta rays (Mobula alfredi) and
whale sharks (Rhincodon typus), respectively (Germanov et al., 2019). A much
lower ingestion rate of 7 microplastics per hour was reported for whale sharks
from Baja California (Fossi et al., 2017a). The ingestion rates of microplastic
by basking sharks from the Mediterranean was estimated at 540 microplastics
per hour (Fossi et al., 2014). However, the effect of microplastic ingestion is
currently unknown.

According to 46 studies in LITTERBASE, 56 species encountered plastic via
entanglement (40 species) or ingestion (33) or both. Effects of entanglements
were reported for 25 species (Figure 13) causing restrained movements (16 spe-
cies) and injuries (14). Very few reports on the effects of ingestion are available
other than the fatal case of a drinking straw in a whale shark.

This manta ray (Manta birostris) is entangled in a fishermans net, Yap, Micronesia. © IMAGO/VWPics
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The lesser spotted dogfish

Species:

The lesser spotted dogfish or small spotted catshark (Scyliorhinus canicula)

belongs to the catshark family (Scyliorhinidae).

Distribution:
Food:

From the North Sea to Senegal, and throughout the Mediterranean.
Feeds opportunistically on small prey animals in coastal waters, mainly crus-

taceans, small fishes, molluscs, octopuses, squids, snails, but also echino-

derms, bristle worms, sipunculids, tunicates.

Conservation status: Least concern.

Interaction with plastic pollution

Both a gill and a trammel net experimentally
manipulated to simulate ‘ghost nets’ entangled
79 dogfish each over several months (Kaiser et
al., 1996). In a similar experiment, two dogfish
were caught in the Cantabrian Sea (Sancho et
al., 2003), and one off Wales (Bullimore et al.,
2001). Five cases of dogfish entanglement were

also reported from UK and French waters (Par-
ton et al., 2019).

Dogfish also ingest plastics: Out of 20 individ-
uals caught in the North Sea, 15% contained
(micro-) plastic (Smith, 2018) as did 25% of
eight dogfish from UK waters with a mean of
1.5 microplastic items per fish (McGoran et

al., 2018). A quarter of 20 dogfish from Portu-
guese waters contained 0.12—0.67 microplastics
per fish (Neves et al., 2015). 15% of 72 dogfish
caught off Spain had ingested on average one
microplastic per fish (Bellas et al., 2016). Only
0.07% of 9,981 individuals caught in the Span-
ish Bay of Biscay contained macroplastic items
(Lopez-Lopez et al., 2018). 67% of 12 individ-
uals caught in the northeast Atlantic contained
microplastics, mostly fibres, ranging from

0—6 items per fish (Parton et al., 2020). 75
microplastic particles were found in 30 dogfish
caught in the western Mediterranean (Valente et
al., 2019). Current evidence suggests a relatively
low burden of plastic in lesser spotted dogfish
overall. Three studies recorded entanglement
and nine studies recorded ingestion of plastic
items (LITTERBASE).

Lesser spotted dogfish on the seafloor, Jersey, British
Channel Islands. © IMAGO/Nature Picture Library



The whale shark

Species:

The whale shark (Rhincodon typus) is one of three filter-feeding sharks, the

only member of its family (Rhincodontidae), and the largest fish species.

Distribution:

Worldwide in all oceans on both sides of the equator, mainly tropical and

subtropical but also in temperate waters.

Food:

Mainly planktonic and nektonic prey including small fishes, copepods, krill,

jellyfish, squid, eggs and larvae.

Conservation status: Endangered.

Interaction with plastic pollution

A stiff plastic drinking straw was found in the
gastric lumen of a whale shark caught in Thai-
land in 2005, which caused wounds and infec-
tion, and probably its death (Haetrakul et al.,
2009). A juvenile whale shark stranded in Bahia,
Brazil, in 2013 had ingested a plastic cotton
swab, rings, and packaging material (Sampaio
et al., 2018). Marine litter was also found lodged
in the gills of a whale shark stranded in the Phil-
ippines in 2018 along with 38 plastic items in

its stomach (Abreo et al., 2019). Mexican whale

sharks could consume about 171 microplastics
per day (Fossi et al., 2017a) while Indonesian
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whale sharks ingest around 3,300 microplastics
per day (Germanov et al., 2019). One study also
reported numerous cases of whale shark entan-
glement gleaned from social media (Parton et
al., 2019). Globally, the whale shark distribution
overlaps with several hotspots of microplastic
pollution, which could put this species at risk
given its filter feeding turnover (Germanov et
al., 2018). Several harmful plastic additives were
found in skin biopsies of whale sharks (Fossi et
al., 2017a). One study recorded entanglement
and two studies recorded the ingestion of plastic
items by whale sharks (LITTERBASE).

A whale shark swims
near a floating plastic
bag in Oslob, Cebu,
Philippines. © Steve
De Neef/National
Geographic Creative
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ingested plastic.

5.4.5  Impacts on other fish species

Other fishes that have been investigated for interactions with plastic debris were
subject to a large diversity of studies with regard to their body types, feeding
habits, and habitats.

There is ample scientific evidence to confirm plastic ingestion by fishes; from
top predators to plankton eating fishes, plastic debris has been identified in
their stomachs. A recent global review of 555 marine fish species found that

386 species (70%) had ingested plastics whereby the abundance of plastic in
surface waters was positively correlated to plastic ingestion (Savoca et al., 2021).

The impacts of microplastic ingestion on fishes were identified as mortality,
changes in physiology, growth, locomotion and food uptake, and the transloca-
tion of microplastics into organs or the blood stream (LITTERBASE). However,
the seriousness of these effects is being debated, especially given that some lab-
oratory studies have used higher concentrations than usually found in the wild.
For example, the ingestion of polyethylene microbeads in an experimental setup
with European sea bass larvae resulted in limited impacts, most likely due to

the short retention time and quick egestion of the microbeads (Mazurais et al.,
2015). The mortality rate increased significantly with the amount of microbeads
found inside the larvae, but only the highest dose slightly impacted mortality
rates. On the other hand, marine jacopever (Sebastes schlegelii) responded to
plastic exposure with reduced feeding activity, swimming and exploration ability,
growth, energy reserves, but with enhanced shoaling behaviour (Yin et al., 2018).

When fish are consumed, whether by predators or humans, chemical additives
and persistent organic pollutants on plastic particles (Section 5.3) could elicit
ecotoxicological effects. Therefore, microplastic pollution has been getting a lot
of attention from the public and media because it is bioavailable, ubiquitous
and abundant in the oceans.

The observations of entanglement in plastic debris of fishes are scarce, except
for studies on derelict fishing gear, where fishing nets were intentionally de-
ployed to certain areas to assess their effects on fish survival (Ayaz et al., 2006;
Baeta et al., 2009; Campbell and Sumpton, 2009; Erzini et al., 2008; Nakashima
and Matsuoka, 2004). Almost all of these studies reported hundreds of fish en-
tanglements initially followed by an exponential decrease during the following

5 to 8 months, due to the changing state of the nets. The number of entangled
fishes by lost or discarded fishing gear can well be an underestimation because
of the high rates of predation and scavenging by octopuses, cuttlefish, eels and
other fish (Erzini et al., 2008).

A recent study reported entanglement in plastic rings of tropical silver mojarra
(Eucinostomus argenteus), Atlantic thread herring (Ophistonema oglinum),

tomtate grunt (Haemulon aurolineatum) and gray parrotfish (Sparisoma axil-
lare) (Nunes et al., 2018), which reduced swimming performance, feeding and



Above: Stomach contents of a yellowfin tuna with a
1.5 cm black plastic pipe and a 60 cm plastic rope.
Location: central North Pacific, date: 29.08.2012
(Fujieda et al., 2014). © Shigeru Fujieda;

Below: Eel entangled by plastic string commonly
used in oyster farms. Location: Xia Zhuang Harbor
in Chiayi County, Taiwan, date: 16.07.2017).
Fishermen informed the photographer that entangle-
ments by oyster strings are very common in

the local harbor. © Po-Hsiu Kuo

antipredator behaviour. These effects have been reported for numerous other
species, which emphasizes the need to tackle the threat caused by plastic rings.

An interesting interaction type for fish is the ‘colonisation’ of floating plastic
debris, which is more of an association. Small fishes and juveniles aggregate
with floating plastics, feed on the biota on rafts, some prey on small fishes
seeking shelter below rafts or use rafts as a spawning ground (Thiel and Gutow,
2005). Furthermore, fishes from two taxa associated to the floating tsunami
debris rafted from the coasts of Japan all the way to the shores of the U.S.
Pacific Northwest (Carlton et al., 2017).

According to 270 studies in LITTERBASE, 718 fish species interacted with
plastic debris (Figure 13). Plastic ingestion accounted for 80% (577 species)

and entanglement in plastic debris for 18% (132 species) of all affected species.
A total of 559 fish species ingested plastic and 14 species became entangled with
plastic debris in the wild. The rest of the interactions included ‘colonisation’ on
debris and other interactions. Effects of these interactions were reported for
167 species in 137 studies. 58 studies investigated the impacts of plastic inges-
tion in experiments and found adverse effects for 112 species.
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The Atlantic cod

Species:

The Atlantic cod (Gadus morhua) is a very important commercial fish widely

consumed by people (e.g. in ‘fish and chips’).

Distribution:
Food:

worms.
Conservation status: Vulnerable.

Interaction with plastic pollution

In an experimentally set gill net, the predominant
species caught was Atlantic cod (Carr et al., 1985).
Cod were also caught by a ghost gill net drifting
near Greenland (Bech, 1995). It was one of the
two main species caught by an experimentally set
bottom gill net (Tschernij and Larsson, 2003).

Five out of 205 cod caught for human consump-
tion in the Atlantic contained microplastics

(1—5 mm), with seven particles found in total
(Liboiron et al., 2016). 13% of 80 sampled

North Sea cod contained microplastics, with all
particles < 3 mm (Foekema et al., 2013). 30%

of 201 cod caught in the Baltic and North Seas
had microplastics in their stomachs, with more
offshore cod containing microplastics compared
to coastal fish (Lenz et al., 2016). 3% of 302 indi-

Subtropical to Arctic waters in both sides of the North Atlantic.
Top predator, which feeds on smaller fishes, crustaceans, molluscs and

viduals caught in Norwegian waters had plastic
particles in their stomachs (Bréte et al., 2016).
1% of 81 cod caught in the Baltic and North Seas
had ingested plastics (Rummel et al., 2016). 2%
of 1,010 fish caught in Newfoundland had ingest-
ed plastic (Liboiron et al., 2019). Among 114 cod,
12% ingested microplastics with a mean of 0.13
particles per fish, a pollution burden, which was
higher than in other North Sea fishes (Kiihn et
al., 2020Db). A biodynamic model suggests that
leaching of BPA and nonylphenol from ingest-
ed microplastics constitutes a small proportion
of the cod’s total exposure to these pollutants

via other pathways, such as uptake of prey and
water (Koelmans et al., 2014). Three studies
recorded entanglement, and 11 studies recorded
ingestion of plastic items (LITTERBASE).

Dead cod entangled in a net lost on a wreck off the island of Ruegen, Baltic Sea. Date: 08.03.2014.
© Wolf Wichmann



The Atlantic herring

Species:

The Atlantic herring (Clupea harengus) is a member of the Clupeidae family,

one of the world’s most abundant fish species and of high commercial

importance.
Distribution:
Food:

Subtropical to Arctic waters at both sides of the North Atlantic.
Zooplankton, mainly copepods, other crustaceans and smaller fish species,

but also arrow worms, diatoms, and eggs and larvae of various species.

Conservation status: Least concern.

Interaction with plastic pollution

Herring entangled in a ghost net that was at least
seven years old was reported for British Colum-
bia (Breen, 1990). Polystyrene spherules were
already reported from Atlantic herring in the
eastern North Atlantic (Day et al., 1988). Plastic
ingestion by herring has been reported in the
Baltic and North Sea (Collard et al., 2015). While
one study found microplastic in 17% of 205
herring from the Baltic and North Seas (Lenz

et al., 2016) another found none in 33 herrings
from this area (Rummel et al., 2016) or even in
52% of 130 herrings from the Baltic Sea with
88% fibres and 12% fragments (Ogonowski et
al., 2017). Among 1 % of 1,143 herring sampled
between 2010 and 2018 in different regions of
the North Sea, the mean number of microplastic

items per fish was 0.019 (Kiihn et al., 2020b).
Other studies reported microplastics in 2% of
164 Baltic Sea herrings (Budimir et al., 2018).
Microplastics were also detected in the livers of
two herrings caught in the North Sea indicating
that they pass from the gastrointestinal tract

to organs (Collard et al., 2017a). In total, nine
studies recorded ingestion of plastic items
(LITTERBASE). While the incidence varies,
overall the pollution burden seems low given
the filter-feeding mode of this species.

Swarm of herrings. © Philipp Kanstinger/WWF
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The sardine

Species:

The sardine or European pilchard (Sardina pilchardus) is another member

of the Clupeidae family and also of commercial importance.

Distribution:
Food:

Northeast Atlantic Ocean, Mediterranean and Black Sea.
European pilchards are an important converter of phytoplankton and zoo-

plankton (mainly copepods and their larvae).

Conservation status: Least concern.

Interaction with plastic pollution

Of three planktivorous fish (herrings, anchovies,
sardines), sardines likely ingest more microplas-
tics because their feeding apparatus has the
highest filtration area and the closest gill rakers
(Collard et al., 2017b). Microplastics were also
detected in the livers of two sardines caught

in the English Channel, with a mean of < 0.5
microplastic particles per individual indicating
passage to organs (Collard et al., 2017a). While
15% of 105 sardines from the Spanish Medi-
terranean contained microplastics (Compa et
al., 2018), 47% of 36 sardines caught in Greek
waters contained on average 0.8 microplastics
per fish (Digka et al., 2018). 19% of 139 sardines
caught in the Adriatic and Ionian Sea contained
plastic particles (Anastasopoulou et al., 2018) as
did 20% of 20 sardines from the Spanish Med-
iterranean (Rios-Fuster et al., 2019). 12% of 85

individuals caught in the northwestern Mediter-

ranean contained on average 0.2 microplastics
per fish (Lefebvre et al., 2019). In the Adriatic
Sea, even 96% of 80 sardines contained on aver-
age 4.6 microplastics per fish (Renzi et al., 2019)
and along the Atlantic coast of Spain, 87% of 15
sardines contained on average 1.53 microplas-
tics per fish (Filgueiras et al., 2020). 58% of 104
sardines from the northwest Mediterranean
contained on average 1.5 microplastics per fish
(Pennino et al., 2020). Four out of 20 brands of
canned sardines and sprats contained microplas-
tic highlighting the link to human health (Kar-
ami et al., 2018). In total, two studies recorded
entanglement and 20 recorded plastic ingestion
by sardines (LITTERBASE). While sardines ap-
pear to be susceptible to plastic ingestion, we do
not know the consequences of this on fish health.

Large swarm of
sardines swims
over a coral reef.

© richcarey/iStock/
Getty Images



5.4.6  Impacts on corals and sponges

Corals and sponges are emblematic habitat engineers, which support very di-
verse bottom and fish communities. They are sessile animals that often have a

rugose spikey surface. This renders them particularly vulnerable to entangle-
ment and coverage, which are the most frequently observed types of interaction
along with colonisation of plastic debris.

Even in the remote Arctic deep sea, up to 20% of the sponge colonies had en-
tangled plastic (Parga Martinez et al., 2020). In the Mediterranean, red corals
(Corallium rubrum), black corals (Antipathella subpinnata), orange tree coral
(Dendrophyllia ramea), violescent sea-whip corals (Paramuricea clavata),
hairy sea fan coral (Acanthogorgia hirsuta) and yellow gorgonians corals
(Eunicella cavolini) were entangled in fishing gear. The effects are broken or
dead branches of corals and detachment from the hard substrate (Consoli et
al., 2019). Coral cover decreased significantly as the amount of litter increased
in the lagoons of the Marshall Islands (Richards and Beger, 2011). Likewise,

in Oahu, Hawai‘i, 65% of coral colonies had fishing lines and 80% of colonies
were at least partially dead, which was positively correlated with the abundance
of fishing lines (Yoshikawa and Asoh, 2004). Damage or breakage causes tis-
sue abrasion and partial or colony mortality in sponges, as observed in Florida
(Chiappone et al., 2005). Injury renders organisms more susceptible to preda-
tion, disease and competitive overgrowth.

Plastic foil covering corals. Marsa Alam, Egypt. © Philipp Kanstinger/WWF
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Pl astic dehris Plastic debris deprives corals of light and oxygen exchange, leaches chemicals

de.pnves €0 rals Of increased 20-fold when corals were covered with plastic in the Asia-Pacific re-
I|ght and nygen gion (Lamb et al., 2018). Coverage of sponge or coral structures can impair prey
exchange |eaches capture and growth rates as observed for Lophelia (Mouchi et al., 2019). On the
)

. Chem“:als and fishing gear near Sicily were colonised by endangered deep-sea corals (Lophelia
gIVES pathﬂgens d  pertusa, Madrepora oculata) as were fishing lines in French Mediterranean
fOOthOId canyons (Fabri et al., 2014).

and gives pathogens a foothold for invasion, such that the likelihood of disease

other hand, corals often colonise debris. For example, stranded buoys from lost

Many corals feed on particles, which they filter from the seawater. In laboratory
experiments, various species interacted with microplastics. Effects included ad-
hesion of microplastic particles to polyps, ingestion, decreased photosynthetic
rate, bleaching and tissue necrosis (Figure 15) (Martin et al., 2019; Reichert et
al., 2018; 2019). Another effect was mucus production and overgrowth, which
are responses to natural particles and enable self-cleaning to prevent smoth-
ering of their tissues (Duckworth et al., 2017). However, these responses come
at energetic cost and could lower the energy reserves of corals (Reichert et al.,
2018). In another study, 10—20% of the microplastic ingested by stony corals
were egested only after 6—24 hours and 6% retained (Allen et al., 2017). Pro-
longed retention of particles may affect coral health.

According to LITTERBASE, a total of 93 species of corals and sponges interact
with plastics (Figure 13). This is most probably a gross underestimation due

to insufficient sampling because the pollution rates documented (Section 6.2)
suggest that most species of tropical coral reefs have at least encountered if not
been damaged or killed by plastic pollution.
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Figure 15: The impacts of microplastic ingestion on reef-building corals (recreated from Reichert et al.,
2018).
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Lophelia pertusa

Cosmopolitan, mostly found in the deep waters of the Atlantic Ocean and

Mediterranean Sea but so far discovered only rarely in the Southern, Indi-

an and Pacific Oceans. Lophelia is slow-growing and important species of

Species: Lophelia pertusa, a cold-water coral.
Distribution:

cold-water reefs, which host diverse bottom communities.
Food:

The coral polyps catch live prey (zooplankton and carrion) from the water

with its stinging tentacles; it is a generalist feeder and prefers fast currents,

which increase prey capture.

Conservation status: Least concern.

Interaction with plastic pollution

Lophelia reefs take thousands of years to grow
(Hall-Spencer et al., 2002) and support diverse
ecosystems including commercially important
fish. Therefore, they are damaged by bottom
fishing activities worldwide. In Norwegian wa-
ters, for example, 30—50% of Lophelia reefs
were damaged by fishing, which also resulted

in the loss of numerous nets, long-lines and
other fishing-related debris entangled in corals
(Fossa et al., 2002). Similar observations were
made off Ireland, Atlantic Canada, the northwest
Mediteranean and Florida (Buhl-Mortensen,
2017; Dominguez-Carrio et al., 2020; Ross et
al., 2017; Soffker et al., 2011). Likewise, most of
17 deep-water canyons in the French Mediterra-
nean harboured lost fishing gear, including nets

hooked to corals, which were colonized by vari-
ous species, including corals (Fabri et al., 2014).
The same was observed in the Ionian Sea and
submarine canyons of the Bay of Biscay (Taviani
et al., 2005; van den Beld et al., 2017).

In experiments, plastic coverage of Lophelia
acted as a barrier for food supply, which led

to higher polyp activity but lower prey capture
rates likely affecting energy acquisition and
therefore skeletal growth (Chapron et al., 2018;
Mouchi et al., 2019). In total, seven studies re-
corded entanglement, one study colonization,
two studies coverage and two studies ingestion
of microplastic (LITTERBASE).

Left: Plastic nets covering and abrading the red coral (Corallium rubrum) (Gulf of Naples, Thyrrenian Sea,

80 m water depth, 2012); Right: Plastic lines entangled in scleractinian cold-water coral Dendrophyllia

cornigera (Ligurian Sea, 110 m water depth, 2015). © both by Michela Angiolillo/ISPRA
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5.4.7  Impacts on other marine species

The analysis of 238 studies revealed that another 1,089 marine species including
microbes and plants interact with plastics in the wild, in addition to the groups
outlined above (Figure 14). In addition, another 319 studies investigated the
impacts of plastic pollution experimentally on 625 species. Because of their size,

habitat or ecological role, most of them do not capture the public’s attention
despite their ecological importance. In this section, we give a brief overview of
how plastic pollution interacts with these ‘invisible’ animals from the sea surface
throughout the water column to the seabed. The impacts of plastic pollution on
seagrass and mangrove ecosystems are described in detail in Chapter 6.

More than half of the studies (57% of 557) concerning other marine species,
which we describe in this chapter, investigated the ingestion of plastics by 365
species (LITTERBASE). Microplastics in the digestive system may cause false
satiation, which can lead to reduced food uptake, and in turn to reduced fertility
and even mortality (Besseling et al., 2014; Besseling et al., 2013; Horn et al.,
2020; Watts et al., 2015; Welden and Cowie, 2016b).

Since experimental studies may have used unrealistically high exposure levels
(Section 5.2.2) it is important to consider the distribution of field and experi-
mental studies here. For some species, both approaches were used. The studies
reporting their results based exclusively on field observations account for 36%.
The remainder conducted field and laboratory experiments. Plastic ingestion
was reported mostly for crustaceans (119 species) and molluscs (95 species).
The proportion of experimentally studied crustacean species is 51%, and 9% of

the species were investigated both experimentally and by field observations.

Sea urchin,

covered with plastic.
© Gauthier Saillard/WWF
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Underwater litter from a populated area topside. Banda Neira, Moluccas, Indonesia. © Jiirgen Freund/WWF

Any impact of
plastic pollution
on zooplankton
may reverberate
throughout the
entire ecosystem.

For molluscs, the distribution of the methods is quite different: 61% of the spe-
cies were studied using field sampling and 19% experimentally with an additional
20% using both approaches. Plastic ingestion by worm-like animals (41 species)
and echinoderms (34 species) were confirmed mostly in experimentals (63%

and 59% of the species, respectively), whereas plastic ingestion by tunicates

(23 species) was mostly reported from the field (57% of the species). Plastic
ingestion was reported for another 53 species of anemones, jelly fish, comb
jellies, unicellular eukaryotic organisms, bacteria and blue-green, green, red

and brown algae (Figure 14).

As the primary consumer in most marine food webs, any impact of plastic
pollution on zooplankton may reverberate throughout the entire ecosystem.
Already in 1973, a first account described size-selective predation in copepods
(Acartia tonsa) using small plastic beads (7—70 pm) (Wilson, 1973). Since then,
ingestion of microplastics soon became the primary research subject in many
zooplankton studies. For example, one study showed that 13 of 15 zooplankton
groups from the Northeast Atlantic ingest polystyrene particles (7.3—30.6 pm)
(Cole et al., 2013), that particles stuck to their body and that certain particle
sizes decreased feeding rates. Although the animals egested the microplastics,
other possible consequences of microplastic exposure were highlighted. The
copepod Centropages typicus appeared not to be able to differentiate between
the algae and small beads, leading to decreased algal feeding (Cole et al., 2013).
Small particles became trapped between the appendages, which could lower
copepod survival rates, as the appendages have important roles in locomotion,
ingestion, mating and mechanoreception.

Colonisation on plastic items by organisms belonging to the other marine species

was addressed in 146 studies, having an impact on 1,093 species. 718 of the
colonising species including invasive species and pathogens were identified on
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Dispersal of plastic
fragments affects
biodiversity if
rafting organisms
can establish them-
selves in new areas.

Right: A new deep-sea

species named for the
plastic that contaminates
it. © BBDO; Left: Com-
puter tomography scan,
showing a plastic fibre in
the amphipod crustacean
termed Eurythenes plas-
ticus from the Mariana

Trench. © Alan Jamieson
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floating debris, which means they can raft across entire oceans (LITTERBASE).
This effect is referred to as ‘dispersal’ in this report (Figure 14), meaning that
species can spread to new locations. Within a few weeks after plastic enters the
ocean, microbial communities start forming slimy biofilms on the plastic surfac-
es, the ‘plastisphere’ (Ye and Andrady, 1991; Zettler et al., 2013). Fouling com-
munities on marine plastic debris are diverse and were found to differ from the
communities in the surrounding open ocean waters (Zettler et al., 2013). A plastic
fragment of 1 g, whose microbial biomass accounts for 6% of its total weight, har-
bours more microbes than are found in 1,000 litres of the surrounding seawater
(Mincer et al., 2016). Biofilms facilitate the colonisation by other sessile organ-
isms such as hydroids, tunicates, echinoderms, polychaetes, crustaceans, mol-
luscs, corals, sponges and macroalgae. The process of colonisation on substrates
in aquatic environments is called biofouling and such rafts also attract fish (Carl-
ton et al., 2017; Goldstein et al., 2014). The effect of this interaction is dispersal,
which affects biodiversity, especially if rafting organisms can establish themselves
in new areas and outcompete the resident species (Garcia-Gémez et al., 2021).

The remaining interaction records belong to the categories coverage or contact,
entanglement and other types of interactions (Section 5.2.5).

The effects of microplastics on sediment-dwelling and epibenthic animals from
soft-sediment environments was investigated in the Oslofjord, Norway: all of
the analysed species of fish, bivalves, echinoderms, crustaceans and polychaetes
had ingested microplastic (Bour et al., 2018). Microplastics smaller than 200
um accounted for 58% of all microplastics found in the organisms, highlighting
once again the underestimation of microplastic levels in studies, which rely on
methods that can only detect larger particles. During experiments, microplastic
ingestion by marine worms caused reduced feeding activity, prolonged gut resi-

dence of ingested microplastics, and inflammation (Wright et al., 2013).




The common mussel

The common mussel or blue mussel (Mytilus edulis) is an edible clam from

the Mytilidae family and widely consumed in Europe, both as wild and

Intertidal areas attached to hard substrates, often in dense mussel beds

along most European coasts; also introduced to the Pacific and southern

Species:

farmed mussels.
Distribution:

hemisphere.
Food:

Mussels filter detritus and plankton but also perform an important eco-

system function by removing bacteria, metals and toxins from the water.

Conservation status: Least concern.

Interaction with plastic pollution

As a common and widespread filter feeder of
commercial importance, it comes as no sur-
prise that the common mussel has become a
‘model organism’ for investigating the effects

of microplastics in the field as well as in labo-
ratory studies. Since mussels are consumed in
whole, any contamination most likely leads to
human consumption of microplastics. Inges-
tion of microplastics by blue mussels has been
demonstrated throughout most of its natural
and introduced range, e.g. Nova Scotia, Canada
(Mathalon and Hill, 2014), China (Li et al., 2016;
Qu et al., 2018), Belgium, Denmark, France,
Germany, Netherlands and the UK (12 studies
in LITTERBASE). The rates of plastic ingestion
ranged widely from 0.2 to 7.6 microplastic par-
ticles per mussel from coastal sites off the North
Sea, French Atlantic and Channel and the UK
(Hermabessiere et al., 2019; Li et al., 2018b;
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Phuong et al., 2018; Scott et al., 2019; Van
Cauwenberghe et al., 2015). Very high numbers
of fibres and particles were reported from the
Belgian coast and in three European ‘hotspots’
where mussels contained 0.4—8.1 fibres and
0.5—3.4 microplastics per 10 g tissue, respective-
ly (De Witte et al., 2014; Vandermeersch et al.,
2015).

A total of 43 studies investigated the interac-
tions of plastic with the common mussel. The
highest number of studies (38) dealt with plastic
ingestion. In half of these studies, mussels were
exposed to plastic particles in experiments. The
other half examined the microplastic burden of
mussels collected in the field. Common mus-
sels also colonise plastic items (4 studies) as
observed in Iceland, north Spain, the Baltic Sea
and two German rivers (LITTERBASE).

Common mussels
found entwined

with dolly rope
strands beached on
the Belgian coast in
2013. © Melanie Berg-
mann/AWI
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Oyster

Species:

Distribution:

Food:

Opyster is the common name for several families of bivalve molluscs, which
live in marine or brackish habitats. Most but not all oysters belong to the
superfamily of the Ostreoidea. Wild and farmed oysters are consumed
globally by people.

Worldwide along coastlines except very cold waters. Because of their
beneficial ecosystem functions, such as improving water quality, there are
efforts around the world to restore oyster reefs.

As filter feeders, oysters feed on detritus, plankton, bacteria and nutrients
and can filter up to 5 L of water per hour. By removing vast amounts of nu-
trients from the water they perform important ecosystem functions, improv-
ing water quality and clarity and increasing biodiversity. Because oysters
also remove heavy metals and toxic phytoplankton, eating large numbers of

oysters can cause shellfish poisoning.

Conservation status: Least concern.

Interaction with plastic pollution

Opysters are commercially important filter feed-
ers, which are consumed in whole. Therefore,
microplastics can be passed on to humans. The
Pacific oyster (Magallana gigas) is the most
widely farmed and commercially important oys-
ter in the world. Pacific oysters purchased on
Taiwanese markets contained 1.1 microplastics
per 10 g tissue (Chen et al., 2020).

Four oyster species farmed along the Chinese
coast contained on average 3 microplastic par-
ticles per oyster, with 84% of individuals being
contaminated (Teng et al., 2019). In the labora-
tory, Pacific oysters ingested microplastics but
also released 84% of them within three days
(Graham et al., 2019). During experiments, lar-
vae also ingested micro- and nanoplastics read-
ily, but no negative effect on their development
was observed (Cole and Galloway, 2015). In
another experiment, however, Pacific oysters ex-
posed to 2 and 6-um sized microplastics caused
significant decreases in oocyte diameter, num-
ber of sperms and sperm velocity and slowed
larval development (Sussarellu et al., 2016).
Similarly, the ingestion of nanoplastics caused a
significant decrease in fertilization success and
lead to impaired development of oyster embryos

and larvae (Tallec et al., 2018). Eastern oysters
(Crassostrea virginica) from Florida contained
on average 17 microplastics per individual
(Waite et al., 2018) and micro- and nanoplastics
accumulate inside their tissues, which could car-
ry adsorbed toxins directly into cells (Gaspar et
al., 2018). In a Chinese estuary, the microplastic
burden on hooded oysters (Saccostrea cuculla-
ta) was 1.4—7.0 microplastic particles per oyster,
and positively correlated with microplastic pollu-
tion in the water (Li et al., 2018a). An experiment
using black-lip pearl oysters (Pinctada margari-
tifera) demonstrated negative effects on energy
balance and reproduction (Gardon et al., 2018).
In the laboratory, Sydney rock oysters (Saccos-
trea glomerata) ingested microplastics, which
passed into the blood (Scanes et al., 2019).

Since oysters are sessile and ingest microplas-
tics, they may be suitable monitoring species.
In an experiment, European flat oysters (Ostrea
edulis) and the associated community were
subjected to regular doses of microplastics. As

a result, the number of individuals and species
in the communities decreased, indicating that
chronic exposure to microplastics can alter
benthic community structure.



The Norway lobster

The Norway lobster or langoustine (Nephrops norvegicus) is a lobster-like

crustacean 20 c¢m in size and the most important commercial crustacean in

Northeast Atlantic Ocean, North Sea and parts of the Mediterranean Sea.

Species:

Europe, caught by trawl and creel (Bell et al., 2006).
Distribution:

It lives in burrows in muddy sediments.
Food:

and organic matter.
Conservation status: Least concern.

Interaction with plastic pollution

An early mention of the ingestion of nylon
threads, probably from trawl gear, came from
Norway lobsters caught in the Mediterranean

in 1994—1995 (Cristo and Cartes, 1998). A later
study showed that 83% contained microplastic,
with an average abundance of 5.5 particles per
individual (Cau et al., 2019). In Scottish waters,
29—83% of Nephrops contained plastics (Murray
and Cowie, 2011; Welden and Cowie, 2016a).

To test the effects of contamination in the lab-
oratory, Nephrops were fed microplastics over
eight months. The result was a reduction in the
feeding rate, body mass, metabolic rate and ca-
tabolism of stored lipids of the plastic-contam-
inated animals (Welden and Cowie, 2016b). It
was suggested that moulting is the main route
of microplastic loss by this species. In another

Norway lobster
inhabiting burrows

in muddy grounds.

© IMAGO/McPHOTO/

Bdsemann
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Predator, scavenger and suspension feeder, consuming fish, invertebrates

experiment, no effect on the nutritional state

of Nephrops was observed after they were fed
with microplastics for only three weeks, but
such a short time period does not exclude long-
term effects (Devriese et al., 2017). The study
also showed that there was a limited uptake of
PCBs in Nephrops tail tissue after ingestion of
PCB-loaded microplastics. Small Nephrops tails
are not necessarily gutted, so that microplastic
could be transferred to humans.

Six studies recorded ingestion of microplastic,
one study reported entanglement and four stud-
ies recorded ingestion of plastic items (all cited
above). The non-selective feeding strategy of
Nephrops may render this species more suscep-

tible to plastic ingestion (Cau et al., 2019).




The lugworm

Species:

phylum Annelida.
Distribution:

Sea.
Food:

The lugworm (Arenicola marina) is a large marine worm (10—40 cm) of the
Tidal flats of the northeast Atlantic, particularly abundant in the Wadden

Living in U-shaped burrows in sandy sediments, lugworms swallow and

filter up to 25 kg of sand a year and digest the organic matter. As an eco-
system engineer, the lugworm is a keystone species of tidal flats.

Conservation status: Least concern.

Interaction with plastic pollution

The lugworm is an ecosystem engineer because
of the tremendous amounts of sand and organic
matter that the millions of individuals digest
and move within the tidal flat ecosystem. This

is essential for oxygenating sediments, nutrient
cycling and primary productivity. Along several
North Sea sites, an average of 1.2 microplastics
per lugworm was reported (Van Cauwenberghe
et al., 2015). An experiment also showed that
lugworm feeding activity moves microplastics in-
to the sediments (Gebhardt and Forster, 2018).
Microplastics added in realistic concentrations
to the sediments, caused lower feeding activity,
higher egestion time and immune cell activity,
and up to 50% less available energy, affecting the
survival of the organism (Wright et al., 2013).
Increasing microplastic concentrations in

sediments led to lower worm activity (Green et
al., 2016). In another experiment, adsorbed pol-
lutants or additives of microplastics leached into
the lugworm’s gut tissues, which led to lower
feeding and survival rates.(Browne et al., 2013).
Worms exposed to microplastics with PCBs ac-
cumulated more PCB in their tissues than worms
exposed only to PCBs (Besseling et al., 2013),
but microplastic ingestion contributes very little
to the overall PCB bioaccumulation of worms
(Besseling et al., 2017). However, it should be
noted that these pollutants are transferred in-

to food, sediment, and water by leaching from
plastics, which may lead to a growing contami-
nation of the environment (Section 5.3). In total,
11 studies recorded ingestion of microplastic by
lug worms in an experiments (LITTERBASE).

Lugworm and its cast at Morecambe Bay. © IMAGO/Ardea
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5.5  Impacts of plastic pollution on populations and
endangered species

There are hundreds of studies reporting plastic ingestion across different taxa,
but the identification of the impacts of plastic pollution on populations is a more
complicated task for species that are affected by various marine threats. There-
fore, only few studies attempted to assess population-level impacts of plastic
pollution. A global review of air-breathing megafauna (see Glossary) highlighted
that the population-level effects of plastic pollution are largely unknown (Senko
et al., 2020). Most of these species are migratory, which complicates the assess-
ment of a distinct man-made stressor, whether it be plastic or one of the many
other kinds of pollution. Furthermore, some species, such as sea turtles, change
their habitat or foraging strategy as they mature. Apart from obvious cases, for
such entangled animals, that are either injured or have died, it is often difficult to
identify the actual cause of death by necropsies. These methodological challenges
complicate the analysis of population-level effects in marine species.

In this section, the studies on populations will be reviewed. Moreover, a number
of studies reported the interaction rates among the examined organisms of distinct
species groups, which can be used as an indicator for populations (Figure 16, 17).
However, firm conclusions for global populations cannot be inferred based on
the results obtained from a limited number of individuals (Provencher et al.,
2017). Therefore, an approach of combining empirical data, modelling and sim-
ulations appears to be the best way to provide projections, estimations and risk
assessments (Chapter 7) on the population level.

Out of 690 species which encountered marine debris (92% of individual en-
counters were with plastic debris, 8% with other material), 17% are listed in
the TUCN Red List as near threatened or with a higher threat status (Gall and
Thompson, 2015).

Galapagos fur seal
(Arctocephalus gala-
pagoensis) pups playing

with plastic sheet, Galapagos.
© naturepl.com/

Tui De Roy/WWF
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Figure 16: The median percentages for individuals that interacted with macroplastic debris, within the
same taxa of examined organisms. The data were extracted from 105 studies on macroplastic entangle-
ment and ingestion by charismatic megafauna (LITTERBASE). The blue thumbnails above the bars show
the total number of studies_from which data were analysed for this figure.
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A spatial risk analysis for seabirds was carried out using the global distribution
of plastic debris and adjusting the model with the actual rates of plastic inges-
tion (Wilcox et al., 2015). It concluded that, between 1962 and 2012, 59% of
seabird species and 29% of seabird individuals had ingested plastic. If plastic
pollution increases at the current rate, 99.8% of all seabird species (not neces-
sarily individuals) could ingest plastics by 2050.

Our analysis shows that a median of 39% of all examined individuals of seabirds
had ingested macroplastics, and a median of 33% had ingested microplastics.
Unlike ingestion, entanglement with a median of 1% does not yet appear to be

a threat to most seabirds. These findings concur with the conclusions of a re-
cent global assessment (Rodriguez et al., 2019). However, spatial and temporal
variations in plastic pollution are reflected in the proportion of negatively im-
pacted seabirds and should be considered as a factor when assessing the popu-
lation-level effects (Section 5.4.1).
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Figure 17: The median percentages for individuals that ingested microplastic debris, within the same
taxa of examined organisms. The data were extracted from 180 studies on microplastic ingestion
(LITTERBASE). The blue thumbnails above the bars show the total number of studies from which data

were analysed for this figure.

An analysis of a global dataset of 50,000 birds, provides a list of under-re-
searched species that may be vulnerable to plastic ingestion. Based on their
ecology and knowledge of other threats, it was estimated that 90% of the global
population of the critically endangered magenta petrel (Pterodroma magen-

tae), endangered black-capped petrel (Pterodroma hasitata), endangered

Newell’s shearwater (Puffinus newelli), vulnerable Hawai‘ian petrel (Pterodro-

ma sandwichensis), decreasing little shearwater (Puffinus assimilis) and stable
long-tailed jaeger (Stercorarius longicaudus) may already ingest plastic (Avery-

Gomm, 2020).

A global analysis for sea turtles estimates that 52% (340,000 individuals) of
all turtles, for which population estimates exist, have already ingested plastics
(Schuyler et al., 2016). Predicted high-risk areas for sea turtle populations
include the US east coasts, Australia, South Africa, the east Indian Ocean and

Southeast Asia (Figure 18). In addition, both entanglement and plastic ingestion

have been reported from around the world. Six out of seven sea turtle species
are listed as endangered (Section 5.4.2). Among the thousands of sea turtles
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that strand every year, 6% were found entangled in marine debris, of which
91% were dead (Duncan et al., 2017). More than 100 experts from 43 countries
rated entanglement and plastic ingestion as a greater risk to sea turtles than oil
pollution, climate change or direct exploitation (Duncan et al., 2017). According
to the 17 studies captured in LITTERBASE, the median incidence rate of mac-
roplastic ingested by sea turtles was 39% (Figure 16). While population-level
implications remain inconclusive, plastic pollution has been highlighted as a

serious threat to sea turtles (Duncan et al., 2017).

lw

N

Figure 18: Predicted probability of debris ingestion risk for sea turtles. Red indicates geographic areas,
which pose a higher cumulative likelthood of risk. This figure represents the sum total of the risk to all
species within a given location. Red areas are particularly risky due to a combination of factors. They
may have high debris loads, fall within the habitat distribution for several species, be home to particularly
vulnerable species, or a combination of all of these (from Schuyler et al., 2016).

Individuals of whales, dolphins and porpoises have been subjected to both en-
tanglement and ingestion of macroplastics, at a median rate of 18% and 16%,
respectively (Figure 16). However, the population-level effects of these interac-
tions are unknown except for estimates for some species in certain areas. For
example, 60% of sperm whales in Greek waters had plastics in their stomach,
which can impair digestion and be fatal (Alexiadou et al., 2019). The necropsies
of whales stranded between 1990 and 2015 along Irish coasts revealed that 9%
of whales had eaten plastic debris (Lusher et al., 2018).

A global review reported that 0.4% of pinniped individuals became entangled
with plastic debris (Jepsen and de Bruyn, 2019). Scaling up to the known
pinniped population of 23 million individuals (IUCN Red List data) results in
85,000 entangled individuals worldwide. Our analysis of data in LITTERBASE
resulted in an even higher median percentage of 2%, which results in an esti-
mated 460,000 entangled individuals. Although this figure may be considered
minor in terms of populations, it may well pose a threat for endangered species.
For example, the Mediterranean monk seal (Monachus monachus) is listed as
endangered with a population of only 500-600 individuals (Karamanlidis and
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A quarter of the
1,041 species of
sharks, rays and
chimaeras are
threatened

according to the
JUCN Red List.

Dendrinos, 2015), and the Hawai‘ian monk seal (Neomonachus schauinslandi)
population comprises only 1,200 individuals (Littnan et al., 2015). For such
small populations, even a few entanglements may impact their survival (Jepsen
and de Bruyn, 2019). The populations of the vulnerable northern fur seal (Cal-
lorhinus ursinus) in the North Pacific are under a risk from plastic pollution, as
this area is very polluted (Gelatt et al., 2015; Jepsen and de Bruyn, 2019).

A quarter of the 1,041 species of sharks, rays and chimaeras are threatened
according to the TUCN Red List. Overfishing poses the biggest threat, with
large-bodied, shallow-water species at greatest risk (Dulvy et al., 2014). Pop-
ulation declines are strongest in the Indo-Pacific and Mediterranean areas. A
review of 139 blue sharks from the Mediterranean reported that 25% of the ex-
amined animals ingested plastics and highlighted the importance of further re-
search into the impacts of plastic pollution on its population (Bernardini et al.,
2018). Another review pointed out the Pacific and Atlantic Ocean as those areas
where the highest percentages of entanglements of sharks, skates, rays and
chimaeras occur (Parton et al., 2019).

Our analysis of the available data for examined individuals of fishes (other than
sharks and rays) showed a median of 2% for macroplastic (Figure 16) and 27%
for microplastic ingestion (Figure 17). While only nine studies referred to mac-
roplastic ingestion, 94 studies dealt with microplastic ingestion. A compiled
dataset on 171,774 individuals of 555 species reported that the incidence of mi-
croplastic ingested by fish was 26% (Savoca et al., 2021) and mobile predatory
species had the highest rates of ingestion.

In the Mediterranean, plastic particles were identified in the stomachs of 18%
of the top predators, namely Atlantic bluefin tuna (Thunnus thynnus), Albacore
tuna (Thunnus alalonga) and swordfish (Xiphias gladius) (Romeo et al., 2015).
The highest percentage of plastic ingestion (31%) was observed for bluefin tuna,
which is listed as endangered by the IUCN because of intense fishing pressure
(Collette et al., 2011). As one of the top predators in the oceans and one of the
most valuable commercial fish species, the ecotoxicological effects of plastic
ingestion on its populations and repercussions of consumption by people merit
further investigation.
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b. Effects of plastic pollution
on marine ecosystems

6.1 Introduction

To really understand how ecological systems (= ecosystems) work, a solid un-
derstanding of what constitutes a ‘system’ is required. Systems, and especially
complex systems such as our bodies or ecosystems, have several essential
features.

1. Several functionally and structurally different components form an integrat-
ed whole by having interdependent functional and structural relationships.
For example, the heart supplies the organs with blood, while the brain con-
trols the heart pressure and heart rate, and so on; most of our bodies’ organs
cannot live without the contributions of the others. Likewise, a coral reef
ecosystem cannot survive without the corals, fishes or invertebrates who all
depend on each other for the survival of the whole.

2. Systems and system components have complex structures, which give them
their varied functions. For example, we could put the water and all the ele-
ments of a living body into separate containers. The atoms would still be the
same, but they would not be in the complex, structural arrangement, which
allows the body to function. Similarly, a coral reef ecosystem has highly
complex structures: first of all, all the organisms in it are complex, but the
fractal structure of the ecosystem itself is important, too. For example, all
the nooks, crannies, crevices, holes and tunnels of different size and shape
within the coral skeleton allow different species to hide from predators,
which explains why so many species can survive. In turn, this biological
diversity (= biodiversity) gives the system its complexity and stability.

3. Systems and system components exhibit behaviours, which involve inputs,
processing and outputs. A coral reef ecosystem has inputs in the form of en-
ergy and nutrients, constantly processes them by turning them into cells and
organisms and creates outputs, such as cleaner water, oxygen, or reef struc-
tures.

These ecosystem processes are often called ‘ecosystem functioning’ (Loreau et
al., 2002; Naeem et al., 2009; Schulze and Mooney, 1994). It reflects the collec-
tive life activities of all the life forms within the ecosystem, such as feeding, pro-
ducing waste, moving, growing, reproducing (that is, all the natural processes
that sustain an ecosystem) and the resulting effects on their environment. Eco-
system outputs are referred to as ‘ecosystem services’, which are often beneficial
or even essential to human societies (Daily et al., 1997; Diaz et al., 2020; IPBES,

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 115



116

Plastic pollution
is an additional
and increasing
stressor to
already stressed
ecosystems.

2020; Millennium Ecosystem Assessment, 2005). The ecosystem functions and
services of coral reefs, for example, include (Barbier et al., 2011; Brandl et al.,
2019; Woodhead et al., 2019): Providing food, medicines and aquarium fishes
for fishing communities and all of humanity. Corals have been used to treat
cancer, ulcers, HIV and cardiovascular diseases (Chivian and Bernstein, 2008).
Further functions are water purification; carbon sequestration, which dampens
climate change; structure for coastal protection against waves, storms, floods
and erosion; biodiversity and complexity of the system itself.

When it comes to plastic pollution, the question remains how (and how much)
plastic pollution interferes with the functioning of the affected ecosystems and
the services they provide to people. The accumulated evidence in this report
and many other publications clearly shows that plastic pollution is an additional
and increasing stressor to already stressed ecosystems (Lartaud et al., 2020).
However, it is very difficult to quantify by how much ecosystem functions are
impaired.

The first challenge is to agree on what an ecosystem function is and then how
to quantify the scale and extent of an ecosystem (Brussard et al., 1998). For
example, both the whole earth and a mudflat can be considered an ecosystem.
The second challenge is to be able to finance and organize large-scale long-term
studies of ecosystems that are also influenced by other factors, which need to
be considered. These challenges are not insurmountable, as ecologists have also
studied the large-scale influences of habitat loss, climate change, or chemical
pollution on ecosystem functions and services (Bonin et al., 2011; Freedman,
2013; Pratchett et al., 2011).

However, only about 5% of the examined studies explicitly extrapolated their
findings of plastic intake on individual species to the impact on ecosystem func-
tioning. More importantly, even studies, which claim to have studied the effects
of plastic pollution on ecosystem functioning often only deduce ecosystem ef-
fects from either laboratory studies or from effects on a single or a few species.
The few studies, which investigated effects in natural ecosystems were all con-
ducted at small scales (e.g. the size of a plastic bag or a plot of a few metres) so
that ecosystem effects are inferred from small parts of the ecosystem.

Systems, especially complex systems, have great in-built resilience to deal with
harmful events such as oil spills or freak weather events and repair themselves
over time. However, if pushed too far, too often or too quickly, a system will
either be completely destroyed or enter a new state. This new state is often a
simplified system with fewer species, lower biodiversity and crucially, lower
productivity and stability (Jackson, 2008; Pal and Bhattacharyya, 2017; Worm
et al., 2006; Yadav et al., 2018). Such a decrease in productive ecosystem servic-
es means lower economic gains and fewer societal benefits.



Coral reefs face
many stressors
besides plastic

pollution.

Unfortunately, the multiple stressors affecting marine ecosystems nowadays,
which increasingly include the harmful effects of plastic pollution do not bode
well for the future as marine life is already greatly diminished (Damalas et al.,
2015; Jackson, 2008; Luypaert et al., 2020; McClenachan et al., 2012; Pacoureau
et al., 2021; Rosenberg et al., 2005; Thurstan et al., 2010; Zeller et al., 2006).
This chapter focuses on four marine ecosystems and how plastic pollution affects
their functioning and services. As with the effects of plastic pollution on individ-
uals and species, the effects on entire ecosystems vary greatly depending on the
type of ecosystem, its species, location, properties of the pollutant (size range,
type, associated chemicals) and the amount and duration of the exposure.

6.2 Coral reefs

A coral reef is a marine ecosystem characterized by reef-building corals. While
tropical coral reefs are located in the tropics (see Glossary), cold-water coral
reefs can also occur outside of the tropics. Coral reefs cover less than 1% of the
ocean floor (Spalding and Grenfell, 1997), but are one of the most productive
and diverse ecosystems on Earth. Since some 25% of all known marine species
live in coral reefs (700 coral and 4,000 fish species) (Plaisance et al., 2011), they
are considered the “rainforests of the sea” (Reaka-Kudla, 1997).

A coral reef is formed when colonies of coral polyps extract calcium carbonate
from the water to build a hard exoskeleton and grow to a substantial size. They
grow on the skeletons of their dead ancestors over decades and millennia. Some
corals depend on symbiotic unicellular algae or zooxanthellae to provide energy
via photosynthesis. Others catch small marine life with their sticky tentacles.
Cold-water corals, extend to deeper and darker parts of the oceans, with tem-
peratures as cold as 4°C. Therefore, their growth is slower, so that some corals
may be hundreds of millions of years old (Lumsden et al., 2007; Williams et al.,
2006).

Coral reefs face many stressors besides plastic pollution (Lartaud et al., 2020):
climate change causing heat stress and acidifying waters making it harder to
build their skeletons (Mollica et al., 2018); rising sea levels, more frequent
and severe storms (Hughes et al., 2017); increasing pollution with sediments,
fertilizers, oil and toxic chemicals (Jones et al., 2016; Silbiger et al., 2018;

van Dam et al., 2011; Zaneveld et al., 2016); overfishing, including destructive
methods (Fox, 2004; MacNeil et al., 2020; Madeira and Calado, 2019; Zaneveld
et al., 2016); damage from tourism (Al-Jufaili et al., 1999; Lamb et al., 2014;
Saphier and Hoffmann, 2005) and habitat loss (Jackson, 2008). Tropical
corals will likely disappear within a few decades unless drastic action is taken
(Hoegh-Guldberg et al., 2007; Jackson, 2008). Although currently less im-
pacted than tropical reefs, cold-water corals have been particularly affected by
bottom trawling, the hydrocarbon industry, overharvesting for jewellery
(Roberts and Cairns, 2014) and climate change (Roberts and Cairns, 2014).
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Macroplastics

Macroplastic debris gets easily caught in the spiky three-dimensional structure
of the reefs and can smother large parts of coral colonies (Lartaud et al., 2020).
While some reefs are already smothered with macroplastic (Lamb et al., 2018),
others are still relatively pristine. One third of the investigated 159 coral reefs

in the Asia-Pacific region were polluted with macroplastics (Lamb et al., 2018):
in 2010, 11.1 billion plastic items were entangled in these reefs, a figure that will
likely rise to 40% by 2025. Entangled corals were 20 to 89 times more likely to
contract disease. Although the exact mechanism is unknown, tissue abrasion
and injury likely promote disease (Lamb et al., 2015), especially if plastic carries

pathogens. Plastic waste could also harm the coral’s immune system and wound
healing process (Mydlarz et al., 2006). Shading effects and oxygen deficient
conditions due to smothering could also favour disease (Lamb et al., 2018).




Macroplastic has infiltrated coral reefs of all oceans. In the Mediterranean, lost
fishing gear was found at densities of 3 items/100 m? (Consoli et al., 2019). A
third of this litter affected corals of conservation concern. Coral reefs in Jor-
dany even had litter densities as high as 280-304 items/100 m?2. Plastic and
fishing gear dominated at 31—42% (Abu-Hilal and Al-Najjar, 2009; Al-Najjar
and Al-Shiyab, 2011), some of which were entangled in corals, and continued
to catch fish. Lost fishing gear may remain on a reef and cause damage for dec-
ades. Ghost-fishing nets had killed crustaceans, fishes, turtles, cetaceans and
other marine wildlife, with one net still catching fish seven years after its aban-
donment (Al-Jufaili et al., 1999).

Sugiyanta of WWF Indonesia Fisheries programme takes off a trash rice sack choking a plate coral. Wanci under-

water, Wakatobi, South Sulawesi, Indonesia. Date: 09.11.2009. © Jiirgen Freund/WWF

In the Gulf of Mannar, marine litter caused tissue abrasion and mortality of
sessile invertebrates such as corals, sponges and the colonial zoanthid (see Glos-
sary) Palythoa (Ganesapandian et al., 2011). An underwater survey of 21 coral
islands found that lost fishing nets were the dominant debris, covering live cor-
als (39%) (Patterson Edward et al., 2020). While half of these were fragmented,
one-third had tissue loss and only 18% looked intact. In coral reefs in Mayotte,
southwestern Indian Ocean, half of sites that were polluted primarily with plas-
tic fishing lines contained broken or abraded corals, especially branch or table
corals such as Acropora (Mulochau et al., 2020).

Already in 1998 in a popular cast fishing site in Hawai‘i, 65% of coral colonies
had monofilament fishing lines, and 80% of the colonies were entirely or par-
tially dead (Yoshikawa and Asoh, 2004). The percentage of entanglement was
positively correlated with the percentage of partially or entirely dead colonies.
In other Hawai‘ian coral reefs, lost ghost-fishing gear killed endangered monk
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seals (Monachus schauinslandi), corals and other wildlife, and thus posed a
persistent threat (Donohue et al., 2001). It was shown that cleaned areas accu-
mulate new debris, mostly derelict fishing gear at a rate of 0.6 metric tons/km?
per year (Dameron et al., 2007).

At two coral reefs in Ecuador, coral damage caused by intermediate pollution
levels was negatively correlated with structural reef complexity and diminished
the abundance of various reef species, including fish, affecting ecosystem func-
tions and services such as food provision (Figueroa-Pico et al., 2016). A synthe-
sis of the available knowledge on interactions between marine litter and reef
organisms and how this affects ecosystem functions and services highlighted
that 418 reef species and more than 36,389 individuals interact with derelict
fishing gear, mostly through entanglement and ghost fishing, which affects hard
corals and reef fish hardest (de Carvalho-Souza et al., 2018).

Biogenic reefs are small reefs created by coral, bivalves, tubeworms and other
species, which bind dead and living matter together to build reefs. They play a
key role in benthic ecosystems, enhancing biodiversity and ecosystem function-
ing from shallow to deeper waters (Buhl-Mortensen et al., 2010). Biogenic reefs
create elevation above the seabed and structural complexity with small crevices
that provide an important habitat for other species. A review on the impact of
marine debris on Mediterranean reefs (Angiolillo and Fortibuoni, 2020) showed

Left: A fishing net smothering a coral reef (Los Ureles, Jaramijo, Manabi, Ecuador, 2019). © Juan Figueroa Pico

Right: A starfish (Phataria unifascialis) in contact with a net covering a coral reef (Los Ureles, Jaramijo, Manabi,
Ecuador, 2019). © Antonio Santos Medranda
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A coral (Acropora) broken
because of a fishing net
(location: ringing reef near
Hainan Island,

date: 22.09.2019).

© Zhi Zhou

Microplastic
can affect the
health of corals
in many ways.

that many species were impacted by marine litter, including endangered species

such as corals, gorgonians and sponges. Entanglement of lost fishing gear in
corals and sponges was the most frequently reported impact resulting in break-
age, injury and disease. Ghost fishing of 15 species of arthropods, fish and one
mollusc species was also reported.

Microplastics

Microplastics are directly captured by the corals’ tentacles or ingested indirectly
when corals consume plastic-polluted zooplankton and can then be transferred
to the polyp tissues where they potentially disturb physiological functions
(Lartaud et al., 2020). The odour of particles could drive the consumption of
microplastics (Allen et al., 2017). Corals in the Great Barrier Reef, Australia,
ingested microplastics, some probably originating from ship paint and fishing
floats (Hall et al., 2015), which could affect coral health. Likewise, corals and
other species from the South China Sea accumulated microplastics in their
bodies, which caused cell death. This can affect the corals and their symbiotic
algae and thus the community structure (Tang et al., 2021). In laboratory
studies, microplastic exposure inhibited coral feeding efficiency (Savinelli et al.,
2020) and growth (Hankins et al., 2021), and activated a stony coral’s stress
response (Tang et al., 2018). Laboratory exposure of staghorn coral (Acropora
formosa) caused the release of symbiotic algae, bleaching and necrosis (Syakti
et al., 2019). Microplastics also disturbed the relationship between symbiotic
algae and two of their anthozoan and coral host species as they occupied the
spaces of the symbiotic algae, especially in corals already bleached due to rising
temperatures (Okubo et al., 2018; 2020). Microplastic exposure of symbiotic
algae (Cladocopium goreaut) suppressed nutrient uptake, photosynthesis and
increased cell death leading to a decreased density and size of the algal cells

(Su et al., 2020). Lower photosynthetic rates were also observed in a hood coral
(Stylophora pistillata) (Lanct6t et al., 2020). What is more, anemones bleached
due to global warming seem less capable of microplastic removal (de Orte et al.,
2019).
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Another type of interaction is particle adherence to corals. The extensive reefs
of the Red Sea were shown to be a major sink for microplastics, as some micro-
plastics were removed by the feeding actions of the corals, but forty times more
were removed by sticking to the outsides of the corals’ bodies (Martin et al.,
2019b). In experiments, mushroom (Danafungia scruposa) and zonanthid
corals (Zoanthus sociatus) also removed microplastics from the water through
passive adhesion (Corona et al., 2020; Rocha et al., 2020). This altered the
coral’s physiology, which could, in the long term, lower its energy reserves
(Rocha et al., 2020). Microplastic also entered the body of button polyps
(Protopalythoa sp.), where it had toxic effects on cells (Jiang et al., 2020).
Some species of corals that were exposed to realistic levels of microplastic for
six months showed signs of compromised health, likely due to increased ener-
gy demands (Reichert et al., 2019). In another experiment, corals experienced
bleaching and tissue necrosis, with up to 40% of corals affected (Reichert et al.,
2018). Some species responded with cleaning via mucus production and others
by overgrowing particles, which imposes additional energetic cost and could
lower survival and reproduction.

If corals accumulate microplastics, this pollution could be transferred to ani-
mals of the associated ecosystem, but this has only been investigated in a few
studies on reef fish from Saudi Arabia’s Red Sea coast (Baalkhuyur et al., 2018),
the South China Sea (Ding et al., 2019; Nie et al., 2019), French Polynesia
(Garnier et al., 2019) and the Great Barrier Reef (Jensen et al., 2019). While
microplastic ingestion was high in some cases, it is unclear if this was an effect

of the coral sink or due to locally high pollution levels.

Close-up of the reef-
building cauliflower

coral Pocillopora damicor-
nis. After experimental
microplastic exposure for
four weeks, necrosis and
bleaching (white areas)
were observed in some of
the corals, which might be
caused by toxic substances
or pathogens that can
adhere to the surface of
the microplastics (location:
Justus Liebig University
Giefien, Germany,

date: 01.08.2015)
(Reichert et al., 2018).

© Jessica Reichert
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The planktivorous fish Acanthochromis polyacanthus is widespread in Indo-
Pacific coral reefs (Critchell and Hoogenboom, 2018). Exposure experiments
showed that these fish ingested many more particles, when offered small rather
than larger sizes of microplastic (125—300 versus 2 mm), although these were
in range with their natural prey. Both the growth and body condition of fish
suffered. This suggests that, with time, microplastics could become a more and
more pressing issue when legacy plastic continuously breaks down to sufficient-
ly small sizes.

Left: Bleached sea anemone (Aiptasia pallida) after ingesting plastic microfibers in the laboratory. The fluorescent

orange items are the microfibers inside the anemone (de Orte et al., 2019). © Manoela Romané de Orte;

Right: The reef-building hood coral Stylophora pistillata ingests black polyethylene microplastic particles.

After minutes to hours, the indigestible material is egested again (location: Justus Liebig University Giefen,

Germany, date: 17.05.2018). © Jessica Reichert

Chemical pollution
could push coral
species and eco-

system health over

critical thresholds
in the long run.

Leached chemicals

In a remote coral reef atoll of the Maldives, widespread contamination with
microplastics was shown along with appreciable levels of phthalate esters in
corals (Saliu et al., 2019). More than 95% of the examined coral species con-
tained phthalate esters (Montano et al., 2020). Although hood corals (Stylo-
phora pistillata) exposed over five days to flame retardants bioaccumulated
these pollutants it showed no negative effects except consistent polyp retraction
(Aminot et al., 2020).

Impacts on foundation species of reefs such as coral and sponges or important
fish predators that control population dynamics of prey species, will inevitably
affect ecosystem function and services although the current scale is unclear. It is
clear, however, that increasing pollution levels will exacerbate the threat. Added
to stressors such as climate change and overfishing, this could push species and
ecosystem health over critical thresholds in the long run. This will affect biodi-
versity, ecosystem functions and services such as provision of fish stocks.
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6.3  Seagrasses

Seagrasses are flowering marine plants, which form extensive underwater
meadows down to 60 m and constitute a unique, productive and highly diverse
ecosystem found on all continents but Antarctica (Bostrom et al., 2006). They
form a critical habitat for endangered dugongs, manatees and sea turtles (Orth
et al., 2006), and provide various ecosystem services: disease control, ferti-
lizer and food production, carbon sequestration, coastal protection, nutrient
cycling, sediment production, water purification and recreation (Barbier et al.,
2011; Himes-Cornell et al., 2018; Luisetti et al., 2013; Mtwana Nordlund et al.,
2016; Ondiviela et al., 2014; Ruiz-Frau et al., 2017). Together with coral reefs
and mangroves, they are one of the most productive coastal habitats (Short and
Wylie-Echeverria, 1996). Seagrass ecosystems face a combination of stressors
besides plastic pollution (Ceccherelli et al., 2018; Griffiths et al., 2020; Unsworth
et al., 2015): worsening water quality due to runoff of sediments, nutrients,
changing salinity and toxic chemicals (Orth et al., 2006); climate change (Jorda
et al., 2012; Nowicki et al., 2017; Orth et al., 2006); invasive species, disease
and physical disturbance due to dredging and boating (Unsworth et al., 2015),
and habitat loss (Jackson, 2008; Short and Wyllie-Echeverria, 2000; Waycott
et al., 2009) due to coastal development. Maintaining seagrass ecosystems
requires drastic changes in human activities and widespread conservation
measures (Bonanno and Orlando-Bonaca, 2020; Cullen-Unsworth and Unsworth,
2018; Orth et al., 2006; Tan et al., 2020; Unsworth et al., 2019).

Shallow water seagrass Mataking Island, Semporna, Sabah. © Mazidi Abd Ghani/WWF-Malaysia
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A typical example of a sea-
ball with entangled plastic
(location: Mallorca beach,

Balearic Islands, 2019)
(Sanchez-Vidal et al., 2021).
© Anna Sanchez Vidal/
Barcelona University

Macroplastics

In the Gulf of Mannar between India and Sri Lanka, marine litter negative-

ly affected seagrass ecosystems (Ganesapandian et al., 2011). In a Philippine
seagrass area, which is an important feeding ground of dugongs (Dugong du-
gon), the mean litter density was 6 items/100 m?, with plastics accounting for
95% (Abreo et al., 2018). A study of seagrass habitats in Portugal showed that
macro- and microplastics were trapped in the canopies and sediments of these
habitats to varying degrees depending on plastic size, habitat and tidal position
(Cozzolino et al., 2020). Seagrass habitats may thus become an important sink
for plastic debris that may leak to nearby beaches. The Mediterranean seagrass
Posidonia oceanica forms extensive meadows but loses its leaves in autumn,
which wash ashore as loose deposits or ball-shaped agglomerates. Half of the
investigated loose deposit and 17% of the agglomerate samples contained plas-
tic items (Sanchez-Vidal et al., 2021). A mesocosm experiment, which placed
plastic bags on the Mediterranean seagrass Cymodocea nodosa for six months
showed that the bags lowered the pH and oxygen content of sediments and al-
tered plant growth (Balestri et al., 2017).

Microplastics

Several studies have demonstrated that seagrass meadows trap microplastics
and could thus become a sink for microplastics. Near an urban centre of Belize,
microplastics were found on 75% of all blades of the turtle grass Thalassia tes-
tudinum, with 81% of microplastics being fibres (Goss et al., 2018). Microplas-
tics were also detected on 55—63% of the surfaces of intertidal seagrasses grow-
ing around Singapore, with one microplastic item per seagrass blade (Seng et
al., 2020). Seagrass meadows (Enhalus acodoides) in Hainan, China harboured
80-885 particles per kg of dry sediment, with fibres being the dominant shape
(Huang et al., 2020). Sediments with seagrass growing on them had 2.5 times
more microplastics than bare sites indicating a trapping effect.
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global decline of
seagrasses.

In a common eelgrass species Zostera marina bed in Orkney, Scotland, micro-

plastics were found in 94% of samples of seawater, sediments and on eelgrass
blades, as well as on the associated biota of sediments and blades (Jones et al.,
2020). Again, seagrass sediments (113,000 microplastics/m3) trapped more
microplastics than sandy sediments without vegetation (68,000 microplastics/
m3). Results from an experimental study corroborated this trapping effect and
showed that the probability of retention increased with plastic and canopy
density and decreased with the water velocity (Carmen et al., 2021).

Since microplastics are found on the vegetation and within the invertebrates
living on it, any herbivores or predators feeding on them likely also ingest mi-
croplastics as shown for seaweed (Gutow et al., 2016). Thus, microplastics enter
marine food webs. An analysis of the invertebrate community inhabiting the
seagrass Posidonia oceanica near Corsica showed that 27% of the invertebrates
contained viscose fibres (see Glossary) (Remy et al., 2015). Microplastics were
also found in samples of seawater, sediments, fishes and benthos collected in
several seagrass ecosystems in South Sulawesi, Indonesia (Tahir et al., 2019;
2020).

Leached chemicals

Examining the sediments of seagrass ecosystems in the Saudi Arabian Red Sea,
various metals and PAHs were detected, but concentrations of both contami-
nant groups were low (Ruiz-Compean et al., 2017). Laboratory studies showed
that environmentally relevant concentrations of BPA impact the photosynthetic
activity and thus the growth of the seagrass Cymodocea nodosa (Adamakis et
al., 2018; 2021; Malea et al., 2020).

While the available evidence shows clearly that seagrass habitats accumulate
plastic debris, and that this pollution infiltrates the associated food web, the
scale of the resulting effects for ecosystems is unclear. Although the extent is
unknown plastic pollution likely contributes to the litany of threats, causing a
global decline of seagrasses of 110 km?/yr since 1980 (Waycott et al., 2009).



6.4 Mangroves

Mangrove forests consist of specialized salt-tolerant shrubs and trees, which
tolerate brackish or saline water and inhabit the coastal intertidal zone of the
tropics and subtropics. There are 2,000 mangrove forests that cover approxi-
mately 138,000 km? in 118 countries on all continents except Antarctica
(Giri et al., 2011).

Rubbish littering the
ground in a dead
mangrouve forest, Vanua
Levu, Fiji. © Brent
Stirton/Getty Images

Mangrove ecosystem services include coastal protection (e.g. against storm

surges and tsunamis), food and wood production, carbon sequestration, nu-
trient cycling, water purification, and recreation (Alongi, 2002; 2012; Barbier
et al., 2011; Brander et al., 2012; Dahdouh-Guebas et al., 2005; Danielsen et
al., 2005; Friess et al., 2020; Hamilton and Friess, 2018; Himes-Cornell et al.,
2018; Hochard et al., 2019; Sievers et al., 2019).

Mangroves face a combination of stressors (Turschwell et al., 2020) besides
plastic pollution: Habitat loss and fragmentation is probably the most impor-
tant one as up to 35% of all mangroves have already been destroyed by deforest-
ation and sea-level rise (Alongi, 2002; Bryan-Brown et al., 2020; Friess et al.,
2019; Valiela et al., 2001; Worthington et al., 2020). Climate change induced
increased storm frequency and severity are additional stressors and are on the
rise, causing erosion and land subsidence (Alongi, 2002; Gilman et al., 2008;
Lovelock et al., 2015; Sippo et al., 2018). Further threats include altered hydro-
logical regimes, eutrophication, pollution, exotic species and the overharvesting
of wood (Alongi, 2002; Biswas et al., 2018). Drastic changes in human activities
and widespread conservation measures are needed to maintain mangrove eco-
systems (Friess et al., 2019; Romanach et al., 2018; Turschwell et al., 2020).
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Macroplastics
. As rivers form a major pathway of land-based plastic to the ocean, ecosystems
Mangmve hahltatS of river mouths can be exposed to high volumes of plastic debris. Since 54% of
are p art":ul arly mangrove habitats are located within 20 km of a river mouth, they are particu-

pmne to plaStIc traps for marine debris because the complex aerial root systems can intercept
pU"UtIOn. and entrap marine debris (Luo et al., 2021).

larly prone to plastic pollution (Harris et al., 2021). Mangroves are considered

Indeed, by the 2000s, macroplastic debris was already widespread on a Red
Sea island with mangrove forests (Saleh, 2007). In the 2010s, mangrove forests
along the Red Sea and Arabian Gulf had a litter density of 66 items/100 m?, of
which more than 90% was plastic (Martin et al., 2019a). Nearby beaches had
lower debris densities and denser mangroves trapped more debris highlighting
that mangroves are a significant sink of marine debris. Plastic was also record-
ed in mangroves near Mumbai, India (Singare, 2012) where it was captured in
the root structures of mangrove trees, causing obstruction to water flows which,
in turn, can alter feeding sites of animals (Kantharajan et al., 2018). Very high
macrodebris densities (215—-7,312 items/100 m?) were reported from urban and
near-urban mangrove forests of the Malaysia island of Penang, 93% was made
up of plastics (Yin et al., 2020). In Indonesian mangrove forests, macrodebris
density even ranged from 2,000—53,300 items/100 m?, the vast majority being
plastic (van Bijsterveldt et al., 2021; Suyadi and Manullang, 2020; Hastuti et
al., 2014). Denser mangrove trees Avicennia marina entrapped more macro-
debris (Hastuti et al., 2014). In Papua New Guinea, the mean debris load, mostly
plastic, ranged from 120—7,830 items/100 m? at mangrove-dominated sites,
compared with 1,200 and 11,800 items/100 m? at beach and open-shore areas

(Smith, 2012). However, compared to other habitats it is not always the case that

Example of macroplas-
tic items caught in the
roots and branches of

mangrouve forests (loca-

tion: Sahiat (close to

Dammam), Saudi Ara-
bia, date: 03.04.2017)
(Martin et al., 2019a).

© Cecilia Martin
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there are higher levels of plastic debris in mangroves. The abundance of marine
litter in Jakarta Bay, Indonesia, was higher at sandy beaches and beach forests
than in mangrove forests (Ivonie et al., 2021), which could reflect different input
and accumulation rates of debris. Intermediate densities of marine debris were
reported from mangrove forests in Colombia (Garcés-Ordobnez et al., 2021;
Riascos et al., 2019) and a Brazilian estuary (Cordeiro and Costa, 2010).

The density of plastic debris negatively correlated with mangrove health (Suyadi
and Manullang, 2020). On Java, mangrove trees suffered significant leaf loss
and increased mortality as plastic pollution approached 100% coverage of the
forest floor (van Bijsterveldt et al., 2021).

Example of macroplastic items caught in the roots and branches of mangrove forests (location: Mati, Davao Oriental,

Mindanao, Philippines, date: December 2017) (Abreo et al., 2020). © Neil Angelo S. Abreo

In terms of impacts, smothering and entanglement of tree seedlings with marine
debris can hamper the survival and rehabilitation of mangrove forests (Gorman
and Turra, 2016; Smith, 2012). So far, few effects on animals inhabiting man-
groves have been documented. In an Indian mangrove forest, the noise that
plastic bags produce during strong winds scare off water birds temporarily or
permanently (Sandilyan and Kathiresan, 2012). In Panama, an increase in the
percentage of mangrove surface covered by garbage was significantly correlated
with a decrease in active crab holes (Bulow and Ferdinand, 2013).
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Microplastics

A study in Colombia reported microplastic levels between 31—2,863 items/kg of
forest soil with highest levels found closer to sources near urban centres (Garcés-
Ordoéiiez et al., 2019). It was said to affect the environmental quality of the lagoon.
Sediments from mangroves in Singapore and Iran contained lower concentrations
(mean of 37 and 27 microplastics/kg of dry sediment, respectively)(Naji et al.,
2019; Nor and Obbard, 2014). The latter receives insufficiently treated discharges
from the surrounding cities, thus sewage discharges were suggested as the main
source of the fibres. In a Brazilian estuary, mangrove creeks harboured 5—26
microplastics/100 m3 (Lima et al., 2015a; 2015b). Microplastics were also con-
sumed by three resident species of catfish (17—-33% of the fish; 1—10 microplastics
per fish) (Possatto et al., 2011). In the same estuary, 64% of all individuals of the
commercially important Acoupa weakfish (Cynoscion acoupa), had ingested mi-
croplastics, 97% of which were plastic fibres (Ferreira et al., 2016).

While the available evidence suggests that mangroves accumulate plastic debris,
little is known about the extent of effects both on mangroves and the species of
this vanishing ecosystem.

6.5 Deep-sea benthic ecosystems

The deep sea has been defined as regions deeper than the continental shelf
break at 200 m depth and is Earth’s largest habitat by area supporting very
diverse ecosystems (Gage and Tyler, 1991). Much of it remains unexplored be-
cause of technological challenges. Although these ecosystems are by and large
out of reach of direct human influence, chemical and plastic pollution could
be important stressors besides impacts from climate change, deep-sea fishing,
mining and the hydrocarbon industry, invasive species and noise pollution
(Paulus, 2021; Ramirez-Llodra et al., 2011; Roberts and Cairns, 2014).

One of the foremost ecosystem services pertains to the long-term storage of
carbon fixed in the upper waters and exported to depth through the biological
pump thus buffering climate change (Thurber et al., 2014). The deep sea also
provides nutrients for production processes in the upper ocean including fisher-
ies and supports a wealth of resources such as fish stocks, energy reserves, rare
elements and a high biodiversity endowing substances of pharmaceutical inter-
est (Ramirez-Llodra et al., 2011; Thurber et al., 2014).

Macroplastics

It has been suggested that the deep seafloor constitutes a sink for marine litter
(Galgani et al., 2015; Kaandorp et al., 2020; Tekman et al., 2017) since 50% of
the plastic from municipal waste is heavier than seawater and sinks directly

to the seafloor (Engler, 2012). If not intercepted by land the remainder also
descends to the seafloor in the long run, due to ocean currents, material deg-
radation and ballasting processes (van Sebille et al., 2020). In the absence of
strong currents and sunlight, plastic debris does not move or degrade much

as indicated by 30-year old plastic recovered from the Sea of Japan without
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any sign of deterioration (Kuroda et al., 2020). Debris on the seafloor has thus
been observed in most surveys, including the oceans’ deepest point, the Mar-
iana Trench (Chiba et al. 2018), various regions across Europe (Pham et al.,
2014), the Atlantic and Indian Oceans (Woodall et al., 2014), Arctic seafloor
(Bergmann and Klages, 2012), Nordic Seas (Buhl-Mortensen et al., 2017),
South China Sea (Peng et al., 2019; Song et al., 2021), off Japan (Kuroda et al.,
2020), central and western Pacific Ocean (Amon et al., 2020), Dutch Caribbean
(Debrot et al., 2013), off California (Schlining et al., 2013; Watters et al., 2010)
and the Kuril-Kamchatka trench in the northwest Pacific (Fischer et al., 2015).
The amounts of marine litter on the seafloor vary greatly and plastic accounts
for 62% of the debris reported from the seafloor globally (Canals et al., 2021).
Particularly high concentrations were recorded from the Xisha Trough in the
South China Sea (Peng et al., 2019), as well as from the Mediterranean and the
Arctic Ocean, where quantities have increased over time (Parga Martinez et al.,
2020; Pierdomenico et al. 2019; Gerigny et al., 2019). This was correlated with
shipping and fishing activities (Gerigny et al., 2019; Tekman et al., 2017). In
addition to proximity to sources, water currents and bottom topography affect
the distribution of debris on the seafloor. For example, submarine canyons are
known pollution hotspots (Pham et al., 2014).

The deep sea is still largely unknown, therefore our knowledge of human im-

pacts including those of plastic debris is limited, too. A recent review suggested
that the most distinct impacts of plastic pollution on the seafloor are the entan-
glement and coverage of sessile animals and soft-sediment environments, and
the introduction of artificial substrata (Canals et al., 2021).

Plastic objects can be used for the attachment of encrusting and sessile organisms
in otherwise homogeneous muddy environments with few hard substrata. In sub-
marine canyons west of Portugal, many litter items were colonized by sea anemones,
coral and other invertebrates or used as refuge (Mordecai et al., 2011). In the Arctic
deep sea, plastic debris was also often colonised by sea anemones, incapable of
settling on the surrounding sediments (Tekman et al., 2017). Macrodebris recovered
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from the Xisha Trough harboured 49 different fungi and invertebrate species acting
as new biodiversity hot spots (Song et al., 2021). However, while the overall number
of species increases, it may cause the numbers and functions of species adapted to
this particular environment to decrease, and thus change biodiversity.

As with coral, litter drifting in the water currents above the seafloor is intercept-
ed by sessile suspension feeders. Therefore, they were proposed as an indicator
for the monitoring of marine debris (Galgani et al., 2018). Indeed, up to 28% of
sponges from the Arctic deep sea were entangled with litter, and entanglement
increased over 10 years in parallel with growing litter densities on the seafloor
(Parga Martinez et al., 2020). As with coral, such entanglements could inflict
injury, disease, starvation and death on animal forest species, too, but this is
currently unknown. Ghost fishing of abandoned or lost fishing gear has also
been observed on the deep Mediterranean seafloor where a derelict fishing net
had caught Geryon crabs (Ramirez-Llodra et al., 2013).

Vast areas of the deep seafloor are characterised by muddy environments, which
are inhabited by a diverse host of burrowing animals. Plastic items lying on
sediments can affect biogeochemical processes at the sediment-water interface,
with effects on bottom-dwelling communities. While no data exist for the deep
sea, experiments in the intertidal zone produced oxygen-deprived conditions
underneath plastic bags, a reduced availability of food and resulted in lower
densities of sediment-inhabiting invertebrates (Green et al., 2015). As pollution
increases, this could interfere with ecosystem functions and decrease biodiversity.

Left: Plastic bag colonised by orange sea anemones; Right: Plastic debris entangled in sponges on the deep Arctic

seafloor, 2,500 m depth (location: Fram Strait, dates: 21.07.2012 and 23.06.2014). © Melanie Bergmann/AWI
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Given the paucity of food in the deep sea larger animals such as fish may be
particularly prone to the ingestion of debris, whose biofilms exude an attractive
odour (Savoca et al., 2017). The little information available points to inges-
tion by four species of deep-sea sharks from the Mediterranean (Carrasson et
al., 1992; Valente et al., 2020) and Greenland sharks, which reach an age of



Microplastic was
also recorded in
marine species
from the deep sea.

400 years (Leclerc et al., 2012; Nielsen et al., 2014). While no internal inju-
ries and only low burdens were recorded, a false feeling of satiation may affect
slow-growing animals in a food-limited environment such as deep-sea sharks.
As top predators many sharks fulfil important ecosystem functions but are
threatened with extinction by overfishing (Pacoureau et al., 2021).

Microplastics

Microplastic pollution of the deep ocean floor has become global and wide-
spread down to the Mariana Trench (Kane and Clare, 2019; Peng et al., 2018).
This is helped by the fact that smaller-sized particles sink to the seafloor more
rapidly because their higher surface to volume ratio promotes fouling of their
surface, which makes them heavier and thus accelerates sinking (Fazey and
Ryan, 2016). Being incorporated in biological matter from microbes, algae and
faeces adds to this, as do water currents (van Sebille et al., 2020). Microplastics
in deep-sea sediments occur in similar or even higher concentrations than their
intertidal and shallow counterparts, whereby submarine canyons and ocean
trenches harbour the highest microplastic densities (Kane and Clare, 2019).
Bottom currents can carry microplastics on the seafloor to accumulation areas
that also happen to be biodiversity hotspots (Kane et al., 2020). It has been
argued that deep-sea sediments constitute a time-integrated sink for microplas-
tics (Woodall et al., 2014). Indeed, in the Arctic deep sea, levels of up to 13,000
microplastic items/kg sediment were 16,000 times higher in sediment than in
the overlying water (Tekman et al., 2020).

Microplastics were found in invertebrates from the Mariana Trench (Jamieson et
al., 2019), mid-Atlantic and SW Indian Ocean (Taylor et al., 2016), North Pacific
(Hamilton et al., 2021) and the Rockall Trough in the north Atlantic (Courtene-
Jones et al., 2017), including museum specimens from 1975 (Courtene-Jones et
al., 2019). It could be argued that frequent ingestion of microplastics could lower
the energy reserves even further of animals living in already food-limited eco-
systems such as the deep sea. However, since it is extremely difficult to conduct
laboratory experiments on deep-sea animals the effects of this are unknown.
Microplastics were also recorded in 36 species of 1,984 lantern fishes (Savoca

et al., 2021), deep-sea fish from the South China Sea (Zhu et al., 2019) and the
northeast and south Atlantic (McGoran et al., 2021; Pereira et al., 2020). While
fish that swim on a regular basis from the upper waters to the seafloor enhance
the transportion of microplastics to the deep sea (Wieczorek et al., 2018), the eco-
logical effects of microplastic ingestion on deep-sea fish are currently unknown.

The available evidence shows that plastic pollution small and large has become
widespread in deep-sea ecosystems, which likely constitutes a sink. Given the
vast extent of the deep ocean floor, which covers ~50% of the Earth (Ramirez-
Llodra et al., 2011), the effects are likely overall moderate although this may be
different in hot spots such as canyons and depressions. Going by current trajec-
tories, this can be expected to change as more plastic pollutants sink to the sea-
floor. Our current lack of knowledge of the effects of ingestion makes it difficult
to judge effects on ecosystem health and services.
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/. Evaluation of the impacts
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The Ievel S of There are some marine regions that still experience relatively low levels of
|J|a Stl C p 0"“t| on plastic pollution. Then there are hotspots, such as ocean gyres (see Glossary) or
X some coastal regions that harbour high loads of plastic debris. Plastic pollution
dre h|ghly has even been reported from the most remote parts of the planet, highlighting
Va nahle’ rangmg that plastic pollution is carried over vast distances by atmospheric and ocean

currents (Bergmann et al., 2019; Brahney et al., 2021; Lavers and Bond, 2017;
fromalmostno .
X Nichols et al., 2021; Ryan et al., 2021).
pollution to

severe pn"utmn. The varying degrees of plastic pollution in different ecosystems also appear to
be reflected in the number of affected species in these. The highest pollution
levels are found in coastal areas and on the seafloor (Chapter 4). Similarly, the
highest number of species to encountering plastic debris inhabit the benthic
compartment (Figure 19).
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Figure 19: Number of species affected by plastic pollution based on the sphere that they inhabit (this refers
to scientific studies compiled in LITTERBASE).
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Marine plastic debris scattered across a beach on Phu Quoc Island, Vietnam. © WWEF-Vietnam/Denise Stilley
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is projected to
increase.

The impacts of
plastic pollution
on species are
highly variable.

If we do not change consumption patterns and our current rate of virgin plastic
production, plastic pollution is set to increase in the foreseeable future (Borrelle
et al., 2020). Business-as-usual scenarios predict a four to 50-fold increase of
plastic production and emission. Even the most optimistic scenarios, which

rely on a massive increase of source reduction, improved waste management,
recycling and removal, will mean further increases in marine pollution, albeit at
much lower rates (Borrelle et al., 2020; Lau et al., 2020). Despite recent exam-
ples of effective policies, which have reduced sources, improved waste manage-
ment and recycling rates, most of them have been enacted at local or national
level (Karasik et al., 2020; Vince and Hardesty, 2018; Walther et al., 2021b).
While some studies suggest plastic pollution levels have stabilized in recent
years, a consistent global trend cannot be concluded (Chapter 3). In fact, even
if all inputs of plastic pollution stop now, legacy plastics already in the ocean
would continue to break down, with the mass of microplastics in oceans and on
beaches more than doubling by 2050 (Lebreton et al., 2019).

Clearly, there are still many species that have not been investigated for the
impacts of plastic pollution. Consequently, the number of 2,141 species, which
interact with plastics in the wild and 902 species in experimental studies (LIT-
TERBASE) is likely a vast underestimate. The negative effects on the species
have hardly been assessed in the wild, often due to methodological challenges.
Experimental studies have mostly focused on confirming plastic ingestion at
different exposure levels. Therefore, we should bear in mind that the research on
the effects of plastic pollution is still in its infancy. For example, plastic ingestion
has been reported for 1,254 species in field and experimental studies, yet adverse
effects on organisms have been assessed (in field studies) and investigated (in
experimentals) only for 15% (190 species) of them and adverse effects were con-
firmed for 83% (158 species) of these (LITTERBASE).
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An increasing threat from plastic pollution, added to the pressure from other
anthropogenic stressors, may well be what pushes species to endangerment.
The scale of this contribution is unknown and hard to establish. Slow-reproduc-
ing species are particularly vulnerable, many of them are also top predators or
large herbivores (see “Megaherbivore” in the Glossary), and experience other
threats. Since some of these vulnerable species are declining and globally or
regionally threatened, plastic pollution in its various forms poses an additional
and rapidly increasing threat to them.

Most certainly, ingestion of macro- and microplastics as well as chemical pollu-
tion negatively impact several seabird species or some of their subpopulations.
It has been estimated that 90% of seabird species nowadays ingest plastic, a
figure that is expected to rise to 99% by 2050 (Wilcox et al., 2015). Typical
examples include albatrosses, fulmars, and shearwaters, who all feed on small
prey items seized from the ocean’s surface. There is considerable geographical
variation of plastic pollution and ingestion by seabirds, as the examples for the
northern fulmar and the flesh-footed shearwater demonstrate (Section 5.4.1).
Nevertheless, certain species are already impacted by frequent entanglements
or ingestion rates higher than 90%, with some studies reporting negative effects
on their populations (Bond and Lavers, 2011; Hutton et al., 2008; Lavers et al.,
2014; Werner et al., 2016). Plastic pollution also contributes substantially to
threats, which can cause turtle populations to plunge towards extinction, prob-
ably because they experience all four types of interactions: entanglement, in-
gestion, smothering of nests and feeding areas and uptake of leached chemicals
(Chapter 5). Mediterranean sperm whales are already classified as endangered
while the sperm whale’s global conservation status ranks in the lower category
of vulnerable. In the Mediterranean, sperm whales ingest macroplastics, which
can lead to starvation and death (Alexiadou et al., 2019; de Stephanis et al.,
2013; Deudero and Alomar, 2015; Roberts, 2003) and also suffer from high
chemical pollution (Bartalini et al., 2019; Mazzariol et al., 2011). Where hot-
spots of other threats (e.g. climate change, overfishing, chemical pollution) and
hotspots of plastic pollution overlap (e.g. Mediterranean, East China and Yellow
Seas), the impact of plastic pollution will be exacerbated, especially for already
threatened species or regional subpopulations (Deudero and Alomar, 2015;
Ford et al., 2022; Gissi et al., 2021; Mazaris et al., 2019; Ramirez et al., 2018).

It is also important to emphasize that the impact of plastic pollution varies
greatly with type, size and concentration of plastic items encountered. Although
usually (but not always) confirmed only at high concentrations, some of the
effects and impacts of micro- and nanoplastics are indeed concerning, both in
marine biota (Chapters 5—6) and humans (Box 3). For example, an increasing
number of studies have demonstrated the translocation of micro- and nano-
plastics into various organs of organisms, including animal brains (Crooks et al.,
2019; Haave et al., 2021; Mattsson et al., 2017) and human placenta (Ragusa et
al., 2021).
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Commerecially important fish, such as cod and herring are also impacted by
plastic pollution, but apparently to a smaller degree. For example, 1—-30% of
Atlantic cod, 0—52% of Atlantic herring, and 12—96% of sardines contain micro-
plastics. While this highlights great geographic variation in contamination
levels, each fish only contained a few particles (Section 5.4.5). Other impacts,
such as entanglement and chemical pollution, are also much less severe for
these lower trophic level and faster reproducing species of fish. However, the
overall impact of plastic pollution on natural populations used as seafood is
presumably relatively small because in most locations, microplastic concentra-
tions have not yet reached critical levels (Everaert et al. 2020).

Coral reefs are already seriously threatened by global change (IPCC, 2019).
Plastic pollution is a serious additional stressor through entanglement and
smothering of corals causing tissue abrasion, breakage, disease and death of
colonies. Entangled corals are 20 to 89 times more likely to have disease than
non-entangled corals (Lamb et al., 2018). Uptake of microplastics can also cause
coral bleaching (Soares, 2020) and led to decreased food uptake and growth,
increased cell death, necrosis, mortality and immune response in experiments
(Chapter 6). Again, spatial variation is important: Where hotspots of plastic pol-
lution converge with other threats, e.g. in the South China Sea (Ding et al., 2019;
Nie et al., 2019) or the Indonesian archipelago (Lamb et al., 2018), the negative
impacts of plastic pollution will likely be exacerbated as numerous factors add up.

Some of the world’s highest plastic densities have been recorded from man-
grove forests. Higher tree densities appear to trap more macroplastic debris
and this in turn deceases the health of mangrove trees (Debrot et al., 2013; L
uo et al., 2021; Martin et al., 2019; Smith, 2012; Suyadi and Manullang, 2020;
van Bijsterveldt et al., 2021). In Columbia, microplastic levels entrapped in
mangrove sediments exceed the assumed safe concentration of sedimented
microplastics (Everaert et al. 2018; Garcés-Ordoiez et al., 2019), highlighting

the risk for these diverse ecosystems in certain areas.




To our current knowledge, other ecosystems, such as the dynamic water col-
umn or seafloor sediments, currently experience on the whole lower pollution
levels such that species of these ecosystems also incur lower risks (Everaert et
al. 2018). However, in certain regions such as the deep Arctic seafloor or the
Norwegian Fjord systems (Haave et al., 2019; Tekman et al., 2020) ecosystems
already exceed safe microplastic levels putting their species at risk.

As with other stressors, such as global change or eutrophication, there will be
winner and loser species due to plastic pollution, which in turn means that com-
munity composition and ecosystem functioning may change. In some cases, this
may just mean species substitutions, but the overall functioning of the ecosys-
tem will remain relatively intact. However, in other cases, biodiverse, produc-
tive and resilient ecosystems will be replaced with simpler, less productive and
more fragile ecosystems, especially if several stressors interact (Graham et al.,
2013; Hughes et al., 2003; Hughes et al., 2010; Unsworth et al., 2015; van de
Koppel et al., 2015). Such ecosystems provide fewer benefits and services, which
in turn means fewer economic returns as well as less security and well-being for
human societies (Beaumont et al., 2019; Jang et al., 2014; Mcllgorm et al., 2011;
Shen et al., 2019; Wyles et al., 2016). Much more research is needed not just on
the effects of plastic pollution on ecosystem functioning and productivity, but
also on the effects on ecosystem services and human well-being. Furthermore,
much more research is needed on the additive, combinatory, or synergistic
effects of plastic pollution and other stressors on ecosystems. However, lack

of research should not lead us to conclude that we can cut back efforts to stop
plastic entering the environment until further research has been done.

Northern gannet (Morus bassanus) nesting on cliffs covered with fisheries-related plastic debris on the island of

Helgoland (Germany). The cliffs are cleaned up on a regular basis. © Bernhard Bauske/WWF
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The assessment of the impacts of plastic pollution on biodiversity requires a
more complex approach than just evaluating species-level effects. Although

we already have data on the interactions of plastic with thousands of species, a
reliable assessment of the effects on biodiversity requires the measurements

of more parameters, such as multi-species data, biogeochemical data and life
history traits. One tool is ecological risk assessment, which estimates how biodi-
versity is and will be affected by plastic pollution, as well as what risks there are
to human health (Besseling et al., 2019; Booth and Sgrensen, 2020; Burns and
Boxall, 2018; Compa et al., 2019; Everaert et al., 2018; 2020; Gouin et al., 2019;
Jung et al., 2021; Senathirajah et al., 2020; Xu et al., 2018). These assessments
need to be developed further and for this, the relevant data must be collected.

Because of the highly variable concentrations of macro-, micro-, and nano-
plastics obtained by different sampling and analytical techniques, which vary

in quality and accuracy, it is difficult to establish environmentally realistic con-
centrations of plastic pollution, for both risk assessments or realistic laboratory
experiments (Booth and Sgrensen, 2020; Carbery et al., 2018). Rather than
using a single concentration, laboratory research and risk assessments should
use a range of concentrations with the aim of identifying the functional relation-
ships between plastic pollution levels and impacts (Koelmans et al., 2017). This
approach enables us to identify risks for the same species inhabiting different
regions and for changes in plastic concentrations over time. Moreover, stand-
ard parameters should be identified, such as plastic types and sizes, and these
parameters should be assessed using the same methods for different species,

by also focusing on their life stages. Such detailed assessments can be used for
stranded animals, to assess the impacts of plastic pollution on megafauna (Byrd
et al., 2014), especially on endangered species.

This area of research is still developing and only a few studies have been carried
out so far. The ecotoxicological risks of floating microplastic on marine biota
was evaluated by integrating 23 species-specific effect-threshold concentrations
(Everaert et al., 2020). The no-effect level of microplastic concentration was
estimated at < 121,000 items per m? with a large confidence interval of 7,990—
1,490,000 items per m3. An earlier study had identified a much lower threshold
of < 6,650 items per m3 (Everaert et al., 2018), and another recent study (Jung
et al., 2021) also determined a lower safe threshold level of < 12,000 items per
m3. The microplastic pollution levels of some areas of the Mediterranean and
Yellow Seas already exceed these threshold levels (Everaert et al., 2018; 2020)
(Figure 20). Given that there are more than 8,500 macroscopic species (see
Glossary) in the Mediterranean, which account for 4—18% of the world’s marine
species (Bianchi and Morri, 2000), high levels of plastic pollution in the Med-
iterranean Sea alone would already pose a risk to global marine biodiversity.
Considering the projected increase in plastic pollution in the oceans, the ecolog-
ical risks of microplastic pollution on the global ocean surface are expected to
spread considerably by the end of the 21st century (Everaert et al., 2020).



Figure 20:

Global risks of
microplastic pollution
based on a worst-case
scenario (unaccept-
able level (PNEC) =
7.99 103 MP m=3)
displayed in a four-
panel plot, in which each
panel corresponds to a
specific year. For this,
cell-specific (1° by 1°)
risk estimates were
calculated and a
visualization of the
data was generated.
The risk estimates
were represented
using colour codes.

As long as the risk
quotient remains
lower than the value
of 1 (bluish tones),
policy makers
consider there to be
no risk due to micro-
plastics. If the risk
quotient exceeds the
value of 1 (reddish
tones), there is a risk
(Everaert et al., 2020)
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Relating micro- and nanoplastic concentrations to the risk of toxicity for marine
organisms is complicated (Besseling et al., 2019; Burns and Boxall, 2018; Gouin et
al., 2019). For example, the threshold level defined for certain species may not be
realistic in some circumstances, but this does not guarantee that these impacts are
not being observed in other circumstances, that they will not be dynamic over time
or pose a risk in the future. A risk assessment for sea turtles modelled the global
hotspot areas for debris ingestion (Schuyler et al., 2016) (Figure 18). The areas

of highest debris ingestion risk were around Hawai‘i, Southeast Asia, along the
southeastern African coast and eastern US coast. A risk assessment for microplas-
tic pollution in the seas around South Korea concluded that based on our present
state of knowledge, current levels are ecologically safe but would be far exceeded
by 2100 (Jung et al., 2021). The results of a risk assessment for Mediterranean
biodiversity showed that coastal species have a higher risk of debris ingestion than
open-sea species, so coastal species probably face dangerous concentration levels
sooner (Compa et al., 2019). Species with a large home area, such as loggerhead
sea turtles, sperm whales and Atlantic bluefin tunas have a higher risk.

An exponential increase in plastic pollution will have adverse effects on ecosys-
tem function and structure, as well as affecting populations, changes in genetic
diversity and evolutionary paths (Everaert et al., 2020), which play out in small
populations (Groom et al., 2006; Soulé, 1986). A better knowledge of popula-
tion-level impacts is thus needed to link plastic pollution to wildlife
conservation (Avery-Gomm et al., 2018).

The impact of the colonisation of floating plastic debris by animals should be
evaluated from multiple perspectives. For the organism itself, rafting to a dif-
ferent climate zone may lead to death. However, if it survives, it could become
invasive at the destination area and may thus cause changes to the ecosystem
and biodiversity. A total of 738 species travelled in the oceans or were found
on beached debris, including exotic species and pathogens (LITTERBASE).

The most recurrent organisms found on drifting plastic were potentially inva-
sive and toxic, which are capable of causing great damage in places far away
from their origin (Garcia-Goémez et al., 2021). Because of their persistence,
plastic rafts seem to transport animal groups like Arthropoda, Annelida and
Mollusca more efficiently than natural rafts (Garcia-Gémez et al., 2021). Thus,
colonised plastic debris may pose a risk to ecosystems with a high endemism,
such as ecosystems of remote islands. For example, exotic species were found
on plastic pieces on beaches of Rapa Nui, which came from the South

Pacific Subtropical Gyre (Rech et al., 2018).

Coral pathogens were distributed with floating plastics in the North Pacific
(Goldstein et al., 2014) as was the bacterium Vibrio parahaemolyticus on
microplastic from the North and Baltic Seas (Kirstein et al., 2016). Possible
dispersal of the pathogens Aeromonas salmonicida on microplastics was doc-
umented from the Adriatic Sea. It is listed as one of the most harmful invasive
bacteria on the exotic invasive species inventory for Europe as it infects fish,
including salmonids, cyprinids, flatfish and sea bass (Virsek et al., 2017).



It is crucial to
identify and agree
on future research

priorities that

inform efficient
change.

Ghost fishing net
discarded by fishermen
causing widespread
damage to a coral reef in
the Indian Ocean,
Zanzibar. © Shutterstock/
Aqua Images/WWEF-Peru

Numerous species use plastic items as substrates for settlement, as refuges from
predators, or to disperse into new areas. These species are the winners of the
habitat change caused by plastic pollution. While the concept of winners and
losers of anthropogenic habitat change has been discussed in ecology for several
decades (Cavole et al., 2016; Dutkiewicz et al., 2013; Mace et al., 2010; McKin-
ney and Lockwood, 1999) it should be borne in mind that increases in the num-
ber of these winners usually mean that the functioning of the natural ecosystem
changes, for example by lowering productivity or resilience. Other species, often
range-restricted or rare species, suffer from the increased abundance of these
winners. A potentially deleterious threat of plastic pollution is that it allows ex-
otic species or diseases to invade new areas, where they may spread and cause
ecological upheaval.

115 experts from 29 countries identified the following research priorities,
which could inform policies aimed at reducing the harm plastic pollution does
to marine life (Provencher et al., 2020):

1) What are the sources of plastic debris in the aquatic environment?

2) What policy tools have been successful at reducing ingested plastics in
aquatic biota?

3) What are the chemical effects on aquatic biota from ingesting plastics?

4) What are the best methods for standardised sampling and reporting
of ingested plastics?

5) Where are the highest concentrations of plastics in the aquatic environment?
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research priorities.

The clear-cut cases
of harm documented
for certain species,
ecosystems and
locations are
ominous warning
signs of much more
common and wide-
spread damage

to come.
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Related to these priorities, numerical model simulations should be improved to
characterise the distribution and pathways of plastic pollution (Hardesty et al.,
2017).

One of the highest research and monitoring priorities is the standardisation of
methods for quantifying plastics and their effects, as this currently hampers
global assessments of plastic pollution and the determination of threshold risk
levels (e.g. GESAMP, 2015, 2019; Haseler et al., 2018; Renner et al., 2018;
Serra-Gongalves et al., 2019).

In addition, further suitable bioindicator species are needed to assess ecosystem
health (Fossi et al., 2018). So far, the northern fulmar has been used for moni-
toring the levels of plastic pollution in the North Sea by OSPAR (van Franeker
et al., 2021). Filter feeders such as whales or mussels have been proposed for
monitoring microplastic levels (Germanov et al., 2019; Li et al., 2019). However,
species of different habitats and feeding types should complement each other

so that we can collect information on the spatiotemporal variation of pollution
and its impacts in different spheres (Bonanno and Orlando-Bonaca, 2018).

The thresholds of plastic ingestion risks should be determined in standardised
settings for different species, doses and polymer types and shapes to improve
risk assessments (Besseling et al., 2019; Burns and Boxall, 2018; Everaert et al.,
2018; 2020; Jung et al., 2021).

Wildlife beach stranding response networks should be set up at least for pollu-
tion hotspots or high-risk areas, and the results of necropsies should be shared
in a central database (Williams et al., 2011). The time-series data obtained
should be analysed to update risk assessments and assess the efficiency of regu-
lations. Necropsies should be standardised to assess plastic ingestion across spe-
cies (Alexiadou et al., 2019; Avery-Gomm et al., 2013; Provencher et al., 2017).
Assessments of plastic debris in bird nests can also provide valuable information.

Conclusion

While there have been scientists who have argued that the threat of microplas-
tic pollution is overstated (Burton Jr, 2017; Backhaus and Wagner, 2020), and
some take the middle road (Gouin et al., 2020; Rist et al., 2018; Wardman et al.,
2020), this is a conclusion others disagree with (Kramm et al., 2018; Leslie and
Depledge, 2020). There are the clear-cut cases of harm documented for certain
species, ecosystems and locations. These cases are ominous warning signs of
much more common and widespread damage to come unless the looming tra-
jectory of plastic pollution is drastically changed “to avoid [the] risk of irrevers-
ible harm” (Rochman et al., 2016). With continued plastic pollution, all of the
documented harmful effects it has will also continue and increase, which could
very well mean crossing dangerous thresholds for some subpopulations, species
or ecosystems (MacLeod et al., 2021).



What makes
plastic pollution
an especially
concerning threat
is that it is almost
impossible

to remove.

The impacts of continuously accumulating plastic pollution will likely grow,
especially in combination with the many other severe and growing man-made
stressors such as climate change, overharvesting, habitat degradation, ocean
acidification, eutrophication, deoxygenation, and chemical and noise pollu-
tion. Without a doubt, unchecked plastic pollution will become a contributing
factor to the ongoing sixth mass extinction (Barnosky et al., 2012; Ceballos

et al., 2015; Pereira et al., 2010), ultimately leading to widespread ecosystem
collapse (Barnosky et al., 2012; Jackson, 2008; UNEP, 2016) and transgression
of safe planetary boundaries (MacLeod et al., 2021; Steffen et al., 2015b;
Villarrubia-Gomez et al., 2018). Adopting the precautionary approach means
that action to reduce plastic pollution must begin now, despite large remaining
gaps in our scientific knowledge of marine plastic pollution and its effects on
marine populations, species and ecosystems.

Given that numerous harmful impacts have now been documented in the scien-
tific literature, we suggest that the problem of plastic pollution of the environ-
ment in general and of the marine environment specifically, is approximately at
the point where the problem of man-made ozone depletion and climate change
was in the 1990s (Borrelle et al., 2017).

What makes plastic pollution an especially concerning threat is that, once it is
out there, it is almost impossible to remove. Therefore, plastic pollution is an-
other legacy burden for future generations. On current trajectories, our children
and grandchildren will likely be saddled with oceans full of plastics.

If we consider such future trajectories, we should perhaps also consider the ef-
fects of future plastic pollution levels on human health. Only a few studies have
yet explored how human health and quality of life is affected by marine and
coastal plastic pollution, but they all point to serious repercussions economical-
ly, socially and regarding quality of life (Beaumont et al., 2019; CBD, 2016; Jang
et al., 2014; Krelling et al., 2017; Thushari and Senevirathna, 2020; Watkins et
al., 2017; Wyles et al., 2016). This topic has of course received massive atten-
tion from the media, which often show beaches full of plastic debris or animals
suffering from plastic pollution to catch people’s attention (e.g. Geary, 2019;
Walther et al., 2021b). Obviously, concern for animal welfare is less of a scien-
tific and more of a moral issue, but whether we act on plastic pollution or not is
also a moral decision.

Any truly sustainable solution has to be based on principles such as the non-pol-
luting zero-waste materials economy, which, by definition, means the end of
most, but not all plastics, (Benyus, 1997; Leonard, 2010; McDonough and
Braungart, 2008), clean zero-carbon energy (Green, 2018; Ripple et al., 2020)
and protection of biodiversity and ecosystems (Diaz et al., 2020; Wilson, 2016).
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10. Annex

10.1 Plastic litter distribution data in LITTERBASE

Analysis of the data

Litter concentrations extracted from peer-reviewed
publications and reports are collected in LITTER-
BASE. For this report, only marine plastic debris
concentrations were considered. For sampling loca-
tions, where the coordinates were not stated in the
study, latitude and longitude were estimated based
on the availability of location information given in
the publication. Concentrations of plastic debris
found at a location were calculated by summing up
the concentrations of different types of plastic de-
bris. Unless it was strictly specified as plastic (e.g.
plastic fishing nets, nylon fishing line), fisheries
debris was not included in the data analysis, which
has most likely caused an underestimation of
current concentrations.

The following plastic categories were included into
our data analysis: Fisheries plastics, plastic items
and fragments, cigarette butts, fibres, films, pellets
and styrofoam items. Since it would lead to errone-
ous results to compare abundances reported in

different units of measure (e.g. kilometre versus
cubic metre), firstly, the data were grouped accord-
ing to the units used. For Figure 5, the median
concentrations of size classes and ecosystem com-
partments were used, as there is a high variability
among the plastic concentrations reported from
different publications. Scientifically, median val-
ues should be represented within a range of values
(minimum, 1st, 3rd quartiles and maximum) to
describe the skewness (see Glossary) of the data.
For simplification, only median values were shown
in Figure 5. As Table 1 shows, there is a high vari-
ability between the values reported from different
studies, which prevents us from reaching certain
conclusions. The number of sampling locations
taken into account for the analysis is large enough
to be representative, as shown in Table 1.

List of publications

The figures in Chapter 4 (Figures 4—6) were pro-
duced based on the data extracted from the publica-
tions listed in distribution_ studies_ list.pdf file.

10.2  The impacts of plastic pollution on species in LITTERBASE

Analysis of the data

LITTERBASE holds records of interactions of ma-
rine litter with species reported by peer-reviewed
publications and reports. The sampling locations
and methods, ecosystem compartments inhabited
by the affected species, type of interactions and con-
sequent effects of those interactions, type and size
of the litter encountered and taxonomical informa-
tion of the species were included in LITTERBASE.

If the coordinates were not specified for sampling
locations in the study, latitude and longitude were
estimated based on the available information in
the publication. In the current report, only marine
plastic litter interactions were considered. Unless

it is specified as plastic, fisheries debris was not
included in the data analysis. The following ma-
rine litter encounters with species were analysed:
Fisheries’ plastics, plastic items and fragments,
cigarette butts, fibres, films, pellets and styrofoam
items. Some studies reported multiple types of in-
teractions and/or effects for one species or a species
was reported for encountering several interactions
and/or effects with/due to marine litter in different
publications. Therefore, the sum of the numbers in
some bars of Figure 12—14 may represent a higher
number of species than specified in the text. For
species counts, only species which were identified
to species (and some up to genus) taxonomic level
were included in the data analysis. Because of the
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data structure of LITTERBASE, it was not possible
to distinguish interactions with plastic debris only,
if multiple types of interactions and litter were report-
ed for a single species. Therefore, those records on
234 species were not included in the data analysis.

Effects of interactions

The evaluation of the effects recorded in LITTER-
BASE is rather complicated. Mostly because of
methodological challenges, the direct effects of
interactions cannot necessarily be assessed or dis-
tinguished. For example, even if stranded whales

or seabirds had a lot of plastic in their intestines it
is often not possible to link this ingestion explicitly
to the effect ‘mortality’ by necropsies. Effects of in-
teractions were only added to LITTERBASE, when
they were specifically confirmed in studies or shown
in pictures. Whenever a solid reasoning was provid-
ed, the related effect due to plastic debris encounter
was entered. The following categories of effects
were assessed for this report:

» Behaviour/locomotion: A change in behaviour,
e.g. different swimming movements or no move-
ment possible at all

» Breathing/Oxygen uptake: No breathing possi-
ble, either after entanglement or ingestion

» Dispersal: Distribution of species by rafting
on litter pieces

» Food uptake: Prohibition or decrease of food
uptake caused by litter, change in food uptake

» Growth: All kinds of changes in growth, size
and/or weight

» Injury (internal/external): External injuries
(from entanglement), internal injuries (e.g. of
digestive organs from ingesting/egesting plastic
pieces)

» Mortality: Death of single organisms, which is
obviously caused by litter; higher mortality rates
in populations

» No effect: If effects were searched for, but none
were found

» Other: For every effect, which does not fit in any
of the categories described here

» Physiological change: All physiological changes,
photosynthetic rates, metabolic changes, adap-
tions, changes of transcription of genes, etc.
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» Reproduction: Changes in the rates of reproduc-
tion, failed reproduction, oviposition, malformed
embryos

» Toxicity: Proven toxicity of litter in the environ-
ment/medium for the organisms caused by plastic
itself or hazardous substances on plastic debris

» Translocation: Passage of particles from the in-
testinal tract to the blood or organs (other than
digestive organs)

Species groups

The number of species in different groups (seabirds,
sea turtles, marine mammals, sharks and rays, fishes
and corals and sponges were obtained by the analysis
of the taxonomic information stored in LITTER-
BASE. LITTERBASE uses the Phylum of the species
for a high-level species categorisation. Apart from the
well-known groups mentioned above, the following
categories were summarized in the group ‘Other’, for
which the data for interaction and effects were ana-
lysed accordingly:

» Anemones, jelly fish and comb jellies (Anthozoa,
Hydrozoa, Scyphozoa, Ctenophora)

» Bacteria and blue-green algae (Bacteria and
Cyanobacteria)

» Crustaceans (Crustacea, Branchiopoda,
Copepoda, Ostracoda, Euphausiacea, Peracarida,
Decapoda, Leptostraca, Cirripedia, Mystacocarida,
Thecostraca)

» Echinoderms (Echinodermata, Crinoidea,
Echinoidea, Holothuroidea, Ophiuroidea,
Asteroidea)

» Green, red and brown algae (Chlorophyta,
Rhodophyta, Phaeophyceae)

» Molluscs (Polyplacophora, Gastropoda,
Cephalopoda, Bivalvia)

» Moss animals (Byrozoa)

» Tunicates (Tunicata)

» Unicellular eukaryotic organisms (Haptophyta,
Dinophyta, Bigyra, Cryptophyta, Ciliophyta,
Protozoa, Chrysophyta, Foraminifera,
Bacillariophyta)

» Vascular plants and mosses (Tracheophyta,
Bryophyta)

» Worm-like animals (Annelida, Nematoda, Platy-
helminthes, Nemertea, Sipuncula, Priapulida)



Calculation of the interaction rates for according to the species groups in this report and

species groups the representative impact rates for each species
The percentages of plastic debris interactions with group were calculated. Median values were used
individuals of sampled species is stored in LITTER- as the representative values since there is a high
BASE, if such data are available in the studies. variability in impact rates among studies.
LITTERBASE was analysed for these impact rates

and a species-level list of impacted individuals The list of publications

(as percentages) was obtained for entanglement The figures in Chapter 5 (Figures 9—14) were
with macroplastic and ingestion of macro- and mi- produced based on the data extracted from the

croplastic (Figure 16, 17). The species were grouped publications listed in impact_studies_list.pdf file.

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 149


http://wwf.de/plastik-und-artenvielfalt

11. Glossary

Androgen receptor antagonist: A substance,
which prevents the binding of male sex hormones to
the receptors, blocking the effects of the hormones.

Anthropocene: Nicknamed the ‘Great Accel-
eration’ because various socio-economic and
Earth-System related indicators experienced a con-
tinuous and often exponential growth after the Sec-
ond World War (McNeill and Engelke, 2016; Steffen
et al., 2015a; Steffen et al., 2018). One indicator of
the Anthropocene is the sudden emergence of plas-
tic pollution, which was almost non-existent before
the Second World War. Currently, geologists are
proposing to define the Anthropocene as a distinct
geological age (or epoch), which is characterised by
the commencement of a significant human impact
on the Earth’s climate, geology and ecosystems.

Anti-androgenics: Substances, which prevent or
reverse the effects of male sex hormones.

Benthic: The zone of the bottom of the ocean, includ-
ing the sediment and some sub-surface layers. Organ-
isms living in this zone are called benthos and usually
include microorganisms and larger invertebrates.

Bioaccumulation: The gradual accumulation

of pollutants, e.g. endocrine disruptors, in an or-
ganism. Bioaccumulation occurs when the rate

of absorption from all sources (air, water, food,
etc.) exceeds the rate of elimination via catabolism
and excretion. Therefore, the longer the biological
half-life of a toxic pollutant, the greater the risk of
chronic poisoning, even if the environmental con-
centrations of the pollutant are very low.

Biodegradable: Biodegradable by definition re-
fers to material, which degrades by the action of
micro-organisms into simple inorganic molecules,
water, carbon dioxide and methane. Such materials
are expected to decompose under natural condi-
tions. In the context of plastics, there are multiple
interpretations of these “natural” conditions. For
example, the biodegradability of Mater-Bi (Balestri
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et al., 2017) was tested under composting condi-
tions on the laboratory scale. Test material was
mixed with mature compost and kept at a high tem-
perature under aerobic conditions, at a proper level
of humidity (Rutkowska et al., 2004).

Biodegradation: Defined as the biologically cat-
alysed breakdown in complexity of chemical com-
pounds, usually organic matter, by microorganisms,
mostly bacteria and fungi. In other words, it is the
process by which organic substances are broken
down into smaller compounds, with the end prod-
ucts often being minerals. The speed and pathways
of the process depend on external factors (tempera-
ture, humidity, etc.) and on the microbes involved.

Biodiversity: Biodiversity is the variety of living
organisms, including plants, bacteria and animals

in an ecosystem, in a region or around the globe.
Generally, three levels of biodiversity are recognized:
(1) genetic diversity, which is the variation in genes,
e.g. within a population or a species; (2) species di-
versity, which is all the different species in a location;
and (3) ecosystem diversity, which is the different
ecosystems; in the case of marine biodiversity this
would include coral reefs, kelp forests, seagrass
meadows, etc. As biodiversity covers a wide variety of
species and ecosystems, assessment of the impacts of
plastic pollution on biodiversity is a complex task.

Bio-fouling: The colonisation (or overgrowth) of
underwater pipes and other surfaces (in this report,
the surfaces of plastic objects) by organisms such as
algae, bacteria, and barnacles.

Biological pump: The biological pump is the pro-
cess by which photosynthetically produced organic
matter is transported to the deep ocean in the form
of sinking particles. During the sinking process,
they are subject to water currents, feeding by ani-
mals and defecation (Turner, 2015). Also known as
the marine carbon pump, it is part of the oceanic
carbon cycle and consists of several different pro-
cesses, which all move carbon within the ocean.



Bisphenol A (BPA): An organic synthetic
compound, which has the chemical formula
(CH,)2C(C¢H,OH)2. BPA is a colourless solid,
which is soluble in organic solvents, but poorly sol-
uble in water. It serves as an important precursor
to several plastics, especially certain polycarbonates
and epoxy resins. BPA-based plastics are made into
many different common consumer goods, such as
plastic bottles (including baby bottles), food stor-
age containers, sports equipment, CDs, and DVDs.
Epoxy resins made from BPA line water pipes, coat-
ings inside of food and beverage cans and thermal
paper used for sales receipts. In 2015, about 4 MMT
of BPA-derived chemicals were produced. BPA

has been shown to be a xenoestrogen, exhibiting
oestrogen-mimicking, hormone-like properties.
Even though the effect is relatively weak, the perva-
siveness of BPA-containing materials is concerning,
and has led to reductions in its use or even bans for
certain products.

Brominated flame retardant: These increase
the time between ignition of a fire and flash over,
which is the point at which enough heat is generat-
ed to cause combustion of flammable materials. A
typical example of a brominated flame retardant is
Tetrabromobisphenol A.

Buoyancy: Also called upthrust, it is an upward
force exerted by a fluid that opposes the weight of
an object. Inside a fluid, pressure increases with
depth. Therefore, the pressure at the bottom of an
object is greater than at the top of the object, caus-
ing it to experience an upward force. If the object
has a density, which is greater than that of the fluid,
gravitation is stronger than buoyancy, and the ob-
ject sinks. However, if the object is less dense than
the liquid, the buoyancy can keep the object afloat.

Congener: Refers to one of many variants or dif-
ferent configurations of a common chemical struc-
ture (e.g. PCBs occur in 209 different congeners)
and are thus related, similar chemical substances.

Copepod: A group of small crustaceans living in
nearly every freshwater and marine habitat. There
are benthic and planktonic species, and some are
parasites.

Cryptorchidism: Condition in which one or both
testes fail to descend from the abdomen into the
scrotum.

Disease vector: Any agent which carries and
transmits an infectious pathogen from an infected
host to another host, e.g. a mosquito carrying the
malaria pathogen from one human to another.
Most vectors are organisms, and most of those
are arthropods or microbes.

Disease vector control: Limiting or eradicating
animals, which transmit pathogens to humans.

Ecosystem: All the individuals of all the species
within a distinct and somewhat homogeneous
species assemblage (e.g. a coral reef or a mangrove
forest) and how they interact with all the abiotic
factors (water, light, temperature, soil, air, wind,
wave action, fire) in the same space; the interac-
tions of all the non-living (or abiotic) and living

(or biotic) components then determine how energy,
water and nutrients move through the ecosystem.
The most important marine ecosystems are: coral
reefs, open oceans and deep sea, and coastal marine
ecosystems such as estuaries, mangrove forests, salt
marshes.

Egestion: The excretion of indigestible material.

Endocrine disruptor: An endocrine disruptor
(also endocrine-disrupting chemical or EDC) is a
substance that interferes with the normal hormonal
mechanisms, which are vital for the functioning of a
biological organism in its natural environment (e.g.
to regulate growth, develop sex organs, or to deter-
mine food and water intake). Typical examples of
endocrine disruptors are bisphenol A and phthalates.

Entanglement: In the context of this report, en-
tanglement refers to a marine organism enrapping
itself in an item (or several items) of plastic debris,
which often results in impaired movement or
growth, or even death.

Eutrophication: The enrichment of a body of
water with nutrients and minerals, e.g. by agricul-
tural runoff and untreated waste water.
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Exotic species: A species, which was moved by
human activities from its natural range (or distri-
bution) to a new location where it previously did
not exist is defined as an exotic (or alien) species.

If it has little ecological impact, it remains an exotic
species; if it has a significant ecological impact, it
becomes an exotic invasive species.

Fourier Transform Infrared Spectrosco-

py (FTIR): One of the most reliable laboratory
techniques to distinguish plastic materials from
non-plastic materials. It measures the infrared
spectrum of a sample material, and this spectrum is
then compared to known spectra of various plastic
polymers and other materials.

Ghost nets: Also called ghost-fishing nets. These
nets (and sometimes traps) have been “abandoned,
lost, or [otherwise] discarded” in the ocean (Rich-
ardson et al., 2019; WWF, 2020). These nets may
be entangled in some bottom substrate (e.g. reefs)
or drifting in the open ocean. Their distinguishing
feature is that they continue to catch target and
non-target species, and occasionally even human
divers, causing stress, injury, or death. This feature
distinguishes them from nets which do not catch
any species anymore, but nevertheless continue to
pollute the marine environment, e.g. by smothering
the substrate below them (see ‘lost fishing gear’).

Gyre: Any large system of circulating ocean cur-
rents, whereby the five largest and most important
ones are the Indian Ocean Gyre, North Atlantic
Gyre, North Pacific (Subtropical) Gyre, South At-
lantic Gyre and South Pacific (Subtropical) Gyre. All
of them have been accumulating and concentrating
plastic debris (macro-, micro- and nanoplastics)
(Eriksen et al., 2016).

Individual: Defined as a discrete organism, e.g.
one individual coral, fish, or dolphin.

Habitat: Defined as the type of natural environment

or natural home in which a species preferentially
lives because it can survive and/or reproduce there.
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Hepatosomatic index: The ratio of liver weight
to total body mass. It indicates the energy reserves
of an animal, especially in fish that use the liver to
store fat.

Invasive species: A species, which was moved

by human activities from its natural range (or dis-
tribution) to a new location where it previously did
not exist is defined as an exotic (or alien) species. In
the new location, it may quickly die without repro-
ducing or reproduce very slowly and not spread and
thus have little ecological impact. However, if it suc-
cessfully spreads and has a significant impact on the
ecosystem, then it is defined as an invasive species.

Ingestion: The process of taking foods, drinks or
other substances into the body by swallowing them.

Karyotype: An individual’s collection of chromo-
somes.

Lost fishing gear: Fishing gear is lost for various
reasons, which has led to the somewhat cumber-
some use of the term “abandoned, lost, or [other-
wise] discarded” fishing gear which, at times, has
been abbreviated to ALDFG (Macfadyen et al.,
2009; Richardson et al., 2019; World Animal Pro-
tection International, 2014). Other terms, which
have been used are derelict or left fishing gear. For
simplicity, we simply used the term ‘lost fishing
gear’, which encompasses all the various reasons
why fisheries equipment ends up in marine en-
vironments. Obviously, lost fishing gear includes
ghost nets (or ghost-fishing nets) but includes many
other items as well (e.g. non-catching nets, which
simply smother the substrate below them, lost plas-
tic buoys, etc.).

Macroplastics: Macroplastics are commonly
defined as any plastic object or fragment whose
longest linear dimension exceeds 25 mm. For ease
of writing, we include mesoplastics (5—25 mm) into
the category of macroplastics.

Macroscopic species: A species that can be ob-
served by the naked eye.



Marine organism: In this report, a marine organ-
ism is defined as any living entity, which lives in the
marine realm and thus includes organisms from all
biological domains (or superkingdoms, which are
the highest taxonomic rank of organisms and which
include archaea, bacteria and eukaryotes).

Marine snow: A continual fallout of mostly organ-
ic material in the oceans from the upper layers of the
water column to the seafloor. It has an important
role in carbon cycling by transporting energy from
the light-rich photic zone to the aphotic zone below.

Marine Strategy Framework Directive: A
strategy adopted by the European Union in June
2008, which aims to protect more effectively the
marine environment across Europe.

Median: In statistics, the median is the value sep-
arating the higher half from the lower half of a sam-
ple or population. In other words, it is the middle
value. Unlike the mean, the median is not skewed
by a small proportion of extremely small or large
values, and therefore provides a better representa-
tion of a typical value in samples and populations
with such outlying data values.

Megafauna: Refers to the largest animal species
of an area or ecosystem. There is no commonly
agreed lower weight threshold, but some biologists
use > 40 kg and others use > 1,000 kg, but none of
these are universally agreed. However, in the ma-
rine world, megafauna can also refer to the largest
invertebrates (> 1 cm), e.g. among the benthos.

Megaherbivore: Refers to very large herbivores,
which means the largest herbivore species in their
respective ecosystems, and which often have a pro-
found influence on ecosystem functions
(Owen-Smith, 1988).

Metalloid: A metalloid is a chemical element,
which has properties in between those of metals
and nonmetals. However, there is no standard defi-
nition of a metalloid and no complete agreement on
which elements are metalloids. Examples include
antimony, arsenic and germanium, and antimony
and arsenic are especially toxic.

Metric ton (or tonne): One metric ton (MT) is
defined as 1000 kg. In this report, we regularly use
the abbreviation of MMT for one million metric tons.

Microplastics: Microplastics are commonly
defined as any plastic item whose longest linear
dimension is < 5 mm or < 5 mm (unfortunately,
these two slightly different definitions have both
been used, and recently, a different boundary of

< 1 mm was proposed (GESAMP, 2015, 2016;
Hartmann et al., 2019). While this upper bound is
almost universally accepted, the lower bound has
not been satisfactorily defined so far. However, the
lower bound is certainly where the upper bound for
nanoplastics begins.

Mutagenic effect: Certain substances trigger mu-
tations, i.e. changes in the DNA of the organism.

Nanoplastics: Nanoplastics have been defined as
any plastic object or fragment whose longest linear
dimension is < 1 ym (or 1000 nm) or < 1 um (or
1000 nm), although another upper bound was also
proposed, namely < 100 nm or < 100 nm (GES-
AMP, 2015, 2016; Gigault et al., 2018; Hartmann
et al., 2019). Furthermore, a lower bound of 1 nm
was proposed (Gigault et al., 2018; Koelmans et al.,
2015). According to the International Organization
for Standardization (ISO, 2015), the nanoscale is
indeed defined as 1-100 nm.

Observation bias: As is the case for studies on
plastic pollution, usually the sampling and analysis
between studies differ to the extent that observa-
tions are not strictly comparable.

Oceanic garbage patch: Commonly referred

to areas (or patches) of higher plastic pollution
(macro-, micro- and nanoplastics), which are found
within the major ocean gyre systems. The most fa-
mous is the so-called ‘Great Pacific garbage patch’
because it was discovered first and has become fa-
mous due to extensive media coverage, which uses
it as an exceptional example of marine pollution.
The general perception of these oceanic garbage
patches by the public is of a literal ‘garbage island’.
However, this perception is not correct. The distri-
bution of floating marine debris is patchy in these
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areas, and surface sampling surveys revealed high
abundances of microplastic particles, so that such a
garbage patch may perhaps be more accurately re-
ferred to as a ‘plastic soup’ denser than it is in other
parts of the ocean.

Oesophagus: A muscular tube, which connects the
throat with the stomach of vertebrates.

Oestrogen receptor agonist: A substance, which
binds to oestrogen receptors and activates the re-
lease of hormones.

Oestrogenic activity: Oestrogen is a sex hormone
that plays an important role in reproduction. Some
substances have a similar molecular structure and
trigger oestrogenic activity, when they enter the
body, affecting the sexual development or reproduc-
tion of the organism.

Pelagic: The water column of the open ocean, the
sphere between the sea surface and the seafloor. It
is further subdivided into epipelagic (0—200 m),
mesopelagic (200-1000 m), bathypelagic (1000-
4000 m), abyssopelagic (4000—6000 m) and
hadopelagic (> 6000 m).

Persistent organic pollutants (POPs): Also
known as ‘forever chemicals’, POPs are organic
compounds that are highly resistant to environ-
mental degradation through chemical, biological,
and photolytic processes. Consequently, POPs bio-
accumulate with potential adverse impacts on ani-
mal and human health and ecosystem functioning.
Some POPs are used in the manufacture of plastics
(e.g. PBDEs, PCBs). Many POPs are also classified
as PBT (Persistent, Bioaccumulative and Toxic)
substances, which is similar to the POP classifica-
tion. For example, POPs do not include dangerous
metallic elements such as mercury; however, the
PBT classification includes mercury. There are also
substances classified as vPvB (very Persistent, very
Bioaccumulative).

Phthalate: Phthalates are esters of phthalic anhy-
dride and are used predominantly as plasticizers,
which increase the flexibility, transparency, dura-
bility and longevity of plastics. For example, they
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are used to soften polyvinylchloride. Because of
concerns about their effects as endocrine disruptors,
lower-molecular-weight phthalates have been grad-
ually replaced in many products with higher-molec-
ular-weight phthalates or other plasticizers.

Plastic: Plastics are a wide range of synthetic or
semi-synthetic organic compounds that are mallea-
ble and therefore can be moulded into solid objects
of almost any shape or size (Kutz, 2011; Wypych,
2016). While the vast majority used today is made
from petrochemicals, various new plastics have re-
cently been invented that are made from renewable
materials such as polylactic acid from corn, cellu-
losics from cotton linters, and even chicken feathers.

Plasticizer: A substance, which is added to plastic
to make it softer and more flexible or pliable.

Polycystic ovary syndrome: A disorder, which
causes infrequent, irregular or prolonged menstrual
periods, and is often associated with elevated levels
of male (androgen) hormones.

Polymer: A polymer is a material or substance
that consists of very large molecules (so-called mac-
romolecules). They are usually composed of many
repeating subunits. There are many natural, biolog-
ical polymers (e.g. proteins) and many synthetic,
non-biological polymers (e.g. plastics) (Kutz, 2011;
Wypych, 2016). In this report, we consider non-fi-
bre polymers and resins to be synonymous (Geyer
et al., 2017).

Population: All of the interacting individuals of
the same species within a defined habitat or ecosys-
tem (e.g. all of the sea otters in a kelp forest ecosys-
tem). A global population is then all the individuals
of the same species on the Earth (e.g. the global hu-
man population of almost eight billion people). See
also subpopulation.

Scenario: In the context of this report, a scenar-
io refers to a feasible future ‘storyline’ about how
plastic production, waste management and waste
emission may play out in the next few decades. An-
other useful definition is ‘a postulated sequence or
development of (future) events.’



Sessile: Usually refers to organisms, which cannot
move, but remain in one place (sessile), e.g. because
they have roots or are otherwise attached to a sur-
face (e.g. barnacles, coral).

Skewness: It is the degree of the asymmetry in a
probability distribution. A normal distribution has a
skew of zero.

Source reduction: Refers to activities, proce-
dures and regulations whose purpose it is to reduce
the volume, mass or toxicity of products throughout
their life cycle. Therefore, the design and manufac-
ture, use, and disposal of products are altered in
such a way as to reduce (or even eliminate) the en-
vironmental impacts of the products and to prevent
pollution of the natural environment. Source reduc-
tion can be achieved through improvements in de-
sign, production, use, reuse, recycling, and through
Environmentally Preferable Purchasing (EPP). For
example, one of the most effective ways to reduce
plastic pollution is source reduction through bans of
single-use plastics (Prata et al., 2019; Schnurr et al.,
2018; Walther, 2019; Walther et al., 2020; 2021b)
(Box 6).

Species: There are several competing definitions
of what a species is (Zachos, 2016). For sexually re-
producing species, the most common definition re-
mains the biological species concept, which defines
a species as all the individuals that can potentially
interbreed and produce fertile offspring (Beurton,
2002). For non-sexually reproducing species (e.g.
bacteria or viruses), several different phylogenetic
species concepts have been proposed. For the pur-
poses of this report, we simply use the definition of
each species as it was used in the primary literature
(e.g. the Mediterranean fin whale defined and used
in the study by Fossi et al., 2012).

Stockholm Convention on Persistent Organic
Pollutants: An international environmental treaty
(signed in 2001), which aims to eliminate or restrict
the production and use of POPs. The criteria for list-
ing a chemical as a POP include a chemical’s persis-
tence, bioaccumulation, potential for long-range envi-
ronmental transport and toxicity. Currently, over 30
chemicals are listed as POPs (status for July 2019).

Stressor: A stressor is a biological or chemical
agent, environmental condition, external event or
stimulus (or any other internal or external effect),
which causes stress to a system (which can be an
individual, population, ecosystem, or the entire bio-
sphere). Sometimes we also refer to pressures when
we describe stressors, e.g. “the rapid accumulation
of atmospheric greenhouse gases from human activ-
ities as well as multiple direct man-made pressures
(plastics, marine traffic, overfishing, habitat altera-
tion.) are having profound effects on the very fun-
damental processes that regulate how (the ocean)
functions” (Ziveri, 2019).

Subpopulation: Defined as a subset of a larger
population. In this report, we use this term to refer
to geographical subpopulations; e.g. the Mediterra-
nean subpopulation of a species is more exposed to
plastic pollution than an Antarctic subpopulation of
the same species.

Synergistic effects: Also called multiplicative
effects. For example, the exposure to one chemical
substance causes a dramatic increase in the effect
of another substance that is much larger than the
simple addition of the individual effects of each
substance acting by itself. In other words, the in-
teraction of two substances produces a combined
effect greater than the sum of their separate effects.
Of special concern is toxicological synergy because
the exposure level to a chemical substance, which
is considered safe for an organism, for that sub-
stance alone, might pose an unacceptable health or
ecological risk when the organism is also exposed
to other harmful substances. A practical problem

is that the responses of organisms are hardly ever
tested for the additive, combinatorial, synergistic,
or antagonistic effects of several substances acting
together. Therefore, the potential for synergistic
effects is usually completely unknown. This lack of
information applies to many of the chemical com-
binations to which humans are regularly exposed,
including residues in food and water, indoor air
contaminants, and other exposures (e.g. through
the skin). Some researchers have suggested that the
rising rates of various health problems (e.g. cancer,
autoimmune diseases) may be caused by these com-
bination exposures.
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Tropics: Or tropical zone, is the region south of
the Tropic of Cancer in the northern hemisphere
and north of the Tropic of Capricorn in the southern
hemisphere. About 4% of the Earth’s surface is cov-
ered by the tropics.

Viscose fibres: Also called rayon, a synthetic fibre
made of cellulose from wood or agricultural materi-
als, often used for clothing.

Xenobiotics: Substances that are not natural for
animal life, such as drugs, pesticides or chemical
additives.

Zoanthid: They are marine animals of the class
Anthozoa, generally colonial with polyps and of-
ten referred to as encrusting anemones. They can
commonly be found in tropical and subtropical seas
but are distributed in most marine environments,
including the deep sea below 5000 m (Irei et al.,
2011).

156



12. References

Abbasi, S., Turner, A., 2021. Human exposure to
microplastics: A study in Iran. J Hazard Mater 403,
123799

Abreo, N. A. S., Blatchley, D., Superio, M. D., 2019.
Stranded whale shark (Rhincodon typus) reveals
vulnerability of filter-feeding elasmobranchs to
marine litter in the Philippines. Mar Pollut Bull 141,
79—83

Abreo, N. A. S., Macusi, E. D., Jimenez, L. A., 2018.
A survey of subtidal anthropogenic marine debris
(AMD) in Mayo Bay, Mati City, Davao Oriental,
Philippines. Philipp J Sci 147 (4), 597—600

Abreo, N. A. S., Siblos, S. K. V., Macusi, E. D., 2020.

Anthropogenic marine debris (AMD) in mangrove
forests of Pujada Bay, Davao Oriental, Philippines.
J Mar Island Cultur 9 (1), 38-53

Abu-Hilal, A., Al-Najjar, T., 2009. Marine litter
in coral reef areas along the Jordan Gulf of Aqaba,
Red Sea. J Environ Manage 90 (2), 1043—-1049

Adamakis, I. S., Malea, P., Panteris, E., 2018. The
effects of Bisphenol A on the seagrass Cymodocea
nodosa: Leaf elongation impairment and cytoskel-
eton disturbance. Ecotoxicol Environ Saf 157,
431-440

Adamakis, I. S., Malea, P., Sperdouli, I., Panteris,
E., Kokkinidi, D., Moustakas, M., 2021. Evaluation
of the spatiotemporal effects of bisphenol A on the
leaves of the seagrass Cymodocea nodosa. J Hazard
Mater 404 (Pt A), 124001

Adimey, N. M., Hudak, C. A., Powell, J. R., Bassos-
Hull, K., Foley, A., Farmer, N. A., White, L., Minch,
K., 2014. Fishery gear interactions from stranded
bottlenose dolphins, Florida manatees and sea
turtles in Florida, U.S.A. Mar Pollut Bull 81 (1),
103-115

Adrogué, A. Q., Miglioranza, K. S., Copello, S.,
Favero, M., Pon, J. P. S., 2019. Pelagic seabirds as
biomonitors of persistent organic pollutants in the
Southwestern Atlantic. Mar Pollut Bull 149, 110516

Aguilera, M., Medina-Suéarez, M., Pinds, J., Liria-
Loza, A., Benejam, L., 2018. Marine debris as a
barrier: Assessing the impacts on sea turtle hatch-
lings on their way to the ocean. Mar Pollut Bull 137,

481-487

Akortia, E., Okonkwo, J. O., Lupankwa, M., Os-
ae, S. D., Daso, A. P., Olukunle, O. I., Chaudhary,
A., 2016. A review of sources, levels, and toxicity
of polybrominated diphenyl ethers (PBDEs) and
their transformation and transport in various en-
vironmental compartments. Environ Rev 24 (3),

253—273

Al-Jufaili, S., Al-Jabri, M., Al-Baluchi, A., Baldwin,
R. M., Wilson, S. C., West, F., Matthews, A. D.,
1999. Human Impacts on Coral Reefs in the Sultan-
ate of Oman. Estuar Coast Shelf Sci 49, 65—74

Al-Najjar, T., Al-Shiyab, A. A.-W., 2011. Marine
litter at (Al-Ghandoor area) the most northern part
of the Jordanian coast of the Gulf of Aqaba, Red
Sea. Nat Sci 03 (11), 921—926

Al-Sid-Cheikh, M., Rowland, S. J., Stevenson, K.,

Rouleau, C., Henry, T. B., Thompson, R. C., 2018.
Uptake, whole-body distribution, and depuration
of nanoplastics by the scallop Pecten maximus at

environmentally realistic concentrations. Environ
Sci Technol 52 (24), 14480-14486

Albert, O., Jegou, B., 2014. A critical assessment
of the endocrine susceptibility of the human testis
to phthalates from fetal life to adulthood. Hum
Reprod Update 20 (2), 231—249

Alexiadou, P., Foskolos, 1., Frantzis, A., 2019. Inges-
tion of macroplastics by Odontocetes of the Greek
Seas, Eastern Mediterranean: Often deadly! Mar
Pollut Bull 146, 67—75

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 157



Allen, A. S., Seymour, A. C., Rittschof, D., 2017.
Chemoreception drives plastic consumption in a
hard coral. Mar Pollut Bull 124 (1), 198—205

Allen, R., Jarvis, D., Sayer, S., Mills, C., 2012. En-
tanglement of grey seals Halichoerus grypus at a
haul out site in Cornwall, UK. Mar Pollut Bull 64
(12), 2815—-2819

Allen, S., Allen, D., Phoenix, V. R., Le Roux, G.,
Durantez Jiménez, P., Simonneau, A., Binet, S.,
Galop, D., 2019. Atmospheric transport and depo-
sition of microplastics in a remote mountain catch-
ment. Nature Geoscience 12 (5), 339—344

Alongi, D. M., 2002. Present state and future of the
world’s mangrove forests. Environ Conserv 29 (3),
331-349

Alongi, D. M., 2012. Carbon sequestration in
mangrove forests. Carbon Manage. 3 (3), 313—322

Aloy, A. B., Vallejo, B. M., Jr., Juinio-Menez, M. A.,
2011. Increased plastic litter cover affects the forag-
ing activity of the sandy intertidal gastropod Nas-
sarius pullus. Mar Pollut Bull 62 (8), 1772-1779

Alves, L. M., Nunes, M., Marchand, P., Le Bizec, B.,
Mendes, S., Correia, J. P., Lemos, M. F., Novais, S.
C., 2016. Blue sharks (Prionace glauca) as bioindi-

cators of pollution and health in the Atlantic Ocean:

Contamination levels and biochemical stress
responses. Sci Total Environ 563, 282—292

Aminot, Y., Lanctot, C., Bednarz, V., Robson, W. J.,
Taylor, A., Ferrier-Pages, C., Metian, M., Tolosa, I.,
2020. Leaching of flame-retardants from polysty-
rene debris: Bioaccumulation and potential effects
on coral. Mar Pollut Bull 151, 110862

Amon, D. J., Kennedy, B. R. C., Cantwell, K., Suhre,
K., Glickson, D., Shank, T. M., Rotjan, R. D., 2020.
Deep-Sea Debris in the Central and Western Pacific
Ocean. Front Mar Sci 7 (369)

158

Anastasopoulou, A., Kovac Virsek, M., Bojanic
Varezic, D., Digka, N., Fortibuoni, T., Koren, S.,
Mandic, M., Mytilineou, C., Pesic, A., Ronchi, F.,
Siljic, J., Torre, M., Tsangaris, C., Tutman, P., 2018.
Assessment on marine litter ingested by fish in

the Adriatic and NE Ionian Sea macro-region
(Mediterranean). Mar Pollut Bull 133, 841—851

Andrady, A. L., 2011. Microplastics in the marine
environment. Mar Pollut Bull 62 (8), 1596—1605

Angiolillo, M., Fortibuoni, T., 2020. Impacts of
marine litter on Mediterranean reef systems: From
shallow to deep waters. Front Mar Sci 7, 826

Angiolillo, M., Lorenzo, B. D., Farcomeni, A.,

Bo, M., Bavestrello, G., Santangelo, G., Cau, A.,
Mastascusa, V., Cau, A., Sacco, F., Canese, S., 2015.
Distribution and assessment of marine debris in the
deep Tyrrhenian Sea (NW Mediterranean Sea,
Italy). Mar Pollut Bull 92 (1—2), 149—-159

Antunes, J. C., Frias, J. G. L., Micaelo, A. C., Sobral,
P., 2013. Resin pellets from beaches of the Portu-
guese coast and adsorbed persistent organic pollut-
ants. Estuar Coast Shelf Sci 130, 62—69

Arbelo, M., Los Monteros, A. E., Herraez, P.,
Andrada, M., Sierra, E., Rodriguez, F., Jepson, P. D.,
Fernandez, A., 2013. Pathology and causes of death
of stranded cetaceans in the Canary Islands
(1999—2005). Dis Aquat Organ 103 (2), 87—99

Arias, A. H., Ronda, A. C., Oliva, A. L., Marcovecchio,
J. E., 2019. Evidence of Microplastic Ingestion by
Fish from the Bahia Blanca Estuary in Argentina,
South America. Bull Environ Contam Toxicol 102
(6), 750756

Arossa, S., Martin, C., Rossbach, S., Duarte, C. M.,
2019. Microplastic removal by Red Sea giant clam
(Tridacna maxima). Environ Pollut 252 (Pt B),
1257-1266

Ashton, K., Holmes, L., Turner, A., 2010. Associ-
ation of metals with plastic production pellets in
the marine environment. Mar Pollut Bull 60 (11),
2050—2055



Attademo, F. L. N., Balensiefer, D. C., Freire, A.,

de Sousa, G. P., da Cunha, F., Luna, F. O., 2015.
Debris ingestion by the Antillean Manatee
(Trichechus manatus manatus). Mar Pollut Bull 101
(1), 284—287

Auman, H. J., Ludwig, J. P., Giesy, J. P., Colborn,
T., 1998. Plastic ingestion by Laysan Albatross
chicks on Sand Island, Midway Atoll, in 1994 and
1995. In: Robinson, G., Gales, R. (Eds.), Albatross
biology and conversation. Surrey Beatty and Sons,
Chipping Norton, 239—244

Auta, H. S., Emenike, C. U., Fauziah, S. H., 2017.
Screening of Bacillus strains isolated from
mangrove ecosystems in Peninsular Malaysia for
microplastic degradation. Environ Pollut 231 (Pt 2),

1552—-1559

Auta, H. S., Emenike, C. U., Jayanthi, B., Fauziah,
S. H., 2018. Growth kinetics and biodeterioration
of polypropylene microplastics by Bacillus sp. and
Rhodococcus sp. isolated from mangrove sediment.
Mar Pollut Bull 127, 15—21

Avery-Gomm, S., Borrelle, S. B., Provencher, J. F.,
2018a. Linking plastic ingestion research with
marine wildlife conservation. Sci Total Environ

637-638, 1492-1495

Avery-Gomm, S., O’Hara, P. D., Kleine, L., Bowes,
V., Wilson, L. K., Barry, K. L., 2012. Northern
fulmars as biological monitors of trends of plastic
pollution in the eastern North Pacific. Mar Pollut
Bull 64 (9), 1776—1781

Avery-Gomm, S., Provencher, J. F., Liboiron, M.,
Poon, F. E., Smith, P. A., 2018b. Plastic pollution in
the Labrador Sea: an assessment using the seabird
northern fulmar Fulmarus glacialis as a biological
monitoring species. Mar Pollut Bull 127, 817—822

Avery-Gomm, S., Provencher, J. F., Morgan, K. H.,
Bertram, D. F., 2013. Plastic ingestion in marine-
associated bird species from the eastern North
Pacific. Mar Pollut Bull 72 (1), 257—-259

Avery-Gomm, S. M., 2020. Plastic pollution and
conservation of imperilled seabird species. PhD,
University of Queensland, Brisbane, Australia

Avila, I. C., Kaschner, K., Dormann, C. F., 2018.
Current global risks to marine mammals: Taking
stock of the threats. Biol Conserv 221, 44—58

Avio, C. G., Gorbi, S., Milan, M., Benedetti, M.,
Fattorini, D., d’Errico, G., Pauletto, M., Bargelloni, L.,
Regoli, F., 2015. Pollutants bioavailability and
toxicological risk from microplastics to marine
mussels. Environ Pollut 198, 211—222

Ayaz, A., Acarli, D., Altinagac, U., Ozekinci, U.,
Kara, A., Ozen, O., 2006. Ghost fishing by mono-
filament and multifilament gillnets in Izmir Bay,
Turkey. Fish Res 79 (3), 267—271

Azoulay, D., Villa, P., Arellano, Y., Gordon, M.,
Moon, D., Miller, K., Thompson, K., 2019. Plastic &
health: The hidden cost of a plastic planet. Center
for International Environmental Law, 1—84.

Baak, J. E., Linnebjerg, J. F., Barry, T., Gavrilo, M.
V., Mallory, M. L., Price, C., Provencher, J. F., 2020.
Plastic ingestion by seabirds in the circumpolar
Arctic: a review. Environ Rev 28 (4), 506—516

Baalkhuyur, F. M., Bin Dohaish, E. A., Elhalwagy,
M. E. A., Alikunhi, N. M., AlSuwailem, A. M.,
Rostad, A., Coker, D. J., Berumen, M. L., Duarte, C.
M., 2018. Microplastic in the gastrointestinal tract
of fishes along the Saudi Arabian Red Sea coast.
Mar Pollut Bull 131 (Pt A), 407—415

Backhaus, T., Wagner, M., 2020. Microplastics
in the environment: Much ado about nothing?
A debate. Glob Challenges 4 (6), 1900022

Baeta, F., Costa, M. J., Cabral, H., 2009. Trammel
nets’ ghost fishing off the Portuguese central coast.
Fish Res 98 (1-3), 33-39

Baird, R. W., Hooker, S. K., 2000. Ingestion of
Plastic and Unusual Prey by a Juvenile Harbour
Porpoise. Mar Pollut Bull 40 (8), 719—720

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 159



Bakir, A., O’Connor, I. A., Rowland, S. J., Hendriks,
A.J., Thompson, R. C., 2016. Relative importance
of microplastics as a pathway for the transfer of
hydrophobic organic chemicals to marine life.
Environ Pollut 219, 56—65

Balazs, G., 1985. Impact of ocean debris on marine
turtles: entanglement and ingestion. In: Shomura,
R. S., Yoshida, H. O. (Eds.), Proceedings of the
Workshop on the Fate and Impact of Marine
Debris. Southwest Fisheries Center, Honolulu
Laboratory, National Marine Fisheries Service,
Honolulu, Hawaii, USA, 387—429

Balestri, E., Menicagli, V., Vallerini, F., Lardicci, C.,
2017. Biodegradable plastic bags on the seafloor:

A future threat for seagrass meadows? Sci Total
Environ 605-606, 755—763.

Baltz, D. M., Morejohn, G. V., 1976. Evidence from
seabirds of plastic particle pollution off central
California. West Birds 7 (3), 111—112

Bancone, C. E., Turner, S. D., Ivar do Sul, J. A.,
Rose, N. L., 2020. The paleoecology of microplastic
contamination. Front Environ Sci 8, 154

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch,
E. W., Stier, A. C., Silliman, B. R., 2011. The value
of estuarine and coastal ecosystem services. Ecol
Monogr 81 (2), 169—193

Barboza, L. G. A., Dick Vethaak, A., Lavorante, B.,
Lundebye, A. K., Guilhermino, L., 2018. Marine
microplastic debris: An emerging issue for food
security, food safety and human health. Mar Pollut
Bull 133, 336—348

Barco, S., Law, M., Drummond, B., Koopman, H.,
Trapani, C., Reinheimer, S., Rose, S., Swingle, W.
M., Williard, A., 2016. Loggerhead turtles killed
by vessel and fishery interaction in Virginia, USA,
are healthy prior to death. Mar Ecol Prog Ser 555,
221-234

160

Barco, S. G., D’Eri, L. R., Woodward, B. L., Winn,
J. P, Rotstein, D. S., 2010. Spectra fishing twine
entanglement of a bottlenose dolphin: a case study
and experimental modeling. Mar Pollut Bull 60 (9),
1477-1481.

Barnes, D. K., 2002. Biodiversity: invasions by
marine life on plastic debris. Nature 416 (6883),
808-809.

Barnes, D. K., Milner, P., 2005. Drifting plastic and
its consequences for sessile organism dispersal in
the Atlantic Ocean. Mar Biol 146 (4), 815—825

Barnosky, A. D., Hadly, E. A., Bascompte, J.,
Berlow, E. L., Brown, J. H., Fortelius, M., Getz, W.
M., Harte, J., Hastings, A., Marquet, P. A., Martinez,
N. D., Mooers, A., Roopnarine, P., Vermeij, G.,
Williams, J. W., Gillespie, R., Kitzes, J., Marshall,
C., Matzke, N., Mindell, D. P., Revilla, E., Smith, A.
B., 2012. Approaching a state shift in Earth’s
biosphere. Nature 486 (7401), 52—58

Barreiros, J. P., Barcelos, J., 2001. Plastic ingestion
by a leatherback turtle Dermochelys coriacea from
the Azores (NE Atlantic). Mar Pollut Bull 42 (11),
1196—-1197

Barreiros, J. P., Raykov, V. S., 2014. Lethal lesions
and amputation caused by plastic debris and
fishing gear on the loggerhead turtle Caretta caretta
(Linnaeus, 1758). Three case reports from Terceira
Island, Azores (NE Atlantic). Mar Pollut Bull 86
(1—2), 518—-522

Barreto, R., Bornatowski, H., Fiedler, F. N.,
Pontalti, M., da Costa, K. J., Nascimento, C., Kotas,
J. E., 2019. Macro-debris ingestion and entangle-
ment by blue sharks (Prionace glauca Linnaeus,
1758) in the temperate South Atlantic Ocean.

Mar Pollut Bull 145, 214—218



Barros, N. B., Odell, D. K., Patton, G. W., 1990.
Ingestion of plastic debris by stranded marine
mammals from Florida. In: Shomura, R. S.,
Godfrey, M. L. (Eds.), Proceedings of the Second
International Conference on Marine Debris.
National Oceanic and Atmospheric Administration,
U.S. Department of Commerce, Honolulu, Hawaii,
USA, 746

Bartalini, A., Munoz-Arnanz, J., Marsili, L.,
Mazzariol, S., Fossi, M. C., Jimenez, B., 2019.
Evaluation of PCDD/Fs, dioxin-like PCBs and
PBDE:s in sperm whales from the Mediterranean
Sea. Sci Total Environ 653, 1417—-1425

Basto, M. N., Nicastro, K. R., Tavares, A. 1.,
McQuaid, C. D., Casero, M., Azevedo, F., Zardi, G.
I., 2019. Plastic ingestion in aquatic birds in
Portugal. Mar Pollut Bull 138, 19—24

Battisti, C., Staffieri, E., Poeta, G., Sorace, A.,
Luiselli, L., Amori, G., 2019. Interactions between
anthropogenic litter and birds: a global review with
a ‘black-list’of species. Mar Pollut Bull 138, 93—114

Baulch, S., Perry, C., 2014. Evaluating the impacts
of marine debris on cetaceans. Mar Pollut Bull 8o
(1—2), 210—221

Beaman, J., Bergeron, C., Benson, R., Cook, A.-M.,
Gallagher, K., Ho, K., Hoff, D., Laessig, S., 2016.

A summary of literature on the chemical toxicity

of plastics pollution to aquatic life and aquatic-
dependent wildlife. U. S. Environmental Protection
Agency, Washington, D. C., USA

Beaumont, N. J., Aanesen, M., Austen, M. C.,
Borger, T., Clark, J. R., Cole, M., Hooper, T.,
Lindeque, P. K., Pascoe, C., Wyles, K. J., 2019.
Global ecological, social and economic impacts of
marine plastic. Mar Pollut Bull 142, 189—195

Bech, G., 1995. Retrieval of lost gillnets at Ilulissat
Kangia. NAFO Scientific Council Research Docu-
ment 95/6. Northwest Atlantic Fisheries Organiza-
tion, 1—5

Beck, C. A., Barros, N. B., 1991. The impact of debris
on the Florida manatee. Mar Pollut Bull 22 (10),
508-510

Beckingham, B., Ghosh, U., 2017. Differential bio-
availability of polychlorinated biphenyls associated
with environmental particles: Microplastic in com-
parison to wood, coal and biochar. Environ Pollut
220 (Pt A), 150-158

Beer, S., Garm, A., Huwer, B., Dierking, J., Nielsen,
T. G., 2018. No increase in marine microplastic
concentration over the last three decades — A case
study from the Baltic Sea. Sci Total Environ 621,
1272-1279

Bell, M. C., Redant, F., Tuck, I., 2006. Nephrops
species. In: Phillips, B. F. (Ed.), Lobsters: Biology,
management, aquaculture and fisheries. Wiley-
Blackwell, 412—461

Bellas, J., Gil, I., 2020. Polyethylene microplastics
increase the toxicity of chlorpyrifos to the marine
copepod Acartia tonsa. Environ Pollut 260, 114059

Bellas, J., Martinez-Armental, J., Martinez-Camara,
A., Besada, V., Martinez-Gomez, C., 2016. Ingestion
of microplastics by demersal fish from the Spanish
Atlantic and Mediterranean coasts. Mar Pollut Bull

109 (1), 55—-60

Benson, N. U., Fred-Ahmadu, O. H., 2020.
Occurrence and distribution of microplastics-sorbed
phthalic acid esters (PAEs) in coastal psammitic
sediments of tropical Atlantic Ocean, Gulf of Guinea.
Sci Total Environ 730, 139013

Benyus, J. M., 1997. Biomimicry: innovation in-
spired by nature. Harper Perennial, New York, USA

Bergman, A., Heindel, J. J., Jobling, S., Kidd, K. A.,
Zoeller, T., 2013. State of the science of endocrine
disrupting chemicals — 2012. WHO/UNEP, Geneva,
Switzerland

Bergmann, M., Klages, M., 2012. Increase of litter at
the Arctic deep-sea observatory HAUSGARTEN.
Mar Pollut Bull 64 (12), 2734—2741

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 161



Bergmann, M., Lutz, B., Tekman, M. B., Gutow, L.,
2017a. Citizen scientists reveal: Marine litter
pollutes Arctic beaches and affects wild life.

Mar Pollut Bull 125 (1—-2), 535-540

Bergmann, M., Mutzel, S., Primpke, S., Tekman, M.
B., Trachsel, J., Gerdts, G., 2019. White and
wonderful? Microplastics prevail in snow from

the Alps to the Arctic. Sci Adv 5 (8), eaax1157

Bergmann, M., Wirzberger, V., Krumpen, T.,
Lorenz, C., Primpke, S., Tekman, M. B., Gerdts, G.,
2017b. High Quantities of Microplastic in Arctic
Deep-Sea Sediments from the HAUSGARTEN
Observatory. Environ Sci Technol 51 (19),
11000—-11010

Bernardini, I., Garibaldi, F., Canesi, L., Fossi, M. C.,
Baini, M., 2018. First data on plastic ingestion by
blue sharks (Prionace glauca) from the Ligurian Sea
(North-Western Mediterranean Sea). Mar Pollut
Bull 135, 303—310

Bertling, J., Bertling, R., Hamann, L., 2018. Kunst-
stoffe in der Umwelt: Mikro- und Makroplastik.
Ursachen, Mengen, Umweltschicksale, Wirkungen,
Losungsansitze, Empfehlungen. Fraunhofer-
Institut, Oberhausen, Germany

Besseling, E., Foekema, E. M., van den Heuvel-
Greve, M. J., Koelmans, A. A., 2017. The Effect of
Microplastic on the Uptake of Chemicals by the
Lugworm Arenicola marina (L.) under Environ-
mentally Relevant Exposure Conditions. Environ
Sci Technol 51 (15), 8795—-8804

Besseling, E., Redondo-Hasselerharm, P., Foekema,
E. M., Koelmans, A. A., 2019. Quantifying ecological
risks of aquatic micro-and nanoplastic. Crit. Rev.
Environ Sci Technol 49 (1), 32—-80

Besseling, E., Wang, B., Lurling, M., Koelmans, A.
A., 2014. Nanoplastic affects growth of S. obliquus
and reproduction of D. magna. Environ Sci Technol
48 (20), 12336-12343

162

Besseling, E., Wegner, A., Foekema, E. M., van den
Heuvel-Greve, M. J., Koelmans, A. A., 2013. Effects
of microplastic on fitness and PCB bioaccumulation
by the lugworm Arenicola marina (L.). Environ Sci
Technol 47 (1), 593—-600

Beurton, P. J., 2002. Ernst Mayr through time on
the biological species concept — a conceptual
analysis. Theory Biosci. 121, 81-98

Bianchi, C. N., Morri, C., 2000. Marine Biodiversity
of the Mediterranean Sea: Situation, Problems and
Prospects for Future Research. Mar Pollut Bull 40

(5), 367-376

Bianco, A., Passananti, M., 2020. Atmospheric
micro and nanoplastics: An enormous microscopic
problem. Sustainability 12 (18), 7327

Biswas, S. R., Biswas, P. L., Limon, S. H., Yan,
E.-R., Xu, M.-S., Khan, M. S. 1., 2018. Plant
invasion in mangrove forests worldwide. Forest
Ecol Manage 429, 480—492

Bjorndal, K. A., Bolten, A. B., Lagueux, C. J., 1994.
Ingestion of marine debris by juvenile sea turtles
in coastal Florida habitats. Mar Pollut Bull 28 (3),

154—158

Blasing, M., Amelung, W., 2018. Plastics in soil:
Analytical methods and possible sources. Sci Total
Environ 612, 422—435

Blaskovic, A., Fastelli, P., Cizmek, H., Guerranti, C.,
Renzi, M., 2017. Plastic litter in sediments from the
Croatian marine protected area of the natural park
of Telascica bay (Adriatic Sea). Mar Pollut Bull 114

(1), 583-586

Boelee, E., Geerling, G., van der Zaan, B., Blauw, A.,
Vethaak, A. D., 2019. Water and health: From envi-
ronmental pressures to integrated responses. Acta
Trop 193, 217—226



Bogomolni, A. L., Pugliares, K. R., Sharp, S. M.,
Patchett, K., Harry, C. T., LaRocque, J. M., Touhey,
K. M., Moore, M., 2010. Mortality trends of
stranded marine mammals on Cape Cod and
southeastern Massachusetts, USA, 2000 to 2006.
Dis Aquat Organ 88 (2), 143-155

Boitsov, S., Grosvik, B. E., Nesje, G., Malde, K.,
Klungsoyr, J., 2019. Levels and temporal trends of
persistent organic pollutants (POPs) in Atlantic cod
(Gadus morhua) and haddock (Melanogrammus
aeglefinus) from the southern Barents Sea. Environ
Res 172, 89—97

Bonanno, G., Orlando-Bonaca, M., 2018. Perspec-
tives on using marine species as bioindicators of
plastic pollution. Mar Pollut Bull 137, 209—221

Bonanno, G., Orlando-Bonaca, M., 2020. Marine
plastics: What risks and policies exist for seagrass
ecosystems in the Plasticene? Mar Pollut Bull 158,
111425

Bond, A. L., Lavers, J. L., 2011. Trace element
concentrations in feathers of flesh-footed shear-
waters (Puffinus carneipes) from across their
breeding range. Arch Environ Contam Toxicol
61 (2), 318—326

Bond, A. L., Montevecchi, W. A., Guse, N., Regular,
P. M., Garthe, S., Rail, J. F., 2012. Prevalence and
composition of fishing gear debris in the nests of
northern gannets (Morus bassanus) are related to
fishing effort. Mar Pollut Bull 64 (5), 907-911

Bond, A. L., Provencher, J. F., Daoust, P. Y., Lucas,
Z.N., 2014. Plastic ingestion by fulmars and
shearwaters at Sable Island, Nova Scotia, Canada.
Mar Pollut Bull 87 (1—2), 68—75

Bonin, M. C., Almany, G. R., Jones, G. P., 2011.
Contrasting effects of habitat loss and fragmen-

tation on coral-associated reef fishes. Ecology 92
(7), 1503-1512

Booth, A. M., Sgrensen, L., 2020. Microplastic Fate
and Impacts in the Environment. In: Rocha-Santos,
T., Costa, M., Mouneyrac, C. (Eds.), Handbook of
Microplastics in the Environment. Springer, Cham,
Switzerland, 1—24

Bordbar, L., Kapiris, K., Kalogirou, S., Anastasopoulou,
A., 2018. First evidence of ingested plastics by a
high commercial shrimp species (Plesionika narval)
in the eastern Mediterranean. Mar Pollut Bull 136,
472—476

Borrelle, S. B., Ringma, J., Law, K. L., Monnahan,

C. C., Lebreton, L., McGivern, A., Murphy, E.,
Jambeck, J., Leonard, G. H., Hilleary, M. A., Eriksen,
M., Possingham, H. P., De Frond, H., Gerber, L.

R., Polidoro, B., Tahir, A., Bernard, M., Mallos, N.,
Barnes, M., Rochman, C. M., 2020. Predicted growth
in plastic waste exceeds efforts to mitigate plastic
pollution. Science 369 (6510), 1515—1518

Borrelle, S. B., Rochman, C. M., Liboiron, M., Bond,
A. L., Lusher, A., Bradshaw, H., Provencher, J. F.,

2017. Opinion: Why we need an international agree-
ment on marine plastic pollution. Proc Natl Acad Sci

USA 114 (38), 9994-9997

Bostrom, C., Jackson, E. L., Simenstad, C. A., 2006.
Seagrass landscapes and their effects on associated
fauna: a review. Estuar Coast Shelf Sci 68 (3—4),
383—403

Bour, A., Avio, C. G., Gorbi, S., Regoli, F., Hylland,
K., 2018. Presence of microplastics in benthic and
epibenthic organisms: Influence of habitat, feeding
mode and trophic level. Environ Pollut 243 (Pt B),
1217-1225

Bourdages, M. P., Provencher, J. F., Baak, J. E. ,
Mallory, M. L., Vermaire, J. C., 2021. Breeding
seabirds as vectors of microplastics from sea to land:
Evidence from colonies in Arctic Canada. Sci Total
Environ 764, 142808

Bourne, W. R. P., 1976. Seabirds and pollution.
In: Johnston, R. (Ed.), Marine pollution. Academic
Press, New York, USA, 403-502

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 163



Bouwmeester, H., Hollman, P. C., Peters, R. J.,
2015. Potential Health Impact of Environmentally
Released Micro- and Nanoplastics in the Human
Food Production Chain: Experiences from Nanotox-
icology. Environ Sci Technol 49 (15), 8932—8947

Boyle, M. C., Limpus, C. J., 2008. The stomach
contents of post-hatchling green and loggerhead sea
turtles in the southwest Pacific: an insight into
habitat association. Mar Biol 155 (2), 233—241

Brahney, J., Mahowald, N., Prank, M., Cornwell, G.,
Klimont, Z., Matsui, H., Prather, K. A., 2021. Con-
straining the atmospheric limb of the plastic cycle.
Proc Natl Acad Sci USA 118 (16)

Brander, L. M., Wagtendonk, A. J., Hussain, S. S.,
McVittie, A., Verburg, P. H., de Groot, R. S., van
der Ploeg, S., 2012. Ecosystem service values for
mangroves in Southeast Asia: A meta-analysis and
value transfer application. Ecosyst Serv 1, 62—69

Brandl, S. J., Rasher, D. B., Coté, I. M., Casey, J. M.,
Darling, E. S., Lefcheck, J. S., Duffy, J. E. , 2019.
Coral reef ecosystem functioning: eight core pro-
cesses and the role of biodiversity. Front Ecol
Environ 17 (8), 445-454

Brandon, J. A., Freibott, A., Sala, L. M., 2019a.
Patterns of suspended and salp-ingested micro-
plastic debris in the North Pacific investigated with
epifluorescence microscopy. Limnol Oceanogr
Lett. 5 (1), 46—53

Brandon, J. A., Jones, W., Ohman, M. D., 2019b.
Multidecadal increase in plastic particles in coastal
ocean sediments. Sci Adv 5 (9), eaax0587

Brate, I. L. N, Eidsvoll, D. P., Steindal, C. C.,
Thomas, K. V., 2016. Plastic ingestion by Atlantic
cod (Gadus morhua) from the Norwegian coast.
Mar Pollut Bull 112 (1—-2), 105—-110

Braun, J. M., 2017. Early-life exposure to EDCs:

role in childhood obesity and neurodevelopment.
Nat Rev Endocrinol 13 (3), 161—173

164

Braune, B. M., Outridge, P. M., Fisk, A. T., Muir, D.
C., Helm, P. A., Hobbs, K., Hoekstra, P. F., Kuzyk,
Z. A., Kwan, M., Letcher, R. J., Lockhart, W. L.,
Norstrom, R. J., Stern, G. A., Stirling, L., 2005.
Persistent organic pollutants and mercury in
marine biota of the Canadian Arctic: an overview
of spatial and temporal trends. Sci Total Environ
351-352, 4-56

Bravo Rebolledo, E. L., Van Franeker, J. A., Jansen,
0. E., Brasseur, S. M., 2013. Plastic ingestion by
harbour seals (Phoca vitulina) in The Netherlands.
Mar Pollut Bull 67 (1-2), 200—202

Breen, P. A., 1990. A review of ghost fishing by
traps and gillnets. In: Shomura, R. S., Godfrey, M.
L. (Eds.), Proceedings of the Second International
Conference on Marine Debris. National Oceanic and
Atmospheric Administration, U.S. Department of
Commerce, Honolulu, Hawaii, USA, 571—-599

Brockovich, E., 2021. Plummeting sperm counts,
shrinking penises: toxic chemicals threaten
humanity. The Guardian

Brongersma, L. D., 1968. Notes upon some turtles
from the Canary Islands and from Madeira. Proc K
Ned Akad Wet C 71 (2), 128-136

Brongersma, L. D., 1972. European Atlantic turtles.
Zool Verh Leiden 121, 1-318

Browne, M. A., Niven, S. J., Galloway, T. S.,
Rowland, S. J., Thompson, R. C., 2013. Microplastic
moves pollutants and additives to worms, reducing
functions linked to health and biodiversity. Curr
Biol 23 (23), 2388-2392

Brussard, P. F., Reed, J. M., Tracy, C. R., 1998.
Ecosystem management: what is it really? Land-
scape and Urban Planning 40 (1—-3), 9—20

Bryan-Brown, D. N., Connolly, R. M., Richards,
D. R., Adame, F., Friess, D. A., Brown, C. J., 2020.
Global trends in mangrove forest fragmentation.
Sci Rep 10 (1), 7117



Bryant, M., 2021. Falling sperm counts ‘threaten
human survival’, expert warns. The Guardian

Bucci, K., Tulio, M., Rochman, C. M., 2020. What
is known and unknown about the effects of plastic
pollution: A meta-analysis and systematic review.
Ecol Appl 30 (2), e02044

Budimir, S., Setala, O., Lehtiniemi, M., 2018.
Effective and easy to use extraction method shows
low numbers of microplastics in offshore plank-
tivorous fish from the northern Baltic Sea. Mar
Pollut Bull 127, 586-592

Bugoni, L., Krause, L., Petry, M. V., 2001. Marine
debris and human impacts on sea turtles in south-
ern Brazil. Mar Pollut Bull 42 (12), 1330-1334

Buhl-Mortensen, P., 2017. Coral reefs in the South-
ern Barents Sea: habitat description and the effects
of bottom fishing. Mar Biol Res 13 (10), 1027-1040

Buhl-Mortensen, P., Gordon, D. C., Buhl-
Mortensen, L., Kulka, D. W., 2017. First description
of a Lophelia pertusa reef complex in Atlantic
Canada. Deep-Sea Res. Part I 126, 21-30

Buhl-Mortensen, L., Vanreusel, A., Gooday, A. J.,
Levin, L. A., Priede, I. G., Buhl-Mortensen, P.,
Gheerardyn, H., King, N. J., Raes, M., 2010. Biolog-
ical structures as a source of habitat heterogeneity
and biodiversity on the deep ocean margins. Mar
Ecol 31 (1), 21-50

Bullimore, B. A., Newman, P. B., Kaiser, M. J.,
Gilbert, S. E., Lock, K. M., 2001. A study of catches
in a fleet of “ghost-fishing” pots. Fish Bull 99 (2),
247-247

Bulow, E. S., Ferdinand, T. J., 2013. The effect of
consumptive waste on mangrove functionality:
A comparative analysis. Centro de Incidencia
Ambiental, Panama

Burns, E. E., Boxall, A. B. A., 2018. Microplastics
in the aquatic environment: Evidence for or against
adverse impacts and major knowledge gaps.
Environ Toxicol Chem 37 (11), 2776—2796

Burton Jr, G. A., 2017. Stressor exposures deter-
mine risk: so, why do fellow scientists continue to
focus on superficial microplastics risk? Environ
Sci Technol 51, 13515-13516

Butterworth, A., 2016. A Review of the Welfare
Impact on Pinnipeds of Plastic Marine Debris.
Front Mar Sci 3, 149

Butterworth, A., Sayer, S., 2017. The welfare im-
pact on pinnipeds of marine debris and fisheries.
In: Butterworth, A. (Ed.), Marine mammal welfare:
Human induced change in the marine environment
and its impacts on marine mammal welfare.
Springer, Cham, Switzerland, 215—239

Buxton, R. T., Currey, C. A., Lyver, P. O., Jones,

C. J., 2013. Incidence of plastic fragments among
burrow-nesting seabird colonies on offshore islands
in northern New Zealand. Mar Pollut Bull 74 (1),
420-424

Byrd, B. L., Hohn, A. A., Lovewell, G. N., Altman,
K. M., Barco, S. G., Friedlaender, A., Harms, C. A.,
McLellan, W. A., Moore, K. T., Rosel, P. E., 2014.
Strandings as indicators of marine mammal bio-
diversity and human interactions off the coast of
North Carolina. Fish Bull 112 (1), 1—23

Cabrera, M., Moulatlet, G. M., Valencia, B. G.,
Maisincho, L., Rodriguez-Barroso, R., Albendin, G.,
Sakali, A., Lucas-Solis, O., Conicelli, B., Capparelli,
M. V., 2022. Microplastics in a tropical Andean
Glacier: A transportation process across the
Amazon basin? Sci Total Environ 805, 150334

Cabrera, M., Valencia, B. G., Lucas-Solis, O.,
Calero, J. L., Maisincho, L., Conicelli, B., Massaine
Moulatlet, G., Capparelli, M. V., 2020. A new
method for microplastic sampling and isolation in
mountain glaciers: A case study of one antisana
glacier, Ecuadorian Andes. Case Studies in Chemi-
cal and Environmental Engineering 2, 100051

CAFF, 2019. Plastic pollution and seabirds in the
Russian Arctic. Conservation of Arctic Flora and
Fauna, Akureyri, Iceland

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 165



Cai, L., Wang, J., Peng, J., Tan, Z., Zhan, Z., Tan,
X., Chen, Q., 2017. Characteristic of microplastics in
the atmospheric fallout from Dongguan city, China:
preliminary research and first evidence. Environ Sci
Pollut Res Int 24 (32), 24928—-24935

Camedda, A., Marra, S., Matiddi, M., Massaro, G.,
Coppa, S., Perilli, A., Ruiu, A., Briguglio, P., de
Lucia, G. A., 2014. Interaction between loggerhead
sea turtles (Caretta caretta) and marine litter in
Sardinia (Western Mediterranean Sea). Mar
Environ Res 100, 25-32

Campanale, C., Massarelli, C., Savino, I., Locaputo,
V., Uricchio, V. F., 2020. A Detailed Review Study
on Potential Effects of Microplastics and Additives
of Concern on Human Health. Int J Environ Res
Public Health 17 (4), 1212

Campani, T., Baini, M., Giannetti, M., Cancelli, F.,
Mancusi, C., Serena, F., Marsili, L., Casini, S., Fossi,
M. C., 2013. Presence of plastic debris in loggerhead
turtle stranded along the Tuscany coasts of the
Pelagos Sanctuary for Mediterranean Marine
Mammals (Italy). Mar Pollut Bull 74 (1), 225—-230

Campbell, M. J., Sumpton, W. D., 2009. Ghost
fishing in the pot fishery for blue swimmer crabs
Portunus pelagicus in Queensland, Australia. Fish
Res 95 (2-3), 246—253

Campbell, M. L., King, S., Heppenstall, L. D.,

van Gool, E., Martin, R., Hewitt, C. L., 2017.
Aquaculture and urban marine structures facilitate
native and non-indigenous species transfer through
generation and accumulation of marine debris.
Mar Pollut Bull 123 (1—2), 304—312

Campbell, M. L., Slavin, C., Grage, A., Kinslow, A.,
2016. Human health impacts from litter on beaches
and associated perceptions: A case study of ‘clean’
Tasmanian beaches. Ocean Coast Manage 126,
22-30

Camphuysen, C. J., 1990. Verstrikkingen van

zeevogels in plastics: een probleem van toenemende
omvang? Sula 4 (1), 12—18

166

Canals, M., Pham, C. K., Bergmann, M., Gutow,
L., Hanke, G., Van Sebille, E., Angiolillo, M., Buhl-
Mortensen, L., Cau, A., Ioakeimidis, C., 2021. The
quest for seafloor macrolitter: a critical review of
background knowledge, current methods and
future prospects. Environ Res Lett 16, 023001

Carbery, M., O’Connor, W., Palanisami, T., 2018.
Trophic transfer of microplastics and mixed con-
taminants in the marine food web and implications
for human health. Environ Int 115, 400—409

Carlton, J. T., Chapman, J. W., Geller, J. B., Miller,
J. A., Carlton, D. A., McCuller, M. I., Treneman, N.
C., Steves, B. P., Ruiz, G. M., 2017. Tsunami-driven
rafting: Transoceanic species dispersal and implica-
tions for marine biogeography. Science 357 (6358),
1402-1406

Carmen, B., Krang, A.-S., Infantes, E., 2021. Micro-
plastic retention by marine vegetated canopies:
Simulations with seagrass meadows in a hydraulic
flume. Environ Pollut 269, 11605

Carr, A., 1987. Impact of nondegradable marine
debris on the ecology and survival outlook of sea
turtles Mar Pollut Bull 18, 352—356

Carr, H. A., Amaral, E. H., Hulbert, A. W., Copper,
R., 1985. Underwater survey of simulated lost
demersal and lost commercial gill nets off New
England. In: Shomura, R. S., Yoshida, H. O. (Eds.),
Proceedings of the Workshop on the Fate and Im-
pact of Marine Debris. Southwest Fisheries Center,
Honolulu Laboratory, National Marine Fisheries
Service, Honolulu, Hawaii, USA, 438—447

Carrasson, M., Stefanescu, C., Cartes, J. E. , 1992.
Diets and bathymetric distributions of two bathyal
sharks of the Catalan deep sea (western Mediterra-
nean). Mar Ecol Prog Ser, 21—-30

Carson, H. S., Colbert, S. L., Kaylor, M. J.,
McDermid, K. J., 2011. Small plastic debris changes
water movement and heat transfer through beach
sediments. Mar Pollut Bull 62 (8), 1708-1713



Casale, P., Abbate, G., Freggi, D., Conte, N.,
Oliverio, M., Argano, R., 2008. Foraging ecology of
loggerhead sea turtles Caretta caretta in the central
Mediterranean Sea: evidence for a relaxed life
history model. Mar Ecol Prog Ser 372, 265—276

Casale, P., Affronte, M., Insacco, G., Freggi, D.,
Vallini, C., Pino d’Astore, P., Basso, R., Paolillo, G.,
Abbate, G., Argano, R., 2010. Sea turtle strandings
reveal high anthropogenic mortality in Italian
waters. Aquatic Conserv Mar Freshw Ecosyst 20
(6), 611—620

Casale, P., Freggi, D., Paduano, V., Oliverio, M.,
2016. Biases and best approaches for assessing
debris ingestion in sea turtles, with a case study
in the Mediterranean. Mar Pollut Bull 110 (1),

238-249.

Castillo, L., 2016. Heavy metals & health. Nova
Science Publishers

Cau, A., Avio, C. G., Dessi, C., Follesa, M. C.,
Moccia, D., Regoli, F., Pusceddu, A., 2019. Micro-
plastics in the crustaceans Nephrops norvegicus
and Aristeus antennatus: Flagship species for deep-
sea environments? Environ Pollut 255 (Pt 1), 113107

Cau, A., Avio, C. G., Dessi, C., Moccia, D.,
Pusceddu, A., Regoli, F., Cannas, R., Follesa, M. C.,
2020. Benthic crustacean digestion can modulate
the environmental fate of microplastics in the deep
sea. Environ Sci Technol 54 (8), 4886—4892

Cavole, L. M., Demko, A. M., Diner, R. E.,
Giddings, A., Koester, 1., Pagniello, C. M., Paulsen,
M.-L., Ramirez-Valdez, A., Schwenck, S. M., Yen,
N. K., 2016. Biological impacts of the 2013—2015
warm-water anomaly in the Northeast Pacific:
winners, losers, and the future. Oceanography 29
(2), 273285

Cawthorn, M. W., 1985. Entanglement in, and
ingestion of, plastic litter by marine mammals,
sharks, and turtles in New Zealand waters. In:
Shomura, R. S., Yoshida, H. O. (Eds.), Proceedings
of the Workshop on the Fate and Impact of Marine
Debris. Southwest Fisheries Center, Honolulu
Laboratory, National Marine Fisheries Service,
Honolulu, Hawaii, USA, 336—343

CBD, 2016. Marine debris: Understanding, prevent-
ing and mitigating the significant adverse impacts
on marine and coastal biodiversity. CBD Technical
Series No. 83. Secretariat of the Convention on
Biological Diversity, Montreal, Canada

Ceballos, G., Ehrlich, P. R., Barnosky, A. D., Garcia,
A., Pringle, R. M., Palmer, T. M., 2015. Accelerated
modern human-induced species losses: Entering
the sixth mass extinction. Sci Adv 1 (5), €1400253

Ceccherelli, G., Oliva, S., Pinna, S., Piazzi, L.,
Procaccini, G., Marin-Guirao, L., Dattolo, E.,
Gallia, R., La Manna, G., Gennaro, P., 2018.
Seagrass collapse due to synergistic stressors is

not anticipated by phenological changes. Oecologia
186 (4), 1137-1152

Chae, D. H., Kim, I. S, Kim, S. K., Song, Y. K.,
Shim, W. J., 2015. Abundance and Distribution
Characteristics of Microplastics in Surface Sea-
waters of the Incheon/Kyeonggi Coastal Region.
Arch Environ Contam Toxicol 69 (3), 269—278

Chamas, A., Moon, H., Zheng, J., Qiu, Y.,
Tabassum, T., Jang, J. H., Abu-Omar, M., Scott,
S. L., Suh, S., 2020. Degradation rates of plastics
in the environment. ACS Sustain Chem Eng 8 (9),

3494—-3511

Chapin, R. E., Adams, J., Boekelheide, K., Gray, L.
E., Jr., Hayward, S. W., Lees, P. S., McIntyre, B.
S., Portier, K. M., Schnorr, T. M., Selevan, S. G.,
Vandenbergh, J. G., Woskie, S. R., 2008.
NTP-CERHR expert panel report on the repro-
ductive and developmental toxicity of bisphenol
A. Birth Defects Res B Dev Reprod Toxicol 83 (3),
157-395

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 167



Chapron, L., Peru, E., Engler, A., Ghiglione, J. F.,
Meistertzheim, A. L., Pruski, A. M., Purser, A.,
Vetion, G., Galand, P. E., Lartaud, F., 2018. Macro-
and microplastics affect cold-water corals growth,
feeding and behaviour. Sci Rep 8 (1), 15299

Chen, C.-L., Liu, T.-K., 2013. Fill the gap: Developing
management strategies to control garbage pollution
from fishing vessels. Mar Policy 40 (3), 34—40

Chen, J.Y.-S., Lee, Y.-C., Walther, B. A., 2020a.
Microplastic Contamination of Three Commonly
Consumed Seafood Species from Taiwan: A Pilot
Study. Sustainability 12 (22), 9543

Chen, M., Du, M., Jin, A., Chen, S., Dasgupta, S., Li,
J., Xu, H., Ta, K., Peng, X., 2020b. Forty-year
pollution history of microplastics in the largest
marginal sea of the western Pacific. Geochem
Perspect Lett 13, 42—47

Chen, Q., Allgeier, A., Yin, D., Hollert, H., 2019.
Leaching of endocrine disrupting chemicals from
marine microplastics and mesoplastics under com-
mon life stress conditions. Environ Int 130, 104938

Chenillat, F., Huck, T., Maes, C., Grima, N., Blanke,
B., 2021. Fate of floating plastic debris released along
the coasts in a global ocean model. Mar Pollut Bull
165, 112116

Chiappone, M., Dienes, H., Swanson, D. W., Miller, S.

L., 2005. Impacts of lost fishing gear on coral reef
sessile invertebrates in the Florida Keys National
Marine Sanctuary. Biol Conserv 121 (2), 221—-230

Chivian, E., Bernstein, A. (Eds.), 2008. Sustaining
life: How human health depends on biodiversity.
Oxford University Press, Oxford, UK

Choy, C. A., Robison, B. H., Gagne, T. O., Erwin, B.,
Firl, E., Halden, R. U., Hamilton, J. A., Katija, K.,
Lisin, S. E., Rolsky, C., K, S. V. H., 2019. The verti-
cal distribution and biological transport of marine
microplastics across the epipelagic and mesopelagic
water column. Sci Rep 9 (1), 7843

168

hubarenko, I., Stepanova, N., 2017. Microplastics
in sea coastal zone: Lessons learned from the Baltic
amber. Environ Pollut 224, 243—254

CIEL, 2017. Fueling plastics: How fracked gas,
cheap oil, and unburnable coal are driving the
plastics boom. Center for International Environ-
mental Law, Washington, D. C., USA

Cliff, G., Dudley, S. F. J., Ryan, P. G., Singleton, N.,
2002. Large sharks and plastic debris in
KwaZulu-Natal, South Africa. Mar Freshw Res 53
(2), 575-581

Clukey, K. E., Lepczyk, C. A., Balazs, G. H., Work, T.
M., Lynch, J. M., 2017. Investigation of plastic de-
bris ingestion by four species of sea turtles collected
as bycatch in pelagic Pacific longline fisheries. Mar
Pollut Bull 120 (1—2), 117-125

Coe, M. T., Marthews, T. R., Costa, M. H.,
Galbraith, D. R., Greenglass, N. L., Imbuzeiro, H.
M., Levine, N. M., Malhi, Y., Moorcroft, P. R.,
Muza, M. N., Powell, T. L., Saleska, S. R., Solorzano,
L. A., Wang, J., 2013. Deforestation and climate
feedbacks threaten the ecological integrity of
south-southeastern Amazonia. Philos Trans R Soc
Lond B Biol Sci 368 (1619), 20120155

Cole, M., Galloway, T. S., 2015. Ingestion of Nano-
plastics and Microplastics by Pacific Oyster Larvae.
Environ Sci Technol 49 (24), 1462514632

Cole, M., Lindeque, P., Fileman, E., Halsband, C.,
Goodhead, R., Moger, J., Galloway, T. S., 2013.
Microplastic ingestion by zooplankton. Environ
Sci Technol 47 (12), 6646—6655

Cole, M., Lindeque, P. K., Fileman, E., Clark, J.,
Lewis, C., Halsband, C., Galloway, T. S., 2016.
Microplastics Alter the Properties and Sinking
Rates of Zooplankton Faecal Pellets. Environ Sci
Technol 50 (6), 3239—3246

Colinvaux, P. A., 1979. Why big fierce animals
are rare: An ecologist’s perspective. Princeton
University Press, Princeton, New Jersey, USA



Collard, F., Gilbert, B., Compere, P., Eppe, G.,
Das, K., Jauniaux, T., Parmentier, E., 2017a.
Microplastics in livers of European anchovies
(Engraulis encrasicolus, L.). Environ Pollut 229,
1000—1005

Collard, F., Gilbert, B., Eppe, G., Parmentier,

E., Das, K., 2015. Detection of Anthropogenic
Particles in Fish Stomachs: An Isolation Method
Adapted to Identification by Raman Spectrosco-
py. Arch Environ Contam Toxicol 69 (3), 331-339

Collard, F., Gilbert, B., Eppe, G., Roos, L.,
Compere, P., Das, K., Parmentier, E., 2017b.
Morphology of the filtration apparatus of three
planktivorous fishes and relation with ingest-
ed anthropogenic particles. Mar Pollut Bull 116
(1—2), 182—-191

Collette, B., Amorim, A. F., Boustany, A.,
Carpenter, K. E., de Oliveira Leite Jr., N., Di
Natale, A., Die, D., Fox, W., Fredou, F. L., Graves,
J., Viera Hazin, F. H., Hinton, M., Juan Jorda, M.,
Kada, O., Minte Vera, C., Miyabe, N., Nelson, R.,
Oxenford, H., Pollard, D., Restrepo, V., Schrat-
wieser, J., Teixeira Lessa, R. P., Pires Ferreira
Travassos, P. E., Uozumi, Y., 2011. Thunnus
thynnus. The IUCN Red List of Threatened
Species 2011: .T21860A9331546

Colmenero, A., Barria, C., Broglio, E., Garcia-
Barcelona, S., 2017. Plastic debris straps on
threatened blue shark Prionace glauca. Mar Pollut
Bull 115, 436—438

Compa, M., Alomar, C., Wilcox, C., van Sebille, E.,
Lebreton, L., Hardesty, B. D., Deudero, S., 2019.
Risk assessment of plastic pollution on marine
diversity in the Mediterranean Sea. Sci Total
Environ 678, 188—196

Compa, M., Ventero, A., Iglesias, M., Deudero,

S., 2018. Ingestion of microplastics and natural
fibres in Sardina pilchardus (Walbaum, 1792) and
Engraulis encrasicolus (Linnaeus, 1758) along
the Spanish Mediterranean coast. Mar Pollut Bull
128, 89—96

Conkle, J. L., Del Valle, C. D. B., Turner, J. W.,
2018. Are we underestimating microplastic contam-
ination in aquatic environments? Environ. Manage.
61(1),1-8

Consoli, P., Romeo, T., Angiolillo, M., Canese, S.,
Esposito, V., Salvati, E., Scotti, G., Andaloro, F.,
Tunesi, L., 2019. Marine litter from fishery activities
in the Western Mediterranean sea: The impact of
entanglement on marine animal forests. Environ
Pollut 249, 472—481

Conti, G. O., Ferrante, M., Banni, M., Favara, C.,
Nicolosi, I., Cristaldi, A., Maria, F., Zuccarello, P.,
2020. Micro-and nano-plastics in edible fruit and
vegetables. The first diet risks assessment for the
general population. Environ Res 187, 109677

Cooper, J., Auman, H. J., Klavitter, J., 2004. Do the
albatrosses on Midway Atoll select cigarette lighters
by color? Pac Seab 31 (1), 2—4

Cordeiro, C. A., Costa, T. M., 2010. Evaluation of
solid residues removed from a mangrove swamp in
the Sao Vicente Estuary, SP, Brazil. Mar Pollut Bull
60 (10), 1762—-1767

Corona, E., Martin, C., Marasco, R., Duarte, C. M.,
2020. Passive and active removal of marine micro-
plastics by a mushroom coral (Danafungia scruposa).
Front Mar Sci 7, 128

Corrales, J., Kristofco, L. A., Steele, W. B., Yates,
B. S., Breed, C. S., Williams, E. S., Brooks, B. W.,
2015. Global Assessment of Bisphenol A in the
Environment: Review and Analysis of Its Occur-
rence and Bioaccumulation. Dose Response 13 (3),

1559325815598308

Costa, L. L., Rangel, D. F., Zalmon, I. R., 2018.
Evidence of marine debris usage by the ghost crab
Ocypode quadrata (Fabricius, 1787). Mar Pollut Bull

128, 438-445.

Courtene-Jones, W., Quinn, B., Ewins, C., Gary, S.
F., Narayanaswamy, B. E., 2019. Consistent micro-
plastic ingestion by deep-sea invertebrates over the
last four decades (1976—2015), a study from the
North East Atlantic. Environ Pollut 244, 503-512

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 169



Courtene-Jones, W., Quinn, B., Ewins, C., Gary, S.
F., Narayanaswamy, B. E., 2020. Microplastic
accumulation in deep-sea sediments from the
Rockall Trough. Mar Pollut Bull 154, 111092

Courtene-Jones, W., Quinn, B., Gary, S. F., Mogg,
A. O. M., Narayanaswamy, B. E., 2017. Microplastic
pollution identified in deep-sea water and ingest-
ed by benthic invertebrates in the Rockall Trough,
North Atlantic Ocean. Environ Pollut 231 (Pt 1),
271—280

Cox, K. D., Covernton, G. A., Davies, H. L., Dower,
J. F., Juanes, F., Dudas, S. E., 2019. Human Con-
sumption of Microplastics. Environ Sci Technol 53
(12), 7068-7074

Cox, T. M., Read, A. J., Barco, S., Evans, J., Gannon,
D. P., Koopman, H. N., Mclellan, W. A., Murray,

K., Nicolas, J., Pabst, D. A., 1998. Documenting the
bycatch of harbor porpoises, Phocoena phocoena,

in coastal gillnet fisheries from stranded carcasses.
Fish Bull 96 (4), 727-734

Coyle, R., Hardiman, G., O’Driscoll, K., 2020.
Microplastics in the marine environment: A review
of their sources, distribution processes, uptake and
exchange in ecosystems. CSCEE 2, 100010

Cozar, A., Echevarria, F., Gonzélez-Gordillo, J. 1.,
Irigoien, X., Ubeda, B., Hernandez-Leén, S., Palma,
A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A.,
Fernandez-de-Puelles, M. L., Duarte, C. M., 2014.
Plastic debris in the open ocean. Proc Natl Acad

Sci USA 111 (28), 10239—10244

Cozzolino, L., Nicastro, K. R., Zardi, G. I., de Los
Santos, C. B., 2020. Species-specific plastic accu-
mulation in the sediment and canopy of coastal
vegetated habitats. Sci Total Environ 723, 138018

Crawford, C. B., Quinn, B., 2017. Microplastic
pollutants. Elsevier, Amsterdam, Netherlands

Cristo, M., Cartes, J. E. , 1998. A comparative study
of the feeding ecology of Nephrops norvegicus L.,
(Decapoda: Nephropidae) in the bathyal Mediter-
ranean and the adjacent Atlantic. Sci Mar 62 (S1),
81—90

170

Critchell, K., Hoogenboom, M. O., 2018. Effects of
microplastic exposure on the body condition and
behaviour of planktivorous reef fish (Acanthochro-
mis polyacanthus). PLoS One 13 (3), €0193308

Crooks, N., Parker, H., Pernetta, A. P., 2019.
Brain food? Trophic transfer and tissue retention
of microplastics by the velvet swimming crab
(Necora puber). J Exp Mar Biol Ecol 519, 151187

Croxall, J. P., Butchart, S. H., Lascelles, B.,
Stattersfield, A. J., Sullivan, B., Symes, A., Taylor,
P., 2012. Seabird conservation status, threats and
priority actions: a global assessment. Bird Cons
Internat 22 (1), 1-34

Culin, J., Bieli¢, T., 2016. Plastic pollution from
ships. Pomorski Zbornik 51 (1), 57-66

Cullen-Unsworth, L. C., Unsworth, R., 2018. A
call for seagrass protection. Science 361 (6401),

446-448

Cunningham, E. M., Kiriakoulakis, K., Dick, J. T.,
Kregting, L., Schuchert, P., Sigwart, J. D., 2020.
Driven by speculation, not by impact-the effects of
plastic on fish species. J Fish Biol 96, 1294—1297

D’Onghia, G., Calculli, C., Capezzuto, F., Carlucci,
R., Carluccio, A., Grehan, A., Indennidate, A.,
Maiorano, P., Mastrototaro, F., Pollice, A., Russo, T.,
Savini, A., Sion, L., Tursi, A., 2017. Anthropogenic
impact in the Santa Maria di Leuca cold-water coral
province (Mediterranean Sea): Observations and
conservation straits. Deep-Sea Res Part II 145
(Supplement C), 87—-101

Dahdouh-Guebas, F., Jayatissa, L. P., Di Nitto, D.,
Bosire, J., Lo Seen, D., Koedam, N., 2005. How
effective were mangroves as a defence against the
recent tsunami? Current Biol 15 (3), R443—R447

Daily, G. C., Alexander, S., Ehrlich, P. R., Goulder,
L., Lubchenco, J., Matson, P. A., Mooney, H. A.,
Postel, S., Schneider, S. H., Tilman, D., Woodwell,
G. M., 1997. Ecosystem services: benefits supplied
to human societies by natural ecosystems. Island
Press, Washington, D. C., USA



Damalas, D., Maravelias, C. D., Osio, G. C.,
Maynou, F., Sbrana, M., Sartor, P., 2015. “Once
upon a time in the Mediterranean” long term
trends of Mediterranean fisheries resources based
on fishers’ Traditional Ecological Knowledge.
PLoS One 10 (3), €0119330

Dameron, O. J., Parke, M., Albins, M. A.,
Brainard, R., 2007. Marine debris accumulation
in the Northwestern Hawaiian Islands: an
examination of rates and processes. Mar Pollut

Bull 54 (4), 423-433

Danielsen, F., Sorensen, M. K., Olwig, M. F.,
Selvam, V., Parish, F., Burgess, N. D., Hiraishi, T.,
Karunagaran, V. M., Rasmussen, M. S., Hansen,
L. B, Quarto, A., Suryadiputra, N., 2005. The
Asian tsunami: a protective role for coastal
vegetation. Science 310 (5748), 643

Dauvergne, P., 2018. The power of environmental
norms: marine plastic pollution and the politics of
microbeads. Environ. Politics 27 (4), 579-597

Davenport, J., Balazs, G. H., Faithfull, J. V.,
Williamson, D. A., 1993. A struvite faecolith in the
leatherback turtle Dermochelys coriacea Vandelli:
a means of packaging garbage? Herpetol J 3,
81-83

Davidson, T. M., 2012. Boring crustaceans damage
polystyrene floats under docks polluting marine
waters with microplastic. Mar Pollut Bull 64 (9),
1821-1828

Davison, P., Asch, R. G., 2011. Plastic ingestion by
mesopelagic fishes in the North Pacific Subtropical
Gyre. Mar Ecol Prog Ser 432, 173—180

Dawson, A. L., Kawaguchi, S., King, C. K., Townsend,
K. A, King, R., Huston, W. M., Bengtson Nash, S.
M., 2018. Turning microplastics into nanoplastics
through digestive fragmentation by Antarctic
krill. Nat Commun 9 (1), 1001

Day, R. H., Shaw, D. G., Ignell, S. E., 1988. Quanti-
tative distribution and characteristics of neustonic
plastic in the North Pacific Ocean, Final Report to
US Department of Commerce, National Marine
Fisheries Service, Auke Bay Laboratory. Auke Bay,
Alaska. US

de Carvalho-Souza, G. F., Llope, M., Tinoco, M. S.,
Medeiros, D. V., Maia-Nogueira, R., Sampaio, C. L.
S., 2018. Marine litter disrupts ecological processes
in reef systems. Mar Pollut Bull 133, 464—471

de Carvalho, R. H., Lacerda, P. D., da Silva Mendes,
S., Barbosa, B. C., Paschoalini, M., Prezoto, F., de
Sousa, B. M., 2015. Marine debris ingestion by

sea turtles (Testudines) on the Brazilian coast: an
underestimated threat? Mar Pollut Bull 101 (2),

746-749

De Falco, F., Di Pace, E., Cocca, M., Avella, M.,
2019. The contribution of washing processes of
synthetic clothes to microplastic pollution. Sci Rep
9 (1), 6633

De Frond, H. L., van Sebille, E., Parnis, J. M.,
Diamond, M. L., Mallos, N., Kingsbury, T.,
Rochman, C. M., 2019. Estimating the Mass of
Chemicals Associated with Ocean Plastic Pollution
to Inform Mitigation Efforts. Integr Environ Assess
Manag 15 (4), 596—606

De Orte, M. R., Clowez, S., Caldeira, K., 2019.
Response of bleached and symbiotic sea anemones
to plastic microfiber exposure. Environ Pollut 249,
512-517

De Scisciolo, T., Mijts, E. N., Becker, T., Eppinga,
M. B., 2016. Beach debris on Aruba, Southern
Caribbean: Attribution to local land-based and
distal marine-based sources. Mar Pollut Bull 106
(1-2), 4957

De Souza Machado, A. A., Lau, C. W., Till, J., Kloas,
W., Lehmann, A., Becker, R., Rillig, M. C., 2018.

Impacts of Microplastics on the Soil Biophysical En-
vironment. Environ Sci Technol 52 (17), 9656—9665

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 171



De Stephanis, R., Gimenez, J., Carpinelli, E.,
Gutierrez-Exposito, C., Canadas, A., 2013. As main
meal for sperm whales: plastics debris. Mar Pollut
Bull 69 (1—2), 206—214

De Witte, B., Devriese, L., Bekaert, K., Hoffman,
S., Vandermeersch, G., Cooreman, K., Robbens, J.,
2014. Quality assessment of the blue mussel
(Mytilus edulis): Comparison between commercial
and wild types. Mar Pollut Bull 85 (1), 146—155

Debrot, A. O., Meesters, H. W., Bron, P. S., de Leon,
R., 2013a. Marine debris in mangroves and on the
seabed: largely-neglected litter problems. Mar
Pollut Bull 72 (1), 1

Debrot, A. O., van Rijn, J., Bron, P. S., de Leon, R.,
2013b. A baseline assessment of beach debris and
tar contamination in Bonaire, Southeastern
Caribbean. Mar Pollut Bull 71 (1-2), 325—-329

Degange, A. R., Newby, T. C., 1980. Mortality of
seabirds and fish in a lost salmon driftnet. Mar
Pollut Bull 11 (11), 322—-323

Dehghani, S., Moore, F., Akhbarizadeh, R., 2017.
Microplastic pollution in deposited urban dust,
Tehran metropolis, Iran. Environ Sci Pollut Res
Int 24 (25), 20360—20371

DeLong, R., Dawson, P., Gearin, P., 1985. Incidence
and impact of entanglement in netting debris on
northern fur seal pups and adult females, St. Paul
Island, Alaska. Fur seal investigations, 58—68

Den Hartog, J. C., 1979. Notes on the food of sea
turtles: Eretmochelys imbrica ta (Linnaeus) and
Dermochelys coriacea (Linnaeus). Neth J Zool 30
(4), 595-611

den Hartog, J. C., van Nierop, M. M., 1984.

A study on the gut contents of six leathery turtles
Dermochelys coriacea (Linnaeus) (Reptilia:
Testudines: Dermochelyidae) from British waters
and from the Neth Zool Verh Leiden 209, 1-36

172

Derraik, J. G., 2002. The pollution of the marine
environment by plastic debris: a review. Mar Pollut
Bull 44 (9), 842852

Desforges, J. P., Hall, A., McConnell, B., Rosing-
Asvid, A., Barber, J. L., Brownlow, A., De Guise, S.,
Eulaers, 1., Jepson, P. D., Letcher, R. J., Levin, M.,
Ross, P. S., Samarra, F., Vikingson, G., Sonne, C.,
Dietz, R., 2018. Predicting global killer whale
population collapse from PCB pollution. Science
361 (6409), 1373-1376

Deudero, S., Alomar, C., 2015. Mediterranean
marine biodiversity under threat: Reviewing
influence of marine litter on species. Mar Pollut
Bull 98 (1-2), 58-68

Devriese, L. 1., De Witte, B., Vethaak, A. D.,
Hostens, K., Leslie, H. A., 2017. Bioaccumulation
of PCBs from microplastics in Norway lobster
(Nephrops norvegicus): An experimental study.
Chemosphere 186, 10-16

Diamanti-Kandarakis, E., Bourguignon, J. P.,
Giudice, L. C., Hauser, R., Prins, G. S., Soto, A. M.,
Zoeller, R. T., Gore, A. C., 2009. Endocrine-
disrupting chemicals: an Endocrine Society
scientific statement. Endocr Rev 30 (4), 293—342

Dias, M. P., Martin, R., Pearmain, E. J., Burfield,
I. J., Small, C., Phillips, R. A., Yates, O., Lascelles,
B., Borboroglu, P. G., Croxall, J. P., 2019. Threats
to seabirds: a global assessment. Biol Conserv 237,

525-537

Diaz, S., Settele, J., Brondizio, E., Ngo, H., Guéze,
M., Agard, J., Arneth, A., Balvanera, P., Brauman,
K., Butchart, S., Chan, K., Garibaldi, L., Ichii, K.,
Liu, J., Subrmanian, S., Midgley, G., Miloslavich,
P., Molnar, Z., Obura, D., Pfaff, A., Polasky, S.,
Purvis, A., Razzaque, J., Reyers, B., Chowdhury, R.,
Shin, Y., Visseren-Hamakers, I., Wilis, K., Zayas,
C., 2020. Summary for policymakers of the global
assessment report on biodiversity and ecosystem
services of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services.
IPBES



Dickerman, R. W., Goelet, R. G., 1987. Northern
Gannet starvation after swallowing styrofoam.
Mar Pollut Bull 18 (6), 293

Digka, N., Tsangaris, C., Torre, M., Anastasopoulou,
A., Zeri, C., 2018. Microplastics in mussels and fish
from the Northern Ionian Sea. Mar Pollut Bull 135,

30—40

Ding, J., Jiang, F., Li, J., Wang, Z., Sun, C., Wang,

Z., Fu, L., Ding, N. X., He, C., 2019. Microplastics in
the Coral Reef Systems from Xisha Islands of South
China Sea. Environ Sci Technol 53 (14), 8036—8046

Dioses-Salinas, D. C., Pizarro-Ortega, C. I., De-la-
Torre, G. E., 2020. A methodological approach of
the current literature on microplastic contamination
in terrestrial environments: Current knowledge
and baseline considerations. Sci Total Environ 730,

139164

Domenech, F., Aznar, F. J., Raga, J. A., Tomas, J.,
2019. Two decades of monitoring in marine debris
ingestion in loggerhead sea turtle, Caretta caretta,
from the western Mediterranean. Environ Pollut

244, 367-378

Dominguez-Carrio, C., Sanchez-Vidal, A., Estournel,
C., Corbera, G., Riera, J. L., Orejas, C., Canals, M.,
Gili, J. M., 2020. Seafloor litter sorting in different
domains of Cap de Creus continental shelf and
submarine canyon (NW Mediterranean Sea).

Mar Pollut Bull 161 (Pt B), 111744.

Donat-Vargas, C., Bellavia, A., Berglund, M., Glynn,
A., Wolk, A., Akesson, A., 2020. Cardiovascular
and cancer mortality in relation to dietary poly-
chlorinated biphenyls and marine polyunsaturated
fatty acids: a nutritional-toxicological aspect of fish
consumption. J Intern Med 287 (2), 197—209

Donnelly-Greenan, E. L., Nevins, H. M., Harvey, J.
T., 2019. Entangled seabird and marine mammal
reports from citizen science surveys from coastal
California (1997—2017). Mar Pollut Bull 149, 110557

Donohue, M. J., Boland, R. C., Sramek, C. M.,
Antonelis, G. A., 2001. Derelict fishing gear in the
northwestern Hawaiian Islands: diving surveys and
debris removal in 1999 confirm threat to coral reef
ecosystems. Mar Pollut Bull 42 (12), 1301-1312

Dris, R., Gasperi, J., Saad, M., Mirande, C., Tassin,
B., 2016. Synthetic fibers in atmospheric fallout:

A source of microplastics in the environment?
Mar Pollut Bull 104 (1-2), 290-293

Duckworth, A., Giofre, N., Jones, R., 2017. Coral
morphology and sedimentation. Mar Pollut Bull 125
(1—2), 289—300

Duguy, R., Moriniere, P., Le Milinaire, C., 1998.
Factors of mortality of marine turtles in the Bay of
Biscay. Oceanol Acta 2 (21), 383—388

Dulvy, N. K., Fowler, S. L., Musick, J. A., Cavanagh,
R. D,, Kyne, P. M., Harrison, L. R., Carlson, J. K.,
Davidson, L. N., Fordham, S. V., Francis, M. P.,
Pollock, C. M., Simpfendorfer, C. A., Burgess, G. H.,
Carpenter, K. E., Compagno, L. J., Ebert, D. A,
Gibson, C., Heupel, M. R., Livingstone, S. R.,
Sanciangco, J. C., Stevens, J. D., Valenti, S., White,
W. T., 2014. Extinction risk and conservation of the
world’s sharks and rays. eLife 3, e00590

Duncan, E. M., Botterell, Z. L., Broderick, A. C.,
Galloway, T. S., Lindeque, P. K., Nuno, A., Godley,
B. J., 2017. A global review of marine turtle entan-
glement in anthropogenic debris: a baseline for
further action. Endanger Species Res 34, 431—448

Duncan, E. M., Broderick, A. C., Fuller, W. J.,
Galloway, T. S., Godfrey, M. H., Hamann, M.,
Limpus, C. J., Lindeque, P. K., Mayes, A. G.,
Omeyer, L. C. M., Santillo, D., Snape, R. T. E.,
Godley, B. J., 2019. Microplastic ingestion ubiqui-
tous in marine turtles. Glob Chang Biol 25 (2),

744-752

Dutkiewicz, S., Scott, J. R., Follows, M., 2013.
Winners and losers: Ecological and biogeochemical
changes in a warming ocean. Glob Biogeochem
Cycles 27 (2), 463—477

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 173



Edelson, M., Habesland, D., Traldi, R., 2021.
Uncertainties in global estimates of plastic waste
highlight the need for monitoring frameworks.
Mar Pollut Bull 171, 112720

EFSA Panel on Contaminants in the Food Chain
(CONTAM), 2016. Presence of microplastics and
nanoplastics in food, with particular focus on
seafood. EFSA J 14 (6), e04501

Elhacham, E., Ben-Uri, L., Grozovski, J., Bar-On,
Y. M., Milo, R., 2020. Global human-made mass
exceeds all living biomass. Nature 588 (7838),
442—444

Engler, R. E., 2012. The complex interaction
between marine debris and toxic chemicals in the
ocean. Environ Sci Technol 46 (22), 12302-12315

Eriksen, M., Lusher, A., Nixon, M., Wernery, U.,
2021. The plight of camels eating plastic waste. J.
Arid Environ. 185, 104374

Eriksen, M., Maximenko, N., Thiel, M., Cummins,
A., Lattin, G., Wilson, S., Hafner, J., Zellers, A.,
Rifman, S., 2013. Plastic pollution in the South
Pacific subtropical gyre. Mar Pollut Bull 68 (1—2),

71-76

Erzini, K., Bentes, L., Coelho, R., Lino, P. G.,
Monteiro, C., Ribeiro, J., 2008. Catches in
ghost-fishing octopus and fish traps in the north-
eastern Atlantic Ocean (Algarve, Portugal).

Fish Bull 6 (106), 321—327

Evangeliou, N., Grythe, H., Klimont, Z., Heyes, C.,
Eckhardt, S., Lopez-Aparicio, S., Stohl, A., 2020.
Atmospheric transport is a major pathway of micro-
plastics to remote regions. Nat Commun 11 (1), 3381

Evans, K., Hindell, M. A., 2004. The diet of sperm
whales (Physeter macrocephalus) in southern
Australian waters. ICES J Mar Sci 61 (8), 1313—1329

Everaert, G., De Rijcke, M., Lonneville, B., Janssen,
C. R,, Backhaus, T., Mees, J., van Sebille, E.,
Koelmans, A. A., Catarino, A. I., Vandegehuchte,
M. B., 2020. Risks of floating microplastic in the
global ocean. Environ Pollut 267, 115499

174

Everaert, G., Van Cauwenberghe, L., De Rijcke,
M., Koelmans, A. A., Mees, J., Vandegehuchte, M.,
Janssen, C. R., 2018. Risk assessment of micro-
plastics in the ocean: Modelling approach and first
conclusions. Environ Pollut 242 (Pt B), 1930—-1938

Fabri, M. C., Pedel, L., Beuck, L., Galgani, F.,
Hebbeln, D., Freiwald, A., 2014. Megafauna of
vulnerable marine ecosystems in French mediterra-
nean submarine canyons: Spatial distribution and
anthropogenic impacts. Deep-Sea Res Part II 104,
184—-207

Fan, Y., Zheng, K., Zhu, Z., Chen, G., Peng, X., 2019.
Distribution, sedimentary record, and persistence
of microplastics in the Pearl River catchment,
China. Environ Pollut 251 (3), 862—-870

FAO and UNEP, 2021. Global assessment of soil
pollution. FAO, UNEP, Rome, Italy

Fazey, F. M., Ryan, P. G., 2016. Biofouling on
buoyant marine plastics: An experimental study
into the effect of size on surface longevity. Environ
Pollut 210, 354—360

Feldkamp, S., Costa, D., DeKrey, G., 1989.
Energetic and behavioral effects of net entangle-
ment on juvenile northern fur seals, Callorhinus
ursinus. Fish. Bull 87, 85—94

Fernandez, C., Anastasopoulou, A., 2019. Plastic
ingestion by blue shark Prionace glauca in the
South Pacific Ocean (south of the Peruvian Sea).
Mar Pollut Bull 149, 110501

Ferreira, G. V., Barletta, M., Lima, A. R., Dantas, D.
V., Justino, A. K., Costa, M. F., 2016. Plastic debris
contamination in the life cycle of Acoupa weakfish
(Cynoscion acoupa) in a tropical estuary. ICES J
Mar Sci 73 (10), 2695—2707

Ficociello, G., Gerardi, V., Uccelletti, D., Setini, A.,
2021. Molecular and cellular responses to short
exposure to bisphenols A, F, and S and eluates of
microplastics in C. elegans. Environ Sci Pollut Res
Int 28 (1), 805—818



Figueroa-Pico, J., Valle, D. M., Castillo-Ruperti, R.,
Macias-Mayorga, D., 2016. Marine debris: Impli-
cations for conservation of rocky reefs in Manabi,
Ecuador (SE Pacific Coast). Mar Pollut Bull 109 (1),
7-13

Filgueiras, A. V., Preciado, I., Carton, A., Gago, J.,
2020. Microplastic ingestion by pelagic and benthic
fish and diet composition: A case study in the NW
Iberian shelf. Mar Pollut Bull 160, 111623

Fischer, V., Elsner, N. O., Brenke, N., Schwabe, E.,
Brandt, A., 2015. Plastic pollution of the Kuril-
Kamchatka Trench area (NW Pacific). Deep-Sea
Res Part II 111, 399—405

Fisner, M., Taniguchi, S., Moreira, F., Bicego, M. C.,
Turra, A., 2013. Polycyclic aromatic hydrocarbons
(PAHs) in plastic pellets: variability in the concen-
tration and composition at different sediment
depths in a sandy beach. Mar Pollut Bull 70 (1—2),
219—226

Flint, S., Markle, T., Thompson, S., Wallace, E.,
2012. Bisphenol A exposure, effects, and policy: a
wildlife perspective. J Environ Manage 104, 19—34

Foekema, E. M., De Gruijter, C., Mergia, M. T., van
Franeker, J. A., Murk, A. J., Koelmans, A. A., 2013.
Plastic in North Sea fish. Environ Sci Technol 47
(15), 8818—8824

Ford, H. V., Jones, N. H., Davies, A. J., Godley,
B. J., Jambeck, J. R., Napper, I. E., Suckling, C.
C., Williams, G. J., Woodall, L. C., Koldewey, H.
J., 2022. The fundamental links between climate
change and marine plastic pollution. Sci Total
Environ 806 (Pt 1), 150392

Fossa, J. H., Mortensen, P. B., Furevik, D. M., 2002.

The deep-water coral Lophelia pertusa in Norwe-
gian waters: distribution and fishery impacts.
Hydrobiol 471 (1/3), 1—12

Fossi, M. C., Baini, M., Panti, C., Galli, M.,

Jiménez, B., Mufioz-Arnanz, J., Marsili, L., Finoia,
M. G., Ramirez-Macias, D., 2017a. Are whale sharks
exposed to persistent organic pollutants and plastic
pollution in the Gulf of California (Mexico)? First
ecotoxicological investigation using skin biopsies.
Comp Biochem Phys C 199, 48—-58

Fossi, M. C., Casini, S., Ancora, S., Moscatelli, A.,
Ausili, A., Notarbartolo-di-Sciara, G., 2001. Do
endocrine disrupting chemicals threaten Mediterra-
nean swordfish? Preliminary results of vitellogenin
and Zona radiata proteins in Xiphias gladius. Mar
Environ Res 52 (5), 477—483

Fossi, M. C., Coppola, D., Baini, M., Giannetti, M.,
Guerranti, C., Marsili, L., Panti, C., de Sabata, E.,
Clo, S., 2014. Large filter feeding marine organisms
as indicators of microplastic in the pelagic environ-
ment: the case studies of the Mediterranean bask-
ing shark (Cetorhinus maximus) and fin whale
(Balaenoptera physalus). Mar Environ Res 100,
17—24

Fossi, M. C., Marsili, L., Baini, M., Giannetti, M.,
Coppola, D., Guerranti, C., Caliani, I., Minutoli, R.,
Lauriano, G., Finoia, M. G., Rubegni, F., Panigada,
S., Berube, M., Urban Ramirez, J., Panti, C., 2016.
Fin whales and microplastics: The Mediterranean
Sea and the Sea of Cortez scenarios. Environ Pollut
209, 68—78

Fossi, M. C., Panti, C., Guerranti, C., Coppola,

D., Giannetti, M., Marsili, L., Minutoli, R., 2012.
Are baleen whales exposed to the threat of micro-
plastics? A case study of the Mediterranean fin
whale (Balaenoptera physalus). Mar Pollut Bull 64
(11), 2374-2379

Fossi, M. C., Peda, C., Compa, M., Tsangaris, C.,
Alomar, C., Claro, F., Ioakeimidis, C., Galgani, F.,
Hema, T., Deudero, S., Romeo, T., Battaglia, P.,
Andaloro, F., Caliani, I., Casini, S., Panti, C., Baini,
M., 2018. Bioindicators for monitoring marine litter
ingestion and its impacts on Mediterranean bio-
diversity. Environ Pollut 237, 1023—-1040

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 175



Fossi, M. C., Romeo, T., Baini, M., Panti, C.,
Marsili, L., Campani, T., Canese, S., Galgani, F.,
Druon, J.-N., Airoldi, S., Taddei, S., Fattorini, M.,
Brandini, C., Lapucci, C., 2017c. Plastic Debris
Occurrence, Convergence Areas and Fin Whales
Feeding Ground in the Mediterranean Marine
Protected Area Pelagos Sanctuary: A Modeling
Approach. Front Mar Sci 4, 167

Fournier, E., Etienne-Mesmin, L., Blanquet-Diot,
S., Mercier-Bonin, M., 2021. Impact of Micro-
plastics in Human Health. In: Rocha-Santos, T.,
Costa, M., Mouneyrac, C. (Eds.), Handbook of
Microplastics in the Environment. Springer, Cham,
Switzerland, 1—-25

Fox, H. E., 2004. Coral recruitment in blasted and
unblasted sites in Indonesia: assessing rehabilita-
tion potential. Mar Ecol Prog Ser 269, 131—-139

Freedman, B., 2013. Environmental ecology:
The impacts of pollution and other stresses on eco-
system structure and function. Elsevier

Frick, M. G., Williams, K. L., Bolten, A. B.,
Bjorndal, K. A., Martins, H. R., 2009. Foraging
ecology of oceanic-stage loggerhead turtles Caretta
caretta. Endanger Species Res 9 (2), 91—97

Friess, D. A., Rogers, K., Lovelock, C. E.,

Krauss, K. W., Hamilton, S. E., Lee, S. Y., Lucas, R.,
Primavera, J., Rajkaran, A., Shi, S., 2019. The state
of the world’s mangrove forests: past, present, and

future. Annu Rev Environ Resour 44, 89—115

Friess, D. A., Yando, E. S., Alemu, J. B., Wong,
L.-W., Soto, S. D., Bhatia, N., 2020. Ecosystem
services and disservices of mangrove forests and
salt marshes. Oceanogr Mar Biol 58, 107—142

Fry, D. M., Fefer, S. 1., Sileo, L., 1987. Ingestion
of plastic debris by Laysan albatrosses and
wedge-tailed shearwaters in the Hawaiian Islands.
Mar Pollut Bull 18 (6B), 339-343

Fujieda, S., Higashi, M., Habano, M., Azuma, T.,
Arita, Y., Makino, H., 2014. Ingestion of plastic
debris by tuna caught in the North Pacific Ocean.
Jour Jap Drif Soc 12, 47—48

176

Gage, J. D., Tyler, P. A., 1991. Deep-sea biology:
a natural history of organisms at the deep-sea floor,
1-504. Cambridge University Press

Galgani, F., Brien, A. S.-o., Weis, J.,

Ioakeimidis, C., Schuyler, Q., Makarenko, I.,
Griffiths, H., Bondareff, J., Vethaak, D., Deidun, A.,
2021. Are litter, plastic and microplastic quantities
increasing in the ocean? Microplastics and Nano-
plastics 1 (1), 2

Galgani, F., Hanke, G., Maes, T., 2015. Global dis-
tribution, composition and abundance of marine
litter. In: Bergmann, M., Gutow, L., Klages, M.
(Eds.), Marine anthropogenic litter. Springer Open,
20—56

Galgani, F., Leaute, J. P., Moguedet, P., Souplet, A.,
Verin, Y., Carpentier, A., Goraguer, H., Latrouite,
D., Andral, B., Cadiou, Y., Mahe, J. C., Poulard, J.
C., Nerisson, P., 2000. Litter on the sea floor along
European coasts. Mar Pollut Bull 40 (6), 516—527

Galgani, F., Pham, C. K., Claro, F., Consoli, P.,
2018. Marine animal forests as useful indicators of
entanglement by marine litter. Mar Pollut Bull 135,
735-738

Gall, S. C., Thompson, R. C., 2015. The impact of
debris on marine life. Mar Pollut Bull 92 (1-2),
170-179

Gallo, F., Fossi, C., Weber, R., Santillo, D., Sousa,
J., Ingram, I., Nadal, A., Romano, D., 2018.
Marine litter plastics and microplastics and their
toxic chemicals components: the need for urgent
preventive measures. Environ Sci Eur 30 (1), 13

Galloway, T., 2015. Micro- and nano-plastics and
human health. In: Bergmann, M., Gutow, L.,
Klages, M. (Eds.), Marine anthropogenic litter.
Springer Open, 343—366

Ganesapand, S., Manikandan, S., Kumaraguru, A.
K., 2011. Marine Litter in the Northern Part of Gulf
of Mannar, Southeast Coast of India. Res J Environ
Sci 5 (5), 471—-478



Ganguly, M., Ariya, P. A., 2019. Icenucleation of
model nanoplastics and microplastics: a novel syn-
thetic protocol and the influence of particle capping
at diverse atmospheric environments. ACS Earth
Space Chem 3 (9), 1729—1739

Gao, B., Yao, H,, Li, Y., Zhu, Y., 2021. Microplastic
Addition Alters the Microbial Community Structure
and Stimulates Soil Carbon Dioxide Emissions in
Vegetable-Growing Soil. Environ Toxicol Chem 40
(2), 352365

Garces-Ordonez, O., Castillo-Olaya, V. A., Granados-
Briceno, A. F., Blandon Garcia, L. M., Espinosa
Diaz, L. F., 2019. Marine litter and microplastic
pollution on mangrove soils of the Cienaga Grande
de Santa Marta, Colombian Caribbean. Mar Pollut

Bull 145, 455-462

Garces-Ordonez, O., Saldarriaga-Velez, J. F.,
Espinosa-Diaz, L. F., 2021. Marine litter pollution
in mangrove forests from Providencia and Santa
Catalina islands, after Hurricane IOTA path in the
Colombian Caribbean. Mar Pollut Bull 168, 112471

Garcia-Godos, 1., Waerebeek, K. V., Alfaro-Shigueto,
J., Mangel, J. C., 2013. Entanglements of large
cetaceans in Peru: few records but high risk. Pac Sci
67 (4), 523-532

Garcia-Gomez, J. C., Garrigos, M., Garrigos, J.,
2021. Plastic as a vector of dispersion for marine
species with invasive potential. A review. Front Ecol
Evol 9, 629756

Gardon, T., Reisser, C., Soyez, C., Quillien, V.,

Le Moullac, G., 2018. Microplastics affect energy
balance and gametogenesis in the pearl Oyster
Pinctada margaritifera. Environ Sci Technol 52 (9),

5277-5286

Garnier, Y., Jacob, H., Guerra, A. S., Bertucci, F.,
Lecchini, D., 2019. Evaluation of microplastic
ingestion by tropical fish from Moorea Island,
French Polynesia. Mar Pollut Bull 140, 165—-170

Gaspar, T. R., Chi, R. J., Parrow, M. W., Ringwood,
A. H., 2018. Cellular Bioreactivity of Micro- and
Nano-Plastic Particles in Oysters. Front Mar Sci 5,
345

Gasperi, J., Wright, S. L., Dris, R., Collard, F.,
Mandin, C., Guerrouache, M., Langlois, V., Kelly,

F. J., Tassin, B., 2018. Microplastics in air: are we
breathing it in? Curr Opin Environ Sci Health 1, 1—5

Gassel, M., Harwani, S., Park, J. S., Jahn, A., 2013.
Detection of nonylphenol and persistent organic
pollutants in fish from the North Pacific Central
Gyre. Mar Pollut Bull 73 (1), 231—242

Geary, S., 2019. The plastic crisis goes public:
Representations of plastic pollution in environmen-
tal media, University of Miami

Gebhardt, C., Forster, S., 2018. Size-selective
feeding of Arenicola marina promotes long-term
burial of microplastic particles in marine sediments.
Environ Pollut 242 (Pt B), 1777-1786

Geilfus, N. X., Munson, K. M., Sousa, J., Germanov,
Y., Bhugaloo, S., Babb, D., Wang, F., 2019. Distri-
bution and impacts of microplastic incorporation
within sea ice. Mar Pollut Bull 145, 463—473

Gelatt, T., Ream, R., Johnson, D., 2015. Callorhinus
ursinus. The ITUCN Red List of Threatened Species

2015: €.T3590A45224953

Gerigny, O., Brun, M., Fabri, M. C., Tomasino, C.,
Le Moigne, M., Jadaud, A., Galgani, F., 2019. Sea-
floor litter from the continental shelf and canyons
in French Mediterranean Water: Distribution,
typologies and trends. Mar Pollut Bull 146,
653—666

Germanov, E. S., Marshall, A. D., Bejder, L., Fossi,
M. C., Loneragan, N. R., 2018. Microplastics: no
small problem for filter-feeding megafauna. Trends
Ecol. Evol 33 (4), 227-232

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 177



Germanov, E. S., Marshall, A. D., Hendrawan, I. G.,
Admiraal, R., Rohner, C. A., Argeswara, J.,
Wulandari, R., Himawan, M. R., Loneragan, N. R.,
2019. Microplastics on the menu: Plastics pollute
Indonesian manta ray and whale shark feeding
grounds. Front Mar Sci 6, 679

GESAMP, 2015. Sources, fate and effects of micro-
plastics in the marine environment: a global assess-
ment. IMO/FAO/UNESCO-I0C/UNIDO/WMO/
IAEA/UN/UNEP/UNDP Joint Group of Experts

on the Scientific Aspects of Marine Environmental
Protection

GESAMP, 2016. Sources, fate and effects of micro-
plastics in the marine environment: part 2 of a
global assessment. IMO/FAO/UNESCO-IOC/
UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint
Group of Experts on the Scientific Aspects of
Marine Environmental Protection

GESAMP, 2019. Guidelines for the monitoring and
assessment of plastic litter in the ocean. IMO/FAQ/
UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/
UNDP/ISA Joint Group of Experts on the Scientific
Aspects of Marine Environmental Protection

Gewert, B., Plassmann, M. M., MacLeod, M., 2015.

Pathways for degradation of plastic polymers float-
ing in the marine environment. Environ Sci Process
Impacts 17 (9), 1513—1521

Geyer, R., Jambeck, J. R., Law, K. L., 2017.
Production, use, and fate of all plastics ever made.
Sci Adv 3 (7), e1700782

Gigault, J., Ter Halle, A., Baudrimont, M., Pascal,
P.-Y., Gauffre, F., Phi, T.-L., El Hadri, H., Grassl, B.,
Reynaud, S., 2018. Current opinion: What is a
nanoplastic? Environ Pollut 235, 1030-1034

Gill, A., Reid, R. J., Fairbairns, B. R., 2000.
Photographic and strandings data highlighting the
problem of marine debris and creel rope entangle-
ment to minke whales (Balaenoptera acutorostrata)
and other marine life in Scottish waters. Europ Res
Cetaceans 14, 173—178

178

Gilman, E. L., Ellison, J., Duke, N. C., Field, C.,
2008. Threats to mangroves from climate change
and adaptation options: a review. Aquat Bot 89 (2),
237-250

Giri, C., Ochieng, E., Tieszen, L. L., Zhu, Z., Singh,
A., Loveland, T., Masek, J., Duke, N., 2011. Status
and distribution of mangrove forests of the world

using earth observation satellite data. Glob Ecol

Biogeogr 20 (1), 154159

Gissi, E., Manea, E., Mazaris, A. D., Fraschetti, S.,
Almpanidou, V., Bevilacqua, S., Coll, M., Guarnieri,
G., Lloret-Lloret, E., Pascual, M., Petza, D., Rilov,
G., Schonwald, M., Stelzenmuller, V., Katsanevakis,
S., 2021. A review of the combined effects of climate
change and other local human stressors on the
marine environment. Sci Total Environ 755 (Pt 1),
142564

Godfray, H. C. J., Stephens, A. E. A., Jepson, P.

D., Jobling, S., Johnson, A. C., Matthiessen, P.,
Sumpter, J. P., Tyler, C. R., McLean, A. R., 2019.

A restatement of the natural science evidence base
on the effects of endocrine disrupting chemicals on
wildlife. Proc Biol Sci 286 (1897), 20182416

Goldstein, M. C., Carson, H. S., Eriksen, M., 2014.
Relationship of diversity and habitat area in North
Pacific plastic-associated rafting communities. Mar
Biol 161 (6), 1441-1453

Goldstein, M. C., Rosenberg, M., Cheng, L., 2012.
Increased oceanic microplastic debris enhances
oviposition in an endemic pelagic insect. Biol Lett 8
(5), 817-820

Goldstein, T., Johnson, S. P., Phillips, A. V., Hanni,
K. D., Fauquier, D. A., 1999. Human-related
injuries observed in live stranded pinnipeds along
the central California coast 1986—1998. Aquat
Mamm 25, 43—-51

Gonzalez-Fernandez, D., Cozar, A., Hanke, G.,
Viejo, J., Morales-Caselles, C., Bakiu, R., Barcel6,
D., Bessa, F., Bruge, A., Cabrera, M., 2021. Floating
macrolitter leaked from Europe into the ocean.

Nat Sustain 4 (6), 474—483



Gonzéalez-Pleiter, M., Lacerot, G., Edo, C., Pablo
Lozoya, J., Leganés, F., Fernandez-Pinas, F., Rosal,
R., Teixeira-de-Mello, F., 2021. A pilot study about
microplastics and mesoplastics in an Antarctic gla-
cier. Cryosphere 15 (6), 2531—-2539

Gore, A. C., Chappell, V. A., Fenton, S. E., Flaws, J.

A., Nadal, A,, Prins, G. S., Toppari, J., Zoeller, R. T.,
2015. Executive Summary to EDC-2: The Endocrine
Society’s Second Scientific Statement on Endocrine-
Disrupting Chemicals. Endocr Rev 36 (6), 593—602

Gorini, F., Iervasi, G., Coi, A., Pitto, L., Bianchi, F.,
2018. The role of polybrominated diphenyl ethers in
thyroid carcinogenesis: Is it a weak hypothesis or a
hidden reality? From facts to new perspectives. Int
J Environ Res Public Health 15 (9), 1834

Gorman, D., Turra, A., 2016. The role of mangrove
revegetation as a means of restoring macrofaunal
communities along degraded coasts. Sci Total
Environ 566, 223—229

Goss, H., Jaskiel, J., Rotjan, R., 2018. Thalassia
testudinum as a potential vector for incorporating
microplastics into benthic marine food webs. Mar
Pollut Bull 135, 1085-1089

Gouin, T., Becker, R. A., Collot, A. G., Davis, J. W.,
Howard, B., Inawaka, K., Lampi, M., Ramon, B. S.,
Shi, J., Hopp, P. W., 2019. Toward the Development
and Application of an Environmental Risk Assess-
ment Framework for Microplastic. Environ Toxicol
Chem 38 (10), 2087—2100

Gouin, T., Cunliffe, D., De France, J., Fawell, J.,
Jarvis, P., Koelmans, A., Marsden, P., Testai, E.,
Asami, M., Bevan, R., 2020. Clarifying the absence
of evidence regarding human health risks to micro-
plastic particles in drinking-water: High quality
robust data wanted. Environ Int 106141

Gouin, T., Roche, N., Lohmann, R., Hodges, G.,
2011. A thermodynamic approach for assessing the
environmental exposure of chemicals absorbed to
microplastic. Environ Sci Technol 45 (4), 1466—
1472

Gould, P., Ostrom, P., Walker, W., 1997. Trophic
relationships of albatrosses associated with squid
and large-mesh drift-net fisheries in the North
Pacific Ocean. Can J Zool 75 (4), 549562

Graham, N. A., Bellwood, D. R., Cinner, J. E. ,
Hughes, T. P., Norstrom, A. V., Nystrom, M., 2013.
Managing resilience to reverse phase shifts in coral
reefs. Front Ecol Environ 11 (10), 541-548

Graham, P., Palazzo, L., Andrea de Lucia, G., Telfer,
T. C., Baroli, M., Carboni, S., 2019. Microplastics
uptake and egestion dynamics in Pacific oysters,
Magallana gigas (Thunberg, 1793), under controlled
conditions. Environ Pollut 252 (Pt A), 742—748

Gramentz, D., 1988. Involvement of loggerhead
turtle with the plastic, metal, and hydrocarbon
pollution in the central Mediterranean. Mar Pollut
Bull 19 (1), 11-13

Grant, M. L., Lavers, J. L., Hutton, I., Bond, A. L.,
2021. Seabird breeding islands as sinks for marine
plastic debris. Environ Pollut 276, 116734

Gray, H., Lattin, G. L., Moore, C. J., 2012. Incidence,
mass and variety of plastics ingested by Laysan
(Phoebastria immutabilis) and Black-footed Alba-
trosses (P. nigripes) recovered as by-catch in the
North Pacific Ocean. Mar Pollut Bull 64 (10),
2190—2192

Green, D. S., 2016. Effects of microplastics on Euro-
pean flat oysters, Ostrea edulis and their associated
benthic communities. Environ Pollut 216, 95—-103

Green, D. S., 2020. Biological and Ecological
Impacts of Plastic Debris in Aquatic Ecosystems.
In: Stock, F., Reifferscheid, G., Brennholt, N.,
Kostianaia, E. (Eds.), Plastics in the Aquatic
Environment — Part I. Springer, Berlin, Heidelberg,
Germany, 111-133

Green, D. S., Boots, B., Blockley, D. J., Rocha, C.,
Thompson, R., 2015. Impacts of discarded plastic
bags on marine assemblages and ecosystem func-
tioning. Environ Sci Technol 49 (9), 5380—5389

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 179



Green, D. S., Boots, B., Sigwart, J., Jiang, S., Rocha,
C., 2016. Effects of conventional and biodegrada-
ble microplastics on a marine ecosystem engineer
(Arenicola marina) and sediment nutrient cycling.
Environ Pollut 208 (Pt B), 426—434

Green, F., 2018. The logic of fossil fuel bans. Nature
Clim Change 8 (2), 449—451

Griffiths, L. L., Connolly, R. M., Brown, C. J., 2020.
Critical gaps in seagrass protection reveal the need
to address multiple pressures and cumulative
impacts. Ocean Coast Manage 183, 104946

Groom, M. J., Meffe, G. K., Carroll, C. R., 2006.
Principles of conservation biology. Sinauer
Associates, Inc., Sunderland, Massachusetts

Gruber, M. M., Hirschmugl, B., Berger, N., Holter,
M., Radulovic, S., Leitinger, G., Liesinger, L.,
Berghold, A., Roblegg, E., Birner-Gruenberger, R.,
Bjelic-Radisic, V., Wadsack, C., 2020. Plasma pro-
teins facilitates placental transfer of polystyrene
particles. J Nanobiotechnology 18 (1), 128

Gunderson, A. R., Armstrong, E. J., Stillman, J. H.,
2016. Multiple stressors in a changing world: The
need for an improved perspective on physiological
responses to the dynamic marine environment.
Ann Rev Mar Sci 8, 357—378

Giindogdu, S., Yesilyurt, i. N., Erbas, C., 2019.
Potential interaction between plastic litter and
green turtle Chelonia mydas during nesting in an
extremely polluted beach. Mar Pollut Bull 140,

138—145

Guterres-Pazin, M. G., Rosas, F. C., Marmontel,
M., 2012. Ingestion of invertebrates, seeds, and
plastic by the Amazonian manatee (Trichechus in-
unguis) (Mammalia, Sirenia). Aquat Mamm 38 (3),

322-324

Gutow, L., Bartl, K., Saborowski, R., Beermann, J.,
2019. Gastropod pedal mucus retains microplastics
and promotes the uptake of particles by marine
periwinkles. Environ Pollut 246, 688—696

180

Gutow, L., Eckerlebe, A., Gimenez, L., Saborowski,
R., 2016. Experimental evaluation of seaweeds as a
vector for microplastics into marine food webs.
Environ Sci Technol 50 (2), 915—923

Gutow, L., Ricker, M., Holstein, J. M., Dannheim,
J., Stanev, E. V., Wolff, J. O., 2018. Distribution and
trajectories of floating and benthic marine macrolit-
ter in the south-eastern North Sea. Mar Pollut Bull
131 (Pt A), 763-772

Haave, M., Gomiero, A., Schonheit, J., Nilsen, H.,
Olsen, A. B., 2021. Documentation of microplastics
in tissues of wild coastal animals. Front Environ Sci

9(31)

Haave, M., Lorenz, C., Primpke, S., Gerdts, G.,
2019. Different stories told by small and large
microplastics in sediment — first report of micro-
plastic concentrations in an urban recipient in
Norway. Mar Pollut Bull 141, 501-513

Haetrakul, T., Munanansup, S., Assawawongkasem,
N.,, Chansue, N., 2009. A case report: Stomach
foreign object in whaleshark (Rhincodon typus)
stranded in Thailand. Proceedings of the 4th Inter-
national Symposium on Seastar 2000 and Asian
Bio-Logging Science, 83—-85

Hahladakis, J. N., Velis, C. A., Weber, R., Iacovidou,
E., Purnell, P., 2018. An overview of chemical addi-
tives present in plastics: Migration, release, fate and
environmental impact during their use, disposal
and recycling. J Hazard Mater 344, 179—199

Halden, R. U., 2010. Plastics and health risks. Annu
Rev Public Health 31 (1), 179—194

Hall-Spencer, J., Allain, V., Fossa, J. H., 2002.
Trawling damage to Northeast Atlantic ancient
coral reefs. Proc Biol Sci 269 (1490), 507—511

Hall, N. M., Berry, K. L. E., Rintoul, L., Hoogen-
boom, M. O., 2015. Microplastic ingestion by
scleractinian corals. Mar Biol 162 (3), 725-732



Hallanger, I. G., Gabrielsen, G. W., 2018. Plastic
in the European Arctic. Norwegian Polar Institute,
Tromsg, Norway

Hamilton, B. M., Bourdages, M. P. T., Geoffroy, C.,
Vermaire, J. C., Mallory, M. L., Rochman, C. M.,
Provencher, J. F., 2021a. Microplastics around an
Arctic seabird colony: Particle community composi-
tion varies across environmental matrices. Sci Total

Environ 773, 145536

Hamilton, B. M., Rochman, C. M., Hoellein, T. J.,
Robison, B. H., Van Houtan, K. S., Choy, C. A.,
2021b. Prevalence of microplastics and anthropo-
genic debris within a deep-sea food web. Mar Ecol
Prog Ser 675, 23—-33

Hamilton, L. A., Feit, S., 2019. Plastic & climate:
The hidden cost of a plastic planet. Center for In-
ternational Environmental Law, Washington, D. C.,,
USA

Hamilton, S. E., Friess, D. A., 2018. Global carbon
stocks and potential emissions due to mangrove
deforestation from 2000 to 2012. Nat Clim Change

8(3), 240-244

Hammer, S., Nager, R. G., Johnson, P. C. D.,
Furness, R. W., Provencher, J. F., 2016. Plastic
debris in great skua (Stercorarius skua) pellets
corresponds to seabird prey species. Mar Pollut
Bull 103 (1—2), 206—210

Hankins, C., Duffy, A., Drisco, K., 2018. Scleractin-
ian coral microplastic ingestion: Potential calcifi-
cation effects, size limits, and retention. Mar Pollut
Bull 135, 587-593

Hankins, C., Moso, E., Lasseigne, D., 2021. Micro-

plastics impair growth in two Atlantic scleractinian
coral species, Pseudodiploria clivosa and Acropora
cervicornis. Environ Pollut 275, 116649.

Hanni, K. D., Pyle, P., 2000. Entanglement of Pin-
nipeds in Synthetic Materials at South-east Farallon
Island, California, 1976—1998. Mar Pollut Bull 40
(12), 1076—1081

Hantoro, I., Lohr, A. J., Van Belleghem, F.,
Widianarko, B., Ragas, A. M. J., 2019. Microplastics
in coastal areas and seafood: implications for food
safety. Food Addit Contam Part A Chem Anal
Control Expo Risk Assess 36 (5), 674—711

Hao, Z., Chen, L., Wang, C., Zou, X., Zheng, F.,
Feng, W., Zhang, D., Peng, L., 2019. Heavy metal
distribution and bioaccumulation ability in marine
organisms from coastal regions of Hainan and
Zhoushan, China. Chemosphere 226, 340—350

Hardesty, B. D., Harari, J., Isobe, A., Lebreton,
L., Maximenko, N., Potemra, J., van Sebille, E.,
Vethaak, A. D., Wilcox, C., 2017. Using Numerical
Model Simulations to Improve the Understanding
of Micro-plastic Distribution and Pathways in the
Marine Environment. Front Mar Sci 4, 30

Harris, P. T., Westerveld, L., Nyberg, B., Maes, T.,
Macmillan-Lawler, M., Appelquist, L. R., 2021.
Exposure of coastal environments to river-sourced
plastic pollution. Sci Total Environ 769, 145222.

Harshvardhan, K., Jha, B., 2013. Biodegradation of
low-density polyethylene by marine bacteria from
pelagic waters, Arabian Sea, India. Mar Pollut Bull
77 (1-2), 100—106

Hartmann, N. B., Hiiffer, T., Thompson, R. C.,
Hassellov, M., Verschoor, A., Daugaard, A. E., Rist,
S., Karlsson, T., Brennholt, N., Cole, M., Herrling,
M. P., Hess, M. C., Ivleva, N. P., Lusher, A. L.,
Wagner, M., 2019. Are we speaking the same
language? Recommendations for a definition and
categorization framework for plastic debris.
Environ Sci Technol 53 (3), 1039—1047

Hartwig, E., Clemens, T., Heckroth, M., 2007.
Plastic debris as nesting material in a kittiwake-
(Rissa tridactyla)-colony at the Jammerbugt, North-
west Denmark. Mar Pollut Bull 54 (5), 595-597

Haseler, M., Schernewski, G., Balciunas, A., Saba-
liauskaite, V., 2017. Monitoring methods for large
micro- and meso-litter and applications at Baltic
beaches. J Coast Conserv 22 (1), 27—-50

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 181



Hastuti, A. R., Yulianda, F., Wardianto, Y., 2014.
Spatial distribution of marine debris in mangrove
ecosystem of Pantai Indah Kapuk, Jakarta. Bo-
norowo Wetl. 4 (2), 94-107

Hauser, R., Calafat, A. M., 2005. Phthalates and
human health. Occup Environ Med 62 (11),
806—-818

Havens, K., Bilkovic, D. M., Stanhope, D., Angstadt,
K., 2011. Fishery failure, unemployed commercial
fishers, and lost blue crab pots: an unexpected
success story. Environ Sci Policy 14 (4), 445—450

Helinski, O. K., Poor, C. J., Wolfand, J. M., 2021.
Ridding our rivers of plastic: A framework for
plastic pollution capture device selection. Mar
Pollut Bull 165, 112095

Hermabessiere, L., Dehaut, A., Paul-Pont, .,
Lacroix, C., Jezequel, R., Soudant, P., Duflos, G.,
2017. Occurrence and effects of plastic additives
on marine environments and organisms: A review.
Chemosphere 182, 781-793

Hermabessiere, L., Paul-Pont, I., Cassone, A. L.,
Himber, C., Receveur, J., Jezequel, R., El Rakwe,
M., Rinnert, E., Riviere, G., Lambert, C., Huvet, A.,
Dehaut, A., Duflos, G., Soudant, P., 2019. Micro-
plastic contamination and pollutant levels in
mussels and cockles collected along the channel
coasts. Environ Pollut 250, 807-819

Hernandez-Milian, G., Lusher, A., MacGabban, S.,
Rogan, E., 2019. Microplastics in grey seal (Hal-
ichoerus grypus) intestines: Are they associated
with parasite aggregations? Mar Pollut Bull 146,

349-354

Hernandez, L. M., Xu, E. G., Larsson, H. C., Taha-
ra, R., Maisuria, V. B., Tufenkji, N., 2019. Plastic
teabags release billions of microparticles and nano-
particles into tea. Environ Sci Technol

182

Herzke, D., Anker-Nilssen, T., Nost, T. H., Gotsch,
A., Christensen-Dalsgaard, S., Langset, M., Fangel,
K., Koelmans, A. A., 2016. Negligible Impact of In-
gested Microplastics on Tissue Concentrations of
Persistent Organic Pollutants in Northern Fulmars
off Coastal Norway. Environ Sci Technol 50 (4),

1924-1933

Hidalgo-Ruz, V., Thiel, M., 2015. The contribution
of citizen scientists to the monitoring of marine
litter. In: Bergmann, M., Gutow, L., Klages, M.
(Eds.), Marine anthropogenic litter. Springer Open,
429-447

Hidalgo-Ruz, V., Luna-Jorquera, G., Eriksen, M.,
Frick, H., Miranda-Urbina, D., Portflitt-Toro, M.,
Rivadeneira, M. M., Robertson, C. J., Scofield, R. P.,
Serratosa, J., 2021. Factors (type, colour, density,
and shape) determining the removal of marine
plastic debris by seabirds from the South Pacific
Ocean: Is there a pattern? Aquatic Conserv Mar
Freshw Ecosyst 31 (2), 389—407

Himes-Cornell, A., Pendleton, L., Atiyah, P., 2018.
Valuing ecosystem services from blue forests: a sys-
tematic review of the valuation of salt marshes, sea
grass beds and mangrove forests. Ecosyst. Serv. 30,
36—48

Hinojosa, I. A., Thiel, M., 2009. Floating marine de-
bris in fjords, gulfs and channels of southern Chile.
Mar Pollut Bull 58 (3), 341—350

Hirai, H., Takada, H., Ogata, Y., Yamashita, R., Mi-
zukawa, K., Saha, M., Kwan, C., Moore, C., Gray, H.,
Laursen, D., Zettler, E. R., Farrington, J. W., Reddy,
C. M., Peacock, E. E., Ward, M. W., 2011. Organic
micropollutants in marine plastics debris from the
open ocean and remote and urban beaches. Mar
Pollut Bull 62 (8), 1683—-1692

Hoarau, L., Ainley, L., Jean, C., Ciccione, S., 2014.
Ingestion and defecation of marine debris by log-
gerhead sea turtles, Caretta caretta, from by-catches
in the South-West Indian Ocean. Mar Pollut Bull 84

(1-2), 90-96



Hochard, J. P., Hamilton, S., Barbier, E. B., 2019.
Mangroves shelter coastal economic activity from
cyclones. Proc Natl Acad Sci USA 116 (25),
12232-12237

Hodgson, D. J., Brechon, A. L., Thompson, R. C.,
2018. Ingestion and fragmentation of plastic carri-
er bags by the amphipod Orchestia gammarellus:
Effects of plastic type and fouling load. Mar Pollut
Bull 127, 154—-159

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J.,
Steneck, R. S., Greenfield, P., Gomez, E., Harvell, C.
D, Sale, P. F., Edwards, A. J., Caldeira, K., Knowl-
ton, N., Eakin, C. M., Iglesias-Prieto, R., Muthiga,
N,, Bradbury, R. H., Dubi, A., Hatziolos, M. E.,
2007. Coral reefs under rapid climate change and
ocean acidification. Science 318 (5857), 1737-1742

Hoellein, T. J., Rochman, C. M., 2021. The “plastic
cycle”: a watershed-scale model of plastic pools and
fluxes. Front Ecol Environ 19 (3), 176—183

Holloczki, O., Gehrke, S., 2019. Nanoplastics can
change the secondary structure of proteins. Sci Rep
9 (1), 16013

Holmes, L. A., Turner, A., Thompson, R. C., 2012.
Adsorption of trace metals to plastic resin pellets
in the marine environment. Environ Pollut 160 (1),
42-48

Hong, S., Jang, M., Rani, M., Han, G., Song, Y.,
Shim, W., 2013. Expanded polystyrene (EPS) buoy
as a possible source of hexabromocyclododecanes
(HBCDs) in the marine environment. Organohalo-
gen Compd 75, 882—885

Hopewell, J., Dvorak, R., Kosior, E., 2009. Plastic
recycling: challenges and opportunities. Phil Trans
Roy Soc Lond B 364 (1526), 2115—2126

Horn, D. A., Granek, E. F., Steele, C. L., 2019.
Effects of environmentally relevant concentrations
of microplastic fibers on Pacific mole crab (Emer-
ita analoga) mortality and reproduction. Limnol
Oceanogr Lett 5 (1), 74—83

Huang, Y., Xiao, X., Xu, C., Perianen, Y. D., Hu, J.,
Holmer, M., 2020. Seagrass beds acting as a trap
of microplastics — Emerging hotspot in the coastal
region? Environ Pollut 257, 113450

Hudak, C. A., Sette, L., 2019. Opportunistic detec-
tion of anthropogenic micro debris in harbor seal
(Phoca vitulina vitulina) and gray seal (Halichoerus
grypus atlantica) fecal samples from haul-outs in
southeastern Massachusetts, USA. Mar Pollut Bull

145, 390—-395

Hughes, T. P., Baird, A. H., Bellwood, D. R.,

Card, M., Connolly, S. R., Folke, C., Grosberg, R.,
Hoegh-Guldberg, O., Jackson, J. B., Kleypas, J.,
Lough, J. M., Marshall, P., Nystrom, M., Palumbi,
S. R., Pandolfi, J. M., Rosen, B., Roughgarden, J.,
2003. Climate change, human impacts, and the re-
silience of coral reefs. Science 301 (5635), 929—933

Hughes, T. P., Graham, N. A., Jackson, J. B.,
Mumby, P. J., Steneck, R. S., 2010. Rising to the
challenge of sustaining coral reef resilience. Trends
Ecol Evol 25 (11), 633—642

Hughes, T. P., Kerry, J. T., Alvarez-Noriega, M.,
Alvarez-Romero, J. G., Anderson, K. D., Baird,

A. H., Babcock, R. C., Beger, M., Bellwood, D. R.,
Berkelmans, R., Bridge, T. C., Butler, I. R., Byrne,
M., Cantin, N. E., Comeau, S., Connolly, S. R., Cum-
ming, G. S., Dalton, S. J., Diaz-Pulido, G., Eakin, C.
M., Figueira, W. F., Gilmour, J. P., Harrison, H. B.,
Heron, S. F., Hoey, A. S., Hobbs, J. A., Hoogen-
boom, M. O., Kennedy, E. V., Kuo, C. Y., Lough, J.
M., Lowe, R. J., Liu, G., McCulloch, M. T., Malcolm,
H. A., McWilliam, M. J., Pandolfi, J. M., Pears, R.
J., Pratchett, M. S., Schoepf, V., Simpson, T., Skir-
ving, W. J., Sommer, B., Torda, G., Wachenfeld, D.
R., Willis, B. L., Wilson, S. K., 2017. Global warming
and recurrent mass bleaching of corals. Nature 543
(7645), 373-377

Hurley, R. R., Nizzetto, L., 2018. Fate and occur-
rence of micro (nano) plastics in soils: Knowledge
gaps and possible risks. Curr Opin Environ Sci
Health 1, 611

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 183



Hutton, I., Carlile, N., Priddel, D., 2008. Plastic
ingestion by Flesh-footed Shearwaters, Puffinus
carneipes, and Wedge-tailed Shearwaters, Puffinus
pacificus. Pap Proc — R Soc Tasman 142 (1), 67—72

Hwang, J., Choi, D., Han, S., Jung, S. Y., Choi, J.,
Hong, J., 2020. Potential toxicity of polystyrene mi-
croplastic particles. Sci Rep 10 (1), 7391

Ibanez, J. G., Hernandez-Esparza, M., Doria-Ser-
rano, C., Fregoso-Infante, A., Singh, M. M., 2007.
Effects of Pollutants on the Biosphere: Biodegrada-
bility, Toxicity, and Risks, Environ Chem Springer,
New York, USA, 198-236

Ibrahim, Y. S., Tuan Anuar, S., Azmi, A. A., Wan
Mohd Khalik, W. M. A,, Lehata, S., Hamzah, S. R.,
Ismail, D., Ma, Z. F., Dzulkarnaen, A., Zakaria, Z.,
Mustaffa, N., Tuan Sharif, S. E., Lee, Y. Y., 2021.
Detection of microplastics in human colectomy
specimens. JGH Open 5 (1), 116—121

IPBES, 2020. Global Assessment Report on Biodi-
versity and Ecosystem Services. IPBES

IPCC, 2019. Summary for Policymakers. In: IPCC
Special Report on the Ocean and Cryosphere in a
Changing Climate. H.-O. Portner, D. C. Roberts, V.
Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczans-
ka, K. Mintenbeck, A. Alegria, M. Nicolai, A. Okem,
J. Petzold, B. Rama, N. M. Weyer (Eds.)

Irei, Y., Nozawa, Y., Reimer, J. D., 2011. Distribu-
tion patterns of five zoanthid species in Okinawa
Island, Japan. Zool Stud 50 (4), 426—433

Iribarne, O., Botto, F., Martinetto, P., Gutierrez, J.
L., 2000. The role of burrows of the SW Atlantic in-
tertidal crab Chasmagnathus granulata in trapping
debris. Mar Pollut Bull 40 (11), 1057-1062.

ISO, 2015. ISO/TS 80004—1:2015(en) Nanotech-
nologies — Vocabulary — Part 1: Core terms

Isobe, A., Iwasaki, S., Uchida, K., Tokai, T., 2019.
Abundance of non-conservative microplastics in the
upper ocean from 1957 to 2066. Nat Commun 10

(1), 417

184

Isobe, A., Kubo, K., Tamura, Y., Kako, S., Naka-
shima, E., Fujii, N., 2014. Selective transport of
microplastics and mesoplastics by drifting in coastal
waters. Mar Pollut Bull 89 (1—2), 324-330

Iversen, M. H., Ploug, H., 2010. Ballast minerals and
the sinking carbon flux in the ocean: carbon-specific
respiration rates and sinking velocity of marine snow
aggregates. Biogeosciences 7 (9), 2613—2624

Ivonie, R., Mardiastuti, A., Rahman, D., 2021. Daily
accumulation rates of marine litter in Pulau Rambut
Wildlife Sanctuary, Jakarta Bay, Indonesia. IOP Conf
Ser: Earth Environ Sci 771 (1), 012034

Jackson, J. B., 2008. Colloquium paper: ecological
extinction and evolution in the brave new ocean.
Proc Natl Acad Sci USA 105 Suppl 1, 11458-11465

Jacobsen, J. K., Massey, L., Gulland, F., 2010. Fatal
ingestion of floating net debris by two sperm whales
(Physeter macrocephalus). Mar Pollut Bull 60 (5),
765-767

Jacques, O., Prosser, R. S., 2021. A probabilistic risk
assessment of microplastics in soil ecosystems. Sci
Total Environ 757, 143987

Jalal, N., Surendranath, A. R., Pathak, J. L., Yu, S.,
Chung, C. Y., 2018. Bisphenol A (BPA) the mighty
and the mutagenic. Toxicol Rep 5, 76—84

Jambeck, J. R., Geyer, R., Wilcox, C., Siegler, T. R.,
Perryman, M., Andrady, A., Narayan, R., Law, K. L.,
2015. Marine pollution. Plastic waste inputs from
land into the ocean. Science 347 (6223), 768—771.

Jamieson, A. J., Brooks, L. S. R., Reid, W. D. K.,
Piertney, S. B., Narayanaswamy, B. E., Linley, T. D.,
2019. Microplastics and synthetic particles ingested
by deep-sea amphipods in six of the deepest marine
ecosystems on Earth. R Soc Open Sci 6 (2), 180667

Jang, M., Shim, W. J., Han, G. M., Song, Y. K., Hong,
S. H., 2018. Formation of microplastics by polychae-
tes (Marphysa sanguinea) inhabiting expanded pol-
ystyrene marine debris. Mar Pollut Bull 131 (Pt A),
365-369



Jang, Y. C., Hong, S., Lee, J., Lee, M. J., Shim, W.
J., 2014. Estimation of lost tourism revenue in
Geoje Island from the 2011 marine debris pollution
event in South Korea. Mar Pollut Bull 81 (1), 49-54

Jensen, L. H., Motti, C. A., Garm, A. L., Tonin, H.,
Kroon, F. J., 2019. Sources, distribution and fate of
microfibres on the Great Barrier Reef, Australia. Sci
Rep 9 (1), 9021

Jepsen, E. M., de Bruyn, P. J. N., 2019. Pinniped
entanglement in oceanic plastic pollution: A global
review. Mar Pollut Bull 145, 295-305

Jepson, P. D., Deaville, R., Barber, J. L., Aguilar,
A., Borrell, A., Murphy, S., Barry, J., Brownlow, A.,
Barnett, J., Berrow, S., Cunningham, A. A., Davison,
N. J., Ten Doeschate, M., Esteban, R., Ferreira, M.,
Foote, A. D., Genov, T., Gimenez, J., Loveridge, J.,
Llavona, A., Martin, V., Maxwell, D. L., Papachlim-
itzou, A., Penrose, R., Perkins, M. W., Smith, B., de
Stephanis, R., Tregenza, N., Verborgh, P., Fernan-
dez, A., Law, R. J., 2016. PCB pollution continues to
impact populations of orcas and other dolphins in
European waters. Sci Rep 6, 18573

Jiang, S., Zhang, Y., Feng, L., He, L., Zhou, C.,
Hong, P., Sun, S., Zhao, H., Liang, Y.-Q., Ren, L.,
2020. Comparison of short-and long-term toxicity
of microplastics with different chemical constit-
uents on button polyps. (Protopalythoa sp.). ACS
Earth Space Chem

Jiang, X., Chen, H., Liao, Y., Ye, Z., Li, M., Klobu-
car, G., 2019. Ecotoxicity and genotoxicity of pol-
ystyrene microplastics on higher plant Vicia faba.
Environ Pollut 250, 831-838

Jones, K. L., Hartl, M. G., Bell, M. C., Capper, A.,
2020. Microplastic accumulation in a Zostera ma-
rina L. bed at Deerness Sound, Orkney, Scotland.
Mar Pollut Bull 152, 110883

Jones, R., Bessell-Browne, P., Fisher, R., Klonowski,
W., Slivkoff, M., 2016. Assessing the impacts of sed-
iments from dredging on corals. Mar Pollut Bull 102
(1), 9-29

Jorda, G., Marba, N., Duarte, C. M., 2012. Medi-
terranean seagrass vulnerable to regional climate
warming. Nat. Clim. Change 2 (11), 821-824

Jorgensen, B., Krasny, M., Baztan, J., 2020. Volun-
teer beach cleanups: civic environmental steward-
ship combating global plastic pollution. Sustain Sci
16 (1), 153167

Jozwiak, T., 2005. Tendencies in the numbers

of beverage containers on the Polish coast in the
decade from 1992 to 2001. Mar Pollut Bull 50 (1),
87—90

Jung, J. W., Park, J. W, Eo, S., Choi, J., Song, Y. K,
Cho, Y., Hong, S. H., Shim, W. J., 2021. Ecological
risk assessment of microplastics in coastal, shelf,
and deep sea waters with a consideration of envi-
ronmentally relevant size and shape. Environ Pollut
270, 116217

Kaandorp, M. L. A., Dijkstra, H. A., van Sebille, E.,
2020. Closing the Mediterranean Marine Floating
Plastic Mass Budget: Inverse Modeling of Sources
and Sinks. Environ Sci Technol 54 (19), 11980—
11989

Kaiser, D., Kowalski, N., Waniek, J. J., 2017. Effects
of biofouling on the sinking behavior of micro-
plastics. Environ Res Lett 12 (12), 124003

Kaiser, M. J., Bullimore, B., Newman, P., Lock, K.,
Gilbert, S., 1996. Catches in ‘ghost fishing’ set nets.
Mar Ecol Prog Ser 145, 11-16

Kane, I. A, Clare, M. A., 2019. Dispersion, accu-
mulation, and the ultimate fate of microplastics in
deep-marine environments: A review and future
directions. Front Earth Sci 7, 8o

Kane, I. A, Clare, M. A., Miramontes, E., Wogelius,
R., Rothwell, J. J., Garreau, P., Pohl, F., 2020. Sea-
floor microplastic hotspots controlled by deep-sea
circulation. Science 368 (6495), 1140—1145

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 185



Kantharajan, G., Pandey, P., Krishnan, P., Bharti, V.,
Samuel, D., 2018. Plastics: A menace to the man-
grove ecosystems of megacity Mumbai, India.
ISME/GLOMIS Electr. J. 16 (1), 1-5

Karamanlidis, A., Dendrinos, P., 2015. Monachus
monachus (errata version published in 2017).
The IUCN Red List of Threatened Species 2015:
e.T13653A117647375

Karami, A., Golieskardi, A., Choo, C. K., Larat, V.,
Karbalaei, S., Salamatinia, B., 2018. Microplastic
and mesoplastic contamination in canned sardines
and sprats. Sci Total Environ 612, 1380-1386

Karapanagioti, H. K., Endo, S., Ogata, Y., Takada,
H., 2011. Diffuse pollution by persistent organic
pollutants as measured in plastic pellets sampled
from various beaches in Greece. Mar Pollut Bull 62

(2), 312-317

Karasik, R., Vegh, T., Diana, Z., Bering, J., Caldas,
J., Pickle, A., Rittschof, D., Virdin, J., 2020. 20
years of government responses to the global plastic
pollution problem: The plastics policy inventory.
Duke University, Durham, North Carolina, USA

Kasteleine, R. A., Lavaleye, M. S. S., 1992. Foreign
bodies in the stomach of a female harbour porpoise
(Phococena phococena) from the North Sea. Aquat
Mamm 18, 40—46

Katija, K., Choy, C. A., Sherlock, R. E., Sherman, A.
D., Robison, B. H., 2017. From the surface to the
seafloor: How giant larvaceans transport micro-
plastics into the deep sea. Sci Adv 3, e1700715

Katsanevakis, S., Katsarou, A., 2004. Influences on
the distribution of marine debris on the seafloor

of shallow coastal areas in Greece (Eastern Mediter-
ranean). Water Air Soil Pollut 159 (1), 325-337

Katsanevakis, S., Verriopoulos, G., Nicolaidou, A.,
Thessalou-Legaki, M., 2007. Effect of marine litter
on the benthic megafauna of coastal soft bottoms:
a manipulative field experiment. Mar Pollut Bull 54
(6), 771-778

186

Katsikantami, 1., Sifakis, S., Tzatzarakis, M. N.,
Vakonaki, E., Kalantzi, O. I., Tsatsakis, A. M., Rizos,
A. K., 2016. A global assessment of phthalates
burden and related links to health effects. Environ
Int 97, 212-236

Kelly, A., Lannuzel, D., Rodemann, T., Meiners, K.
M., Auman, H. J., 2020. Microplastic contamina-
tion in east Antarctic sea ice. Mar Pollut Bull 154,
111130

Kenyon, K. W., Kridler, E., 1969. Laysan Albatross-
es swallow indigestible matter. Auk 86, 339—343.

Kessler, R., 2011. Engineered nanoparticles in con-
sumer products: understanding a new ingredient.
Environ Health Perspect 119 (3), a120—125

Khalid, N., Aqeel, M., Noman, A., 2020. Microplas-
tics could be a threat to plants in terrestrial systems
directly or indirectly. Environ Pollut 267, 115653

Kim, I. S., Chae, D. H., Kim, S. K., Choi, S., Woo, S.
B., 2015. Factors Influencing the Spatial Variation
of Microplastics on High-Tidal Coastal Beaches

in Korea. Arch Environ Contam Toxicol 69 (3),
299-309

Kim, S. K., Lee, H. J., Kim, J. S, Kang, S. H., Yang,
E. J., Cho, K. H., Tian, Z., Andrady, A., 2021. Im-
portance of seasonal sea ice in the western Arctic
ocean to the Arctic and global microplastic budgets.
J Hazard Mater 418, 125971

Kinan, I., Cousins, K., 2000. Abundance of plastic
debris and ingestion by albatross in Kure Atoll,
North-Western Hawaiian Islands. Mar Ornithol 28,

134

Kirstein, I. V., Kirmizi, S., Wichels, A., Garin-
Fernandez, A., Erler, R., Loder, M., Gerdts, G.,
2016. Dangerous hitchhikers? Evidence for poten-
tially pathogenic Vibrio spp. on microplastic
particles. Mar Environ Res 120, 1-8

Klein, M., Fischer, E. K., 2019. Microplastic
abundance in atmospheric deposition within the
Metropolitan area of Hamburg, Germany.

Sci Total Environ 685, 96—103



Koelmans, A. A., 2015. Modeling the role of micro-
plastics in bioaccumulation of organic chemicals

to marine aquatic organisms. A critical review. In:
Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine
anthropogenic litter. Springer Open, 309—324

Koelmans, A. A., Bakir, A., Burton, G. A., Janssen,
C. R,, 2016. Microplastic as a vector for chemicals
in the aquatic environment: critical review and
model-supported reinterpretation of empirical
studies. Environ Sci Technol 50 (7), 3315—3326

Koelmans, A. A., Besseling, E., Foekema, E., Kooi,
M., Mintenig, S., Ossendorp, B. C., Redondo-
Hasselerharm, P. E., Verschoor, A., van Wezel,

A. P., Scheffer, M., 2017a. Risks of Plastic Debris:
Unravelling Fact, Opinion, Perception, and Belief.
Environ Sci Technol 51 (20), 11513-11519

Koelmans, A. A., Besseling, E., Foekema, E. M.,
2014. Leaching of plastic additives to marine
organisms. Environ Pollut 187 (2), 49—54

Koelmans, A. A., Besseling, E., Shim, W. J., 2015.
Nanoplastics in the aquatic environment. Critical
review. In: Bergmann, M., Gutow, L., Klages, M.
(Eds.), Marine anthropogenic litter. Springer Open,

325—340

Koelmans, A. A., Kooi, M., Law, K. L., Van Sebille,
E., 2017b. All is not lost: deriving a top-down mass
budget of plastic at sea. Environ Res Lett 12 (11),
114028

Kramm, J., Volker, C., Wagner, M., 2018. Super-
ficial or substantial: Why care about microplastics
in the Anthropocene? Environ Sci Technol 52,
3336-3337

Krelling, A. P., Williams, A. T., Turra, A., 2017.
Differences in perception and reaction of tourist
groups to beach marine debris that can influence a
loss of tourism revenue in coastal areas. Mar Policy

85 (1), 87-99

Kretchy, J.-P., Dzodzomenyo, M., Ayi, 1., Dwomoh,
D., Agyabeng, K., Konradsen, F., Dalsgaard, A.,
2020. Risk of faecal pollution among waste
handlers in a resource-deprived coastal peri-urban
settlement in Southern Ghana. PLoS One 15 (10),

€0239587

Kroeker, K. J., Kordas, R. L., Harley, C. D., 2017.
Embracing interactions in ocean acidification re-
search: confronting multiple stressor scenarios and
context dependence. Biol Lett 13 (3), 20160802

Kiihn, S., Booth, A. M., Sgrensen, L., Van Oyen,
A., Van Franeker, J. A., 2020. Transfer of additive
chemicals from marine plastic debris to the stom-
ach oil of northern fulmars. Front Environ Sci 8,
138

Kiihn, S., Bravo Rebolledo, E. L., van Franeker, J.
A., 2015. Deleterious effects of litter on marine life.
In: Bergmann, M., Gutow, L., Klages, M. (Eds.),
Marine anthropogenic litter. Springer Open, 75-116

Kiihn, S., van Franeker, J. A., 2020. Quantitative
overview of marine debris ingested by marine meg-
afauna. Mar Pollut Bull 151, 110858

Kiihn, S., van Franeker, J. A., O’'Donoghue, A. M.,
Swiers, A., Starkenburg, M., van Werven, B.,
Foekema, E., Hermsen, E., Egelkraut-Holtus, M.,
Lindeboom, H., 2020. Details of plastic ingestion
and fibre contamination in North Sea fishes.
Environ Pollut 257, 113569

Kuklinski, P., Wicikowski, L., Koper, M., Grala,

T., Leniec-Koper, H., Barasinski, M., Talar, M.,
Kaminski, I., Kibart, R., Malecki, W., 2019. Offshore
surface waters of Antarctica are free of micro-
plastics, as revealed by a circum-Antarctic study.
Mar Pollut Bull 149, 110573

Kumar, M., Xiong, X., He, M., Tsang, D. C., Gupta,
J., Khan, E., Harrad, S., Hou, D., Ok, Y. S., Bolan,
N. S., 2020. Microplastics as pollutants in agricul-
tural soils. Environ Pollut 265, Part A, 114980

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 187



Kuroda, M., Uchida, K., Tokai, T., Miyamoto, Y.,
Mukai, T., Imai, K., Shimizu, K., Yagi, M., Yamanaka,
Y., Mituhashi, T., 2020. The current state of marine
debris on the seafloor in offshore area around
Japan. Mar Pollut Bull 161 (Pt A), 111670

Kutz, M. (Ed.), 2011. Applied plastics engineering
handbook: Processing and materials. Elsevier

Kvale, K. F., Friederike Prowe, A., Oschlies, A.,
2020. A critical examination of the role of marine
snow and zooplankton fecal pellets in removing
ocean surface microplastic. Front Mar Sci 6, 808

Lagana, P., Caruso, G., Corsi, I., Bergami, E.,
Venuti, V., Majolino, D., La Ferla, R., Azzaro, M.,
Cappello, S., 2019. Do plastics serve as a possible
vector for the spread of antibiotic resistance? First
insights from bacteria associated to a polystyrene
piece from King George Island (Antarctica). Int J
Hyg Environ Health 222 (1), 89—100

Laist, D. W., 1997. Impacts of marine debris: Entan-
glement of marine life in marine debris including

a comprehensive list of species with entanglement
and ingestion records. In: Coe, J. M., Rogers, D. B.
(Eds.), Marine debris: Sources, impacts, and solu-
tions. Springer-Verlag, New York, USA, 99—-139

Lamb, J. B., True, J. D., Piromvaragorn, S., Willis,
B. L., 2014. Scuba diving damage and intensity of
tourist activities increases coral disease prevalence.
Biol Conserv 178, 88—96

Lamb, J. B., Williamson, D. H., Russ, G. R., Willis,
B. L., 2015. Protected areas mitigate diseases of
reef-building corals by reducing damage from
fishing. Ecology 96 (9), 2555—2567

Lamb, J. B., Willis, B. L., Fiorenza, E. A., Couch,
C.S., Howard, R., Rader, D. N., True, J. D., Kelly,
L. A., Ahmad, A., Jompa, J., Harvell, C. D., 2018.
Plastic waste associated with disease on coral reefs.
Science 359 (6374), 460—462

Lambertsen, R. H., Kohn, B. A., 1987. Unusual mul-
tisystemic pathology in a sperm whale bull. J Wildl
Dis 23 (3), 510-514

188

Lanctot, C. M., Bednarz, V. N., Melvin, S., Jacob, H.,
Oberhaensli, F., Swarzenski, P. W., Ferrier-Pages,
C., Carroll, A. R., Metian, M., 2020. Physiological
stress response of the scleractinian coral Stylophora
pistillata exposed to polyethylene microplastics. En-
viron Pollut 263 (Pt A), 114559

Landos, M., Smith, M. L., Immig, J., 2021. Aquatic
pollutants in oceans and fisheries. International
Pollutants Elimination Network, National Toxics
Network

Lartaud, F., Meistertzheim, A., Reichert, J., Ziegler,
M., Peru, E., Ghiglione, J., 2020. Plastics: An
additional threat for coral ecosystems. In: Rossi, S.,
Bramanti, L. (Eds.), Perspectives on the marine
animal forests of the world. Springer, Cham,
Switzerland, 469—485

Lau, O. W., Wong, S. K., 2000. Contamination in
food from packaging material. J Chromatogr A 882
(1-2), 255-270

Lau, W. W. Y., Shiran, Y., Bailey, R. M., Cook, E.,
Stuchtey, M. R., Koskella, J., Velis, C. A., Godfrey,
L., Boucher, J., Murphy, M. B., Thompson, R. C.,
Jankowska, E., Castillo Castillo, A., Pilditch, T. D.,
Dixon, B., Koerselman, L., Kosior, E., Favoino, E.,
Gutberlet, J., Baulch, S., Atreya, M. E., Fischer,

D., He, K. K., Petit, M. M., Sumaila, U. R., Neil,

E., Bernhofen, M. V., Lawrence, K., Palardy, J. E. ,
2020. Evaluating scenarios toward zero plastic pol-
lution. Science 369 (6510), 1455-1461

Lavers, J. L., Bond, A. L., 2016a. Ingested plastic as
a route for trace metals in Laysan Albatross (Phoe-
bastria immutabilis) and Bonin Petrel (Pterodroma
hypoleuca) from Midway Atoll. Mar Pollut Bull 110
(1), 493-500

Lavers, J. L., Bond, A. L., 2016b. Selectivity of
flesh-footed shearwaters for plastic colour:
Evidence for differential provisioning in adults and
fledglings. Mar Environ Res 113, 1-6

Lavers, J. L., Bond, A. L., 2017. Exceptional and
rapid accumulation of anthropogenic debris on one
of the world’s most remote and pristine islands.
Proc Natl Acad Sci USA 114 (23), 6052—6055



Lavers, J. L., Bond, A. L., Hutton, I., 2014. Plastic
ingestion by Flesh-footed Shearwaters (Puffinus
carneipes): Implications for fledgling body condi-
tion and the accumulation of plastic-derived chemi-
cals. Environ Pollut 187, 124—129

Lavers, J. L., Dicks, L., Dicks, M. R., Finger, A.,
20109a. Significant plastic accumulation on the Co-
cos (Keeling) Islands, Australia. Sci Rep 9 (1), 7102

Lavers, J. L., Hutton, I., Bond, A. L., 2019b. Clinical
Pathology of Plastic Ingestion in Marine Birds and
Relationships with Blood Chemistry. Environ Sci
Technol 53 (15), 9224—9231

Lavers, J. L., Hutton, 1., Bond, A. L., 2021. Tempo-
ral trends and interannual variation in plastic in-
gestion by Flesh-footed Shearwaters (Ardenna car-
neipes) using different sampling strategies. Environ
Pollut 290, 118086

Lavers, J. L., Sharp, P. B., Stuckenbrock, S., Bond,
A. L., 2020. Entrapment in plastic debris endangers
hermit crabs. J Hazard Mater 387, 121703

Lavers, J. L., Stivaktakis, G., Hutton, I., Bond, A.
L., 2019c. Detection of ultrafine plastics ingested by
seabirds using tissue digestion. Mar Pollut Bull 142,
470-474

Law, R. J., Covaci, A., Harrad, S., Herzke, D., Abdallah,
M. A.-E., Fernie, K., Toms, L.-M. L., Takigami, H.,
2014. Levels and trends of PBDEs and HBCDs in
the global environment: status at the end of 2012.
Environ. Int. 65, 147-158

Lawson, T. J., Wilcox, C., Johns, K., Dann, P.,
Hardesty, B. D., 2015. Characteristics of marine
debris that entangle Australian fur seals (Arcto-
cephalus pusillus doriferus) in southern Australia.
Mar Pollut Bull 98 (1—2), 354—-357

Lazar, B., Gracan, R., 2011. Ingestion of marine
debris by loggerhead sea turtles, Caretta caretta, in
the Adriatic Sea. Mar Pollut Bull 62 (1), 43—47

Lebreton, L., Andrady, A., 2019. Future scenarios of
global plastic waste generation and disposal.
Palgrave Commun. 5 (1), 6

Lebreton, L., Egger, M., Slat, B., 2019. A global
mass budget for positively buoyant macroplastic
debris in the ocean. Sci Rep 9 (1), 12922

Lebreton, L., Slat, B., Ferrari, F., Sainte-Rose, B.,
Aitken, J., Marthouse, R., Hajbane, S., Cunsolo, S.,
Schwarz, A., Levivier, A., 2018. Evidence that the
Great Pacific Garbage Patch is rapidly accumulating
plastic. Sci Rep 8 (1), 4666

Lechthaler, S., Schwarzbauer, J., Reicherter, K.,
Stauch, G., Schiittrumpf, H., 2020. Regional study
of microplastics in surface waters and deep sea sed-
iments south of the Algarve Coast. Reg. Stud. Mar.
Sci. 40, 101488

Leclerc, L.-M. E., Lydersen, C., Haug, T., Bach-
mann, L., Fisk, A. T., Kovacs, K. M., 2012. A miss-
ing piece in the Arctic food web puzzle? Stomach
contents of Greenland sharks sampled in Svalbard,
Norway. Polar Biol 35 (8), 1197—-1208

Lee, H., Kunz, A., Shim, W. J., Walther, B. A., 2019.
Microplastic contamination of table salts from Tai-
wan, including a global review. Sci Rep 9 (1), 10145

Lee, H., Shim, W. J., Kwon, J. H., 2014. Sorption
capacity of plastic debris for hydrophobic organic
chemicals. Sci Total Environ 470—471, 1545—-1552

Lee, J., 2015. Economic valuation of marine litter
and microplastic pollution in the marine environ-
ment: An initial assessment of the case of the Unit-
ed Kingdom. Discuss Pap, 1—16

Lee, K., Jang, Y. C., Hong, S., Lee, J., Kwon, I,
2015. Plastic marine debris used as nesting materi-
als of the endangered species black-faced spoonbill
Platalea minor decreases by conservation activities.
J Korean Soc Mar Environi8 (1), 45—49

Lefebvre, C., Saraux, C., Heitz, O., Nowaczyk, A.,
Bonnet, D., 2019. Microplastics FTIR character-
isation and distribution in the water column and
digestive tracts of small pelagic fish in the Gulf of
Lions. Mar Pollut Bull 142, 510—-519

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 189



Lehmler, H.-J., Liu, B., Gadogbe, M., Bao, W., 2018.
Exposure to bisphenol A, bisphenol F, and bisphe-
nol S in US adults and children: The national health
and nutrition examination survey 2013—-2014. ACS
Omega 3 (6), 6523—-6532

Lehner, R., Weder, C., Petri-Fink, A., Rothen-
Rutishauser, B., 2019. Emergence of Nanoplastic

in the Environment and Possible Impact on Human
Health. Environ Sci Technol 53 (4), 1748-1765

Lenz, R., Enders, K., Beer, S., Sorensen, T. K.,
Stedmon, C. A., 2016. Analysis of microplastic in
the stomachs of herring and cod from the North Sea
and Baltic Sea. DTU Aqua National Institute

of Aquatic Resources

Leonard, A., 2010. The story of stuff. Free Press,
New York, USA

Leslie, H., Depledge, M., 2020. Where is the evi-
dence that human exposure to microplastics is safe?
Environ. Int. 142, 105807

Levine, H., Jorgensen, N., Martino-Andrade, A.,
Mendiola, J., Weksler-Derri, D., Mindlis, I., Pinotti,
R., Swan, S. H., 2017. Temporal trends in sperm
count: a systematic review and meta-regression
analysis. Hum Reprod Update 23 (6), 646—659

Levy, A. M., Brenner, O., Scheinin, A., Morick, D.,
Ratner, E., Goffman, O., Kerem, D., 2009.
Laryngeal snaring by ingested fishing net in a
common bottlenose dolphin (Tursiops truncatus)
off the Israeli shoreline. J Wildl Dis 45 (3),
834—-838

Li, D., Liu, K,, Li, C., Peng, G., Andrady, A. L., Wu,
T., Zhang, Z., Wang, X., Song, Z., Zong, C., Zhang,
F., Wei, N., Bai, M., Zhu, L., Xu, J., Wu, H., Wang,
L., Chang, S., Zhu, W., 2020. Profiling the Verti-
cal Transport of Microplastics in the West Pacific
Ocean and the East Indian Ocean with a Novel in
Situ Filtration Technique. Environ Sci Technol 54
(20), 12979—12988

190

Li, H. X., Ma, L. S., Lin, L., Ni, Z. X., Xu, X. R., Shi,
H. H., Yan, Y., Zheng, G. M., Rittschof, D., 2018a.
Microplastics in oysters Saccostrea cucullata along
the Pearl River Estuary, China. Environ Pollut 236
(2), 619—625

Li, J., Green, C., Reynolds, A., Shi, H., Rotchell, J.
M., 2018b. Microplastics in mussels sampled from
coastal waters and supermarkets in the United
Kingdom. Environ Pollut 241, 35—44.

Li, J., Lusher, A. L., Rotchell, J. M., Deudero, S.,
Turra, A., Brate, I. L. N., Sun, C., Shahadat Hossain,
M., Li, Q., Kolandhasamy, P., Shi, H., 2019a. Using
mussel as a global bioindicator of coastal microplas-
tic pollution. Environ Pollut 244, 522-533

Li, J., Qu, X., Su, L., Zhang, W., Yang, D.,
Kolandhasamy, P., Li, D., Shi, H., 2016a. Micro-
plastics in mussels along the coastal waters of
China. Environ Pollut 214, 177-184

Li, L., Zhao, X., Li, Z., Song, K., 2021. COVID-19:
Performance study of microplastic inhalation risk
posed by wearing masks. J Hazard Mater 411,
124955

Li, W. C., 2018. The occurrence, fate, and effects of
microplastics in the marine environment. In: Zeng,
E.Y. (Ed.), Microplastic contamination in aquatic
environments: An emerging matter of environmen-
tal urgency. Elsevier, Amsterdam, Netherlands,
133-173

Li, W. C,, Tse, H. F., Fok, L., 2016b. Plastic waste
in the marine environment: A review of sources,

occurrence and effects. Sci Total Environ 566—567,
333—349

Li, X., Dong, S., Wang, P., Su, X., Fu, J., 2019b.
Polychlorinated biphenyls are still alarming
persistent organic pollutants in marine-origin
animal feed (fishmeal). Chemosphere 233, 355—362



Liboiron, M., Liboiron, F., Wells, E., Richard, N.,
Zahara, A., Mather, C., Bradshaw, H., Murichi, J.,
2016. Low plastic ingestion rate in Atlantic cod
(Gadus morhua) from Newfoundland destined for
human consumption collected through citizen
science methods. Mar Pollut Bull 113 (1—2),
428-437

Liboiron, M., Melvin, J., Richard, N., Saturno, J.,
Ammendolia, J., Liboiron, F., Charron, L., Mather,
C., 2019. Low incidence of plastic ingestion among
three fish species significant for human consump-
tion on the island of Newfoundland, Canada. Mar
Pollut Bull 141, 244-248

Lima, A. R., Barletta, M., Costa, M. F., Ramos, J. A.,
Dantas, D. V., Melo, P. A., Justino, A. K., Ferreira,
G. V., 2016. Changes in the composition of
ichthyoplankton assemblage and plastic debris in
mangrove creeks relative to moon phases. J Fish
Biol 89 (1), 619—640

Lima, A. R. A,, Barletta, M., Costa, M. F., 2015.
Seasonal distribution and interactions between
plankton and microplastics in a tropical estuary.
Estuar Coast Shelf Sci 165, 213—225

Lima, S. R., da Silva Barbosa, J. M., Padilha, F. G.
F., Saracchini, P. G. V., de Almeida Braga, M., da
Silva Leite, J., Ferreira, A. M. R., 2018. Physical
characteristics of free-living sea turtles that had and
had not ingested debris in Microregion of the Lakes,
Brazil. Mar Pollut Bull 137, 723—-727

Lindeque, P. K., Cole, M., Coppock, R. L., Lewis, C.
N., Miller, R. Z., Watts, A. J., Wilson-McNeal, A.,
Wright, S. L., Galloway, T. S., 2020. Are we under-
estimating microplastic abundance in the marine
environment? A comparison of microplastic capture
with nets of different mesh-size. Environ Pollut 265,
Part A, 114721

Lindstrom, S. C., 2018. An undescribed species of
putative Japanese Pyropia first appeared on the
central coast of British Columbia, Canada, in 2015.
Mar Pollut Bull 132, 70-73

Liss, P. S., 2020. Microplastics: All up in the air?
Mar Pollut Bull 153, 110952

Lithner, D., Larsson, A., Dave, G., 2011. Environ-
mental and health hazard ranking and assessment
of plastic polymers based on chemical composition.
Sci Total Environ 409 (18), 3309—3324

Littnan, C., Harting, A., Baker, J., 2015. Neomona-
chus schauinslandi. The IUCN Red List of Threat-
ened Species 2015: €.T13654A45227978

Liu, K., Wang, X., Fang, T., Xu, P., Zhu, L., Li, D.,
2019. Source and potential risk assessment of
suspended atmospheric microplastics in Shanghai.
Sci Total Environ 675, 462—471

Liu, K., Wang, X., Song, Z., Wei, N., Li, D., 2020a.
Terrestrial plants as a potential temporary sink
of atmospheric microplastics during transport.
Sci Total Environ 742, 140523

Liu, K., Wang, X., Song, Z., Wei, N., Ye, H., Cong,
X., Zhao, L., Li, Y., Qu, L., Zhu, L., Zhang, F., Zong,
C., Jiang, C., Li, D., 2020b. Global inventory of
atmospheric fibrous microplastics input into the
ocean: An implication from the indoor origin. J
Hazard Mater 400, 123223

Lloret, J., Pedrosa-Pamies, R., Vandal, N., Rorty,
R., Ritchie, M., McGuire, C., Chenoweth, K., Valiela,
1., 2021. Salt marsh sediments act as sinks for
microplastics and reveal effects of current and
historical land use changes. 4, 100060

Long, M., Moriceau, B., Gallinari, M., Lambert, C.,
Huvet, A., Raffray, J., Soudant, P., 2015. Interac-
tions between microplastics and phytoplankton
aggregates: impact on their respective fates. Mar
Chem 175, 39—46

Lopez-Jurado, L. F., Varo Cruz, N., Lopez, P., 2003.
Incidental capture of loggerhead turtles (Caretta
caretta) on Boa Vista (Cape Verde Islands).

Mar Turtle Newsl 101, 14-16

Loépez-Lopez, L., Preciado, 1., Gonzalez-Irusta, J.
M., Arroyo, N. L., Muioz, 1., Punzén, A., Serrano,
A., 2018. Incidental ingestion of meso- and macro-
plastic debris by benthic and demersal fish. Food
Webs 14, 1—4

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 191



Loreau, M., Naeem, S., Inchausti, P., 2002. Biodi-
versity and ecosystem functioning: Synthesis and
perspectives. Oxford University Press, Oxford, UK

Lorenz, C., Roscher, L., Meyer, M. S., Hildebrandt,
L., Prume, J., Loder, M. G. J., Primpke, S., Gerdts,
G., 2019. Spatial distribution of microplastics in
sediments and surface waters of the southern North
Sea. Environ Pollut 252 (Pt B), 1719—1729

Lovelock, C. E., Cahoon, D. R,, Friess, D. A,,
Guntenspergen, G. R., Krauss, K. W., Reef, R.,
Rogers, K., Saunders, M. L., Sidik, F., Swales, A.,
Saintilan, N., Thuyen le, X., Triet, T., 2015. The
vulnerability of Indo-Pacific mangrove forests to
sea-level rise. Nature 526 (7574), 559—563

Lucas, Z., 1992. Monitoring persistent litter in the
marine environment on Sable Island, Nova Scotia.
Mar Pollut Bull 24 (4), 192—199

Luisetti, T., Jackson, E. L., Turner, R. K., 2013.
Valuing the European ‘coastal blue carbon’ storage
benefit. Mar Pollut Bull 71 (1—2), 101—106

Lumsden, S. E., Hourigan, T., Bruckner, A., Dorr,
G., 2007. The state of deep coral ecosystems of the
United States. NOAA Tech Memo CRCP-3. National
Oceanic and Atmospheric Administration, Silver
Spring, Maryland, USA

Luo, Y. Y., Not, C., Cannicci, S., 2021. Mangroves as
unique but understudied traps for anthropogenic
marine debris: a review of present information and
the way forward. Environ Pollut 271, 116291

Lusher, A. L., Hernandez-Milian, G., Berrow, S.,
Rogan, E., O’Connor, I., 2018. Incidence of marine
debris in cetaceans stranded and bycaught in
Ireland: Recent findings and a review of historical
knowledge. Environ Pollut 232 (Suppl. C), 467—476

Lutz, P. L., 1990. Studies on the ingestion of plastic
and latex by sea turtles. Proceedings of the Work-
shop on the Fate and Impact of Marine Debris,
Honolulu, 719-735

192

Luypaert, T., Hagan, J. G., McCarthy, M. L., Poti,
M., 2020. Status of marine biodiversity in the
Anthropocene. In: Jungblut, S., Liebich, V.,
Bode-Dalby, M. (Eds.), YOUMARES 9 — The
oceans: Our research, our future. Springer Open,
57—82

Mace, G. M., Collen, B., Fuller, R. A., Boakes, E.

H., 2010. Population and geographic range dynam-
ics: implications for conservation planning. Philos
Trans R Soc Lond B Biol Sci 365 (1558), 3743—3751

Macedo, G. R., Pires, T. T., Rostan, G., Goldberg,
D. W, Leal, D. C., Garcez Neto, A. F., Franke, C. R.,
2011. Anthropogenic debris ingestion by sea turtles
in the northern coast of Bahia, Brazil. Cienc Rural

41 (11), 1938-1941

Macfadyen, G., Huntington, T., Cappell, R., 2009.
Abandoned, lost or otherwise discarded fishing
gear. UNEP, FAO, Rome, Italy

MacLeod, M., Arp, H. P. H., Tekman, M. B., Jahnke,
A., 2021. The global threat from plastic pollution.
Science 373 (6550), 61—-65

MacNeil, M. A., Chapman, D. D., Heupel, M.,
Simpfendorfer, C. A., Heithaus, M., Meekan, M.,
Harvey, E., Goetze, J., Kiszka, J., Bond, M. E.,
2020. Global status and conservation potential of
reef sharks. Nature 583 (7818), 801-806

Madeira, D., Calado, R., 2019. Defining research
priorities to detect live fish illegally collected using
cyanide fishing in Indo-Pacific coral reefs. Ecol
Indicators 103, 659—664

Maes, T., Barry, J., Leslie, H. A., Vethaak, A. D.,
Nicolaus, E. E. M., Law, R. J., Lyons, B. P.,
Martinez, R., Harley, B., Thain, J. E. , 2018. Below
the surface: Twenty-five years of seafloor litter
monitoring in coastal seas of North West Europe
(1992—2017). Sci Total Environ 630, 790-798

Magri, D., Veronesi, M., Sdnchez-Moreno, P.,
Tolardo, V., Bandiera, T., Pompa, P. P., Athanas-
siou, A., Fragouli, D., 2021. PET nanoplastics inter-
actions with water contaminants and their impact
on human cells. Environ Pollut 271, 116262



Mahon, A. M., O’Connell, B., Healy, M. G.,

O’Connor, 1., Officer, R., Nash, R., Morrison, L.,
2017. Microplastics in Sewage Sludge: Effects of
Treatment. Environ Sci Technol 51 (2), 810-818

Malea, P., Kokkinidi, D., Kevrekidou, A., Adamakis,
L. S., 2020. Environmentally relevant bisphenol A
concentrations effects on the seagrass Cymodocea
nodosa different parts elongation: perceptive
assessors of toxicity. Environ Sci Pollut Res Int 277
(7), 72677279

Man, Y. B., Chow, K. L., Wang, H. S., Lau, K. Y.,
Sun, X. L., Wu, S. C., Cheung, K. C., Chung, S. S.,
Wong, M. H., 2011. Health risk assessment of
organochlorine pesticides with emphasis on DDTs
and HCHs in abandoned agricultural soils.

J Environ Monit 13 (8), 2250—2259

Mann, J., Smolker, R. A., Smuts, B. B., 1995. Re-
sponses to Calf Entanglement in Free-Ranging Bot-
tlenose Dolphins. Mar Mamm Sci 11 (1), 100—-106

Mantelatto, M. C., P6voa, A. A., Skinner, L. F., de
Araujo, F. V., Creed, J. C., 2020. Marine litter and
wood debris as habitat and vector for the range
expansion of invasive corals (Tubastraea spp.).
Mar Pollut Bull 160, 111659

Martin, A. R., Clarke, M. R., 2009. The Diet of
Sperm Whales (Physeter macrocephalus) Captured
Between Iceland and Greenland. J Mar Biolog
Assoc UK66 (4), 779—790

Martin, C., Almahasheer, H., Duarte, C. M., 2019a.
Mangrove forests as traps for marine litter. Environ
Pollut 247, 499—-508

Martin, C., Baalkhuyur, F., Valluzzi, L., Saderne,
V., Cusack, M., Almahasheer, H., Krishnakumar,
P., Rabaoui, L., Qurban, M., Arias-Ortiz, A., 2020.
Exponential increase of plastic burial in mangrove
sediments as a major plastic sink. Sci Adv 6 (44),

eaaz5593

Martin, C., Corona, E., Mahadik, G. A., Duarte, C.
M., 2019b. Adhesion to coral surface as a potential
sink for marine microplastics. Environ Pollut 255,
113281

Martins, J., Sobral, P., 2011. Plastic marine debris
on the Portuguese coastline: a matter of size? Mar
Pollut Bull 62 (12), 2649—2653

Mathalon, A., Hill, P., 2014. Microplastic fibers in
the intertidal ecosystem surrounding Halifax
Harbor, Nova Scotia. Mar Pollut Bull 81 (1), 69—79

Matiddi, M., Hochsheid, S., Camedda, A., Baini, M.,
Cocumelli, C., Serena, F., Tomassetti, P., Travaglini,
A., Marra, S., Campani, T., Scholl, F., Mancusi, C.,
Amato, E., Briguglio, P., Maffucci, F., Fossi, M. C.,
Bentivegna, F., de Lucia, G. A., 2017. Loggerhead
sea turtles (Caretta caretta): A target species for
monitoring litter ingested by marine organisms in
the Mediterranean Sea. Environ Pollut 230, 199—
209

Mato, Y., Isobe, T., Takada, H., Kanehiro, H.,
Ohtake, C., Kaminuma, T., 2001. Plastic resin
pellets as a transport medium for toxic chemicals
in the marine environment. Environ Sci Technol 35
(2), 318-324

Mattsson, K., Johnson, E. V., Malmendal, A., Linse,
S., Hansson, L. A., Cedervall, T., 2017. Brain dam-
age and behavioural disorders in fish induced by
plastic nanoparticles delivered through the food
chain. Sci Rep 7 (1), 11452

Mazaris, A. D., Kallimanis, A., Gissi, E., Pipitone, C.,
Danovaro, R., Claudet, J., Rilov, G., Badalamenti,
F., Stelzenmuller, V., Thiault, L., Benedetti-Cecchi,
L., Goriup, P., Katsanevakis, S., Fraschetti, S., 2019.
Threats to marine biodiversity in European protect-
ed areas. Sci Total Environ 677, 418—426

Mazurais, D., Ernande, B., Quazuguel, P., Severe,
A., Huelvan, C., Madec, L., Mouchel, O., Soudant,
P., Robbens, J., Huvet, A., Zambonino-Infante,

J., 2015. Evaluation of the impact of polyethylene
microbeads ingestion in European sea bass (Dicen-
trarchus labrax) larvae. Mar Environ Res 112 (Pt A),
78-85

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 193



Mazzariol, S., Di Guardo, G., Petrella, A., Marsili,
L., Fossi, C. M., Leonzio, C., Zizzo, N., Vizzini, S.,
Gaspari, S., Pavan, G., Podesta, M., Garibaldi, F.,
Ferrante, M., Copat, C., Traversa, D., Marcer, F.,
Airoldi, S., Frantzis, A., Quiros Yde, B., Cozzi, B.,
Fernandez, A., 2011. Sometimes sperm whales
(Physeter macrocephalus) cannot find their way
back to the high seas: a multidisciplinary study
on a mass stranding. PLoS One 6 (5), e19417

McCauley, S. J., Bjorndal, K. A., 1999. Conservation
Implications of Dietary Dilution from Debris Inges-
tion: Sublethal Effects in Post-Hatchling Logger-
head Sea Turtles. Conserv Biol 13 (4), 925—929.

McClenachan, L., Ferretti, F., Baum, J. K., 2012.
From archives to conservation: why historical data
are needed to set baselines for marine animals and
ecosystems. Conserv Lett. 5 (5), 349-359

McComb, B. C., Cushman, S. A., 2020. Synergistic
effects of pervasive stressors on ecosystems and
biodiversity. Front Ecol Evol 8, 398

McDonough, W., Braungart, M., 2008. Cradle to
cradle: Re-making the way we make things. Vintage
Books, London, UK

McGoran, A. R., Cowie, P. R., Clark, P. F., McEvoy,
J. P., Morritt, D., 2018. Ingestion of plastic by fish:
A comparison of Thames Estuary and Firth of Clyde
populations. Mar Pollut Bull 137, 12—23

McGoran, A. R., Maclaine, J. S., Clark, P. F.,
Morritt, D., 2021. Synthetic and Semi-Synthetic
Microplastic Ingestion by Mesopelagic Fishes From
Tristan da Cunha and St Helena, South Atlantic.
Front Mar Sci 8, 78

Mcllgorm, A., Campbell, H. F., Rule, M. J., 2011.
The economic cost and control of marine debris
damage in the Asia-Pacific region. Ocean Coast

Manage 54 (9), 643—651

McKinney, M. L., Lockwood, J. L., 1999. Biotic
homogenization: a few winners replacing many
losers in the next mass extinction. Trends Ecol Evol

14 (11), 450—453

194

McNeill, J. R., Engelke, P., 2016. The great accelera-
tion: An environmental history of the Anthropocene
since 1945. Harvard University Press, Cambridge,
Massachusetts, USA

Meeker, J. D., Sathyanarayana, S., Swan, S. H.,
2009. Phthalates and other additives in plastics:
human exposure and associated health outcomes.
Philos Trans R Soc Lond B Biol Sci 364 (1526),
2097-2113

Meijer, L. J. J., van Emmerik, T., van der Ent, R.,
Schmidt, C., Lebreton, L., 2021. More than 1000
rivers account for 80% of global riverine plastic
emissions into the ocean. Sci Adv 7, eaaz5803

Melzer, D., Osborne, N. J., Henley, W. E., Cipelli,
R., Young, A., Money, C., McCormack, P., Luben,

R., Khaw, K. T., Wareham, N. J., Galloway, T. S.,
2012. Urinary bisphenol A concentration and risk of
future coronary artery disease in apparently healthy
men and women. Circulation 125 (12), 1482-1490

Meng, F., Yang, X., Riksen, M., Xu, M., Geissen, V.,
2021. Response of common bean (Phaseolus vul-
garis L.) growth to soil contaminated with micro-
plastics. Sci Total Environ 755 (Pt 2), 142516

Meyer-Kaiser, K., Bergmann, M., Soltwedel, T.,
Klages, M., 2019. Recruitment of Arctic deep-sea
invertebrates: Results from a long-term hard-
substrate colonization experiment at the Long-Term
Ecological Research observatory HAUSGARTEN.
Limnol Oceanogr 64 (5), 1924—1938

Millennium Ecosystem Assessment, 2005. Eco-
systems and human well-being: A framework for
assessment. Island Press, Washington, D. C., USA

Miller, K., Santillo, D., Johnston, P., 2016. Plastics
in Seafood — full technical review of the occurrence,
fate and effects of microplastics in fish and shellfish.
Greenpeace Research Laboratories Technical
Report



Mincer, T. J., Zettler, E. R., Amaral-Zettler, L. A.,
2016. Biofilms on Plastic Debris and Their Influ-
ence on Marine Nutrient Cycling, Productivity,
and Hazardous Chemical Mobility. In: Takada,
H., Karapanagioti, H. K. (Eds.), Hazardous
Chemicals Associated with Plastics in the Marine
Environment. Springer, 221—233

Mitrano, D. M., Wick, P., Nowack, B., 2021.
Placing nanoplastics in the context of global

plastic pollution. Nat Nanotechnol 16 (5),
491-500

Mizukawa, K., Takada, H., Ito, M., Geok, Y. B.,
Hosoda, J., Yamashita, R., Saha, M., Suzuki, S.,
Miguez, C., Frias, J., Antunes, J. C., Sobral, P.,
Santos, I., Micaelo, C., Ferreira, A. M., 2013.
Monitoring of a wide range of organic micropol-
lutants on the Portuguese coast using plastic resin
pellets. Mar Pollut Bull 70 (1—2), 296—302

Mohamed Nor, N. H., Kooi, M., Diepens, N. J.,
Koelmans, A. A., 2021. Lifetime Accumulation of
Microplastic in Children and Adults. Environ Sci
Technol 55 (8), 5084—5096.

Mollica, N. R., Guo, W., Cohen, A. L., Huang,

K. F., Foster, G. L., Donald, H. K., Solow, A. R.,
2018. Ocean acidification affects coral growth by
reducing skeletal density. Proc Natl Acad Sci USA
115 (8), 1754-1759

Montano, S., Seveso, D., Maggioni, D., Galli, P.,
Corsarini, S., Saliu, F., 2020. Spatial variability
of phthalates contamination in the reef-building
corals Porites lutea, Pocillopora verrucosa and
Pavona varians. Mar Pollut Bull 155, 111117

Montevecchi, W. A., 1991. Incidence and types of
plastic in gannets’ nests in the northwest Atlantic.
Can J Zool 69 (2), 295—297

Moore, C. J., Moore, S. L., Leecaster, M. K., Weis-
berg, S. B., 2001. A comparison of plastic and
plankton in the north Pacific central gyre. Mar
Pollut Bull 42 (12), 1297-1300

Moore, E., Lyday, S., Roletto, J., Litle, K., Parrish,
J. K., Nevins, H., Harvey, J., Mortenson, J., Greig,
D., Piazza, M., Hermance, A., Lee, D., Adams, D.,
Allen, S., Kell, S., 2009. Entanglements of marine
mammals and seabirds in central California and the
north-west coast of the United States 2001-2005.
Mar Pollut Bull 58 (7), 1045—-1051

Morales-Caselles, C., Viejo, J., Marti, E., Gonzéalez-
Fernandez, D., Pragnell-Raasch, H., Gonzélez-
Gordillo, J. I., Montero, E., Arroyo, G. M., Hanke,
G., Salvo, V. S., Basurko, O. C., Mallos, N., Lebre-
ton, L., Echevarria, F., van Emmerik, T., Duarte,

C. M., Galvez, J. A., van Sebille, E., Galgani, F.,
Garcia, C. M., Ross, P. S., Bartual, A., Ioakeimidis,
C., Markalain, G., Isobe, A., Cbzar, A., 2021. An in-
shore—offshore sorting system revealed from global
classification of ocean litter. Nat Sustain 4 (6),

484—493

Mordecai, G., Tyler, P. A., Masson, D. G., Huvenne,
V. A. L, 2011. Litter in submarine canyons off the
west coast of Portugal. Deep-Sea Res Part 11 58

(23-24), 24892496

Moschino, V., Riccato, F., Fiorin, R., Nesto, N.,
Picone, M., Boldrin, A., Da Ros, L., 2019. Is derelict
fishing gear impacting the biodiversity of the North-
ern Adriatic Sea? An answer from unique biogenic
reefs. Sci Total Environ 663, 387-399

Mouchi, V., Chapron, L., Peru, E., Pruski, A. M.,
Meistertzheim, A. L., Vetion, G., Galand, P. E.,
Lartaud, F., 2019. Long-term aquaria study suggests
species-specific responses of two cold-water corals
to macro-and microplastics exposure. Environ
Pollut 253, 322—-329

MP, M., van, E. H., GJA, S., 1998. Paralytic shellfish
poisoning; A review. Verlammende schaaldier
vergiftiging; Eenoverzicht. Rijksinstituut voor
Volksgezondheid en Milieu RIVM.

Mrosovsky, N., 1981. Plastic jellyfish. Mar Turtle
Newsl 17, 5—-7

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 195



Mrosovsky, N., Ryan, G. D., James, M. C., 2009.
Leatherback turtles: the menace of plastic. Mar
Pollut Bull 58 (2), 287—289

Mtwana Nordlund, L., Koch, E. W., Barbier, E. B.,
Creed, J. C., 2016. Seagrass ecosystem services and
their variability across genera and geographical
regions. PLoS One 11 (10), €0163091

Mucientes, G., Queiroz, N., 2019. Presence of plastic
debris and retained fishing hooks in oceanic sharks.
Mar Pollut Bull 143, 6-11

Muffett, C., Feit, S., 2019. Chapter 3: Calculating
the Climate Costs of Plastic. In: Hamilton, L. A.,
Feit, S. (Eds.), Plastic & climate: The hidden cost
of a plastic planet. Center for International Envi-
ronmental Law, Washington, D. C., USA, 15-19

Mulochau, T., Lelabousse, C., Séré, M., 2020. Esti-
mations of densities of marine litter on the fringing
reefs of Mayotte (France—South Western Indian
Ocean) — impacts on coral communities. Mar Pollut
Bull 160, 111643

Muncke, J., Andersson, A. M., Backhaus, T.,
Boucher, J. M., Carney Almroth, B., Castillo
Castillo, A., Chevrier, J., Demeneix, B. A., Emmanuel,
J. A, Fini, J. B., Gee, D., Geueke, B., Groh, K.,
Heindel, J. J., Houlihan, J., Kassotis, C. D., Kwiat-
kowski, C. F., Lefferts, L. Y., Maffini, M. V., Martin,
O.V., Myers, J. P., Nadal, A., Nerin, C., Pelch, K. E.,
Fernandez, S. R., Sargis, R. M., Soto, A. M., Trasande,
L., Vandenberg, L. N., Wagner, M., Wu, C., Zoeller,
R. T., Scheringer, M., 2020. Impacts of food contact
chemicals on human health: a consensus statement.
Environ Health 19 (1), 25

Murray, F., Cowie, P. R., 2011. Plastic contamination
in the decapod crustacean Nephrops norvegicus
(Linnaeus, 1758). Mar Pollut Bull 62 (6), 1207-1217

Mydlarz, L. D., Jones, L. E., Harvell, C. D., 2006.
Innate immunity, environmental drivers, and
disease ecology of marine and freshwater inverte-
brates. Annu. Rev. Ecol. Evol. Syst. 37, 251—288

196

Naeem, S., Bunker, D. E., Hector, A., Loreau, M.,
Perrings, C. (Eds.), 2009. Biodiversity, ecosystem
functioning, and human wellbeing — An ecological
and economic perspective. Oxford University Press,
Oxford, UK

Naidoo, T., Glassom, D., 2019. Decreased growth
and survival in small juvenile fish, after chronic ex-
posure to environmentally relevant concentrations
of microplastic. Mar Pollut Bull 145, 254—259

Naji, A., Nuri, M., Amiri, P., Niyogi, S., 2019. Small
microplastic particles (S-MPPs) in sediments of
mangrove ecosystem on the northern coast of the
Persian Gulf. Mar Pollut Bull 146, 305—-311

Nakashima, E., Isobe, A., Kako, S., Itai, T., Takahashi,
S., 2012. Toxic metals derived from plastic litter on
a beach. Interdisciplinary Studies on Environmen-
tal Chemistry 6, 321—328

Nakashima, T., Matsuoka, T., 2004. Ghost-fishing
ability decreasing over time for lost bottom-gillnet
and estimation of total number of mortality. Bull
Jap Soc Sci Fish 70, 728-737

Nakki, P., Setala, O., Lehtiniemi, M., 2017. Biotur-
bation transports secondary microplastics to deeper
layers in soft marine sediments of the northern
Baltic Sea. Mar Pollut Bull 119 (1), 255-261

Nania, T. G., Shugart, G. W., 2021. Are plastic
particles reduced in size in seabirds’ stomachs? Mar
Pollut Bull 172, 112843

Napper, I. E., Davies, B. F. R, Clifford, H., Elvin, S.,
Koldewey, H. J., Mayewski, P. A., Miner, K. R.,
Potocki, M., Elmore, A. C., Gajurel, A. P.,
Thompson, R. C., 2020. Reaching New Heights

in Plastic Pollution — Preliminary Findings of
Microplastics on Mount Everest. One Earth 3 (5),
621-630

Napper, I. E., Thompson, R. C., 2019. Environmen-
tal Deterioration of Biodegradable, Oxo-biodegrad-
able, Compostable, and Conventional Plastic Carrier
Bags in the Sea, Soil, and Open-Air Over a 3-Year
Period. Environ Sci Technol 53 (9), 4775-4783



Nash, K. L., Cvitanovic, C., Fulton, E. A., Halpern,
B. S., Milner-Gulland, E. J., Watson, R. A.,
Blanchard, J. L., 2017. Planetary boundaries for a
blue planet. Nat Ecol Evol 1 (11), 1625-1634

Neal, R. A., 1985. Mechanisms of the biological
effects of PCBs, polychlorinated dibenzo-p-dioxins
and polychlorinated dibenzofurans in experimental
animals. Environ Health Perspect 60, 41—46

Nelms, S. E., Barnett, J., Brownlow, A., Davison,

N. J., Deaville, R., Galloway, T. S., Lindeque, P.

K., Santillo, D., Godley, B. J., 2019. Microplastics
in marine mammals stranded around the British
coast: ubiquitous but transitory? Sci Rep 9 (1), 1075

Nelms, S. E., Coombes, C., Foster, L. C., Galloway,
T. S., Godley, B. J., Lindeque, P. K., Witt, M. J.,
2017. Marine anthropogenic litter on British beach-
es: A 10-year nationwide assessment using citizen
science data. Sci Total Environ 579, 1399—1409

Nelms, S. E., Duncan, E. M., Broderick, A. C., Gallo-
way, T. S., Godfrey, M. H., Hamann, M., Lindeque,
P. K., Godley, B. J., 2016. Plastic and marine
turtles: a review and call for research. ICES J

Mar Sci 73 (2), 165—181

Nelms, S. E., Galloway, T. S., Godley, B. J., Jarvis,
D. S., Lindeque, P. K., 2018. Investigating micro-
plastic trophic transfer in marine top predators.
Environ Pollut 238, 999—1007

Neumann, S., Harju, M., Herzke, D., Anker-Nilssen,
T., Christensen-Dalsgaard, S., Langset, M., Gabri-
elsen, G. W., 2021. Ingested plastics in northern
fulmars (Fulmarus glacialis): A pathway for poly-
brominated diphenyl ether (PBDE) exposure? Sci
Total Environ 778, 146313

Neves, D., Sobral, P., Ferreira, J. L., Pereira, T.,
2015. Ingestion of microplastics by commercial fish
off the Portuguese coast. Mar Pollut Bull 101 (1),
119-126

Newman, S., Watkins, E., Farmer, A., Brink, P. T.,
Schweitzer, J.-P., 2015. The Economics of Marine
Litter. In: Bergmann, M., Gutow, L., Klages, M.
(Eds.), Marine anthropogenic litter. Springer Open,
367-394

Ng, E. L., Huerta Lwanga, E., Eldridge, S. M.,
Johnston, P., Hu, H. W., Geissen, V., Chen, D.,
2018. An overview of microplastic and nanoplastic
pollution in agroecosystems. Sci Total Environ 627,
1377—1388

Nichols, E. C., Lavers, J. L., Archer-Rand, S., Bond,
A. L., 2021. Assessing plastic size distribution and
quantity on a remote island in the South Pacific.
Mar Pollut Bull 167, 112366

Nicolau, L., Marcalo, A., Ferreira, M., Sa, S.,
Vingada, J., Eira, C., 2016. Ingestion of marine
litter by loggerhead sea turtles, Caretta caretta, in
Portuguese continental waters. Mar Pollut Bull 103
(1-2), 179-185

Nie, H., Wang, J., Xu, K., Huang, Y., Yan, M., 2019.
Microplastic pollution in water and fish samples
around Nanxun Reef in Nansha Islands, South
China Sea. Sci Total Environ 696, 134022

Nielsen, J., Hedeholm, R. B., Simon, M., Steffensen,
J. F., 2014. Distribution and feeding ecology of the
Greenland shark (Somniosus microcephalus) in
Greenland waters. Polar Biol 37 (1), 37—46

Nishizawa, B., Thiebot, J. B., Sato, F., Tomita, N.,
Yoda, K., Yamashita, R., Takada, H., Watanuki, Y.,
2021. Mapping marine debris encountered by
albatrosses tracked over oceanic waters. Sci Rep 11
(1), 10944

Nizzetto, L., Futter, M., Langaas, S., 2016. Are
Agricultural Soils Dumps for Microplastics of Urban
Origin? Environ Sci Technol 50 (20), 10777-10779

NOAA-MDP, 2014. Report on entanglement of
marine species in marine debris with an emphasis
on species in the United States. National Oceanic
and Atmospheric Administration Marine Debris
Program, Silver Spring, Maryland, USA, 1—28

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 197



Nor, N. H., Obbard, J. P., 2014. Microplastics in
Singapore’s coastal mangrove ecosystems.
Mar Pollut Bull 79 (1—2), 278—-283

Nowicki, R. J., Thomson, J. A., Burkholder, D. A.,

Fourqurean, J. W., Heithaus, M. R., 2017. Predict-
ing seagrass recovery times and their implications
following an extreme climate event. Mar Ecol Prog
Ser 567, 79-93

Nunes, J., Sampaio, C. L. S., Barros, F., Leduc,

A., 2018. Plastic debris collars: An underreported
stressor in tropical reef fishes. Mar Pollut Bull 129
(2), 802-805

O’Hanlon, N. J., Bond, A. L., Lavers, J. L., Masden,
E. A., James, N. A., 2019. Monitoring nest incorpo-
ration of anthropogenic debris by northern gannets
across their range. Environ Pollut 255, 113152

O’Hanlon, N. J., James, N. A., Masden, E. A., Bond,
A. L., 2017. Seabirds and marine plastic debris in
the northeastern Atlantic: A synthesis and recom-
mendations for monitoring and research. Environ
Pollut 231 (Pt 2), 1291-1301

Oehlmann, J., Schulte-Oehlmann, U., Kloas, W.,
Jagnytsch, O., Lutz, I., Kusk, K. O., Wollenberger,
L., Santos, E. M., Paull, G. C., Van Look, K. J., Tyler,
C.R,, 20009. A critical analysis of the biological im-
pacts of plasticizers on wildlife. Philos Trans R Soc
Lond B Biol Sci 364 (1526), 2047—2062

Ogata, Y., Takada, H., Mizukawa, K., Hirai, H.,
Iwasa, S., Endo, S., Mato, Y., Saha, M., Okuda, K.,
Nakashima, A., Murakami, M., Zurcher, N., Booya-
tumanondo, R., Zakaria, M. P., Dung le, Q., Gordon,
M., Miguez, C., Suzuki, S., Moore, C., Karapana-
gioti, H. K., Weerts, S., McClurg, T., Burres, E.,
Smith, W., Van Velkenburg, M., Lang, J. S., Lang,
R. C., Laursen, D., Danner, B., Stewardson, N.,
Thompson, R. C., 2009. International Pellet Watch:
global monitoring of persistent organic pollutants
(POPs) in coastal waters. 1. Initial phase data on
PCBs, DDTs, and HCHs. Mar Pollut Bull 58 (10),

1437-1446

198

Ogonowski, M., Wenman, V., Danielsson, S.,
Gorokhova, E., 2017. Ingested microplastic is not
correlated to HOC concentrations in Baltic Sea
herring. 15th International Conference on Environ-
mental Science and Technology, Rhodes, Greece,

1-5

Okubo, N., Takahashi, S., Nakano, Y., 2018. Micro-
plastics disturb the anthozoan-algae symbiotic
relationship. Mar Pollut Bull 135, 83—89

Okubo, N., Tamura-Nakano, M., Watanabe, T.,
2020. Experimental observation of microplastics
invading the endoderm of anthozoan polyps.
Mar Environ Res 162, 105125

Okuku, E. O., Kiteresi, L. I., Owato, G., Mwalugha,
C., Omire, J., Mbuche, M., Chepkemboi, P., Ndwiga,
J., Nelson, A., Kenneth, O., 2020. Baseline meso-
litter pollution in selected coastal beaches of Kenya:
Where do we concentrate our intervention efforts?
Mar Pollut Bull 158, 111420

Oliveira, F., Monteiro, P., Bentes, L., Henriques, N.
S., Aguilar, R., Goncalves, J. M. S., 2015. Marine
litter in the upper Sao Vicente submarine canyon
(SW Portugal): Abundance, distribution, compo-
sition and fauna interactions. Mar Pollut Bull 97
(1-2), 401407

Olsen, J., Nogueira, L. A., Normann, A. K.,
Vangelsten, B. V., Bay-Larsen, 1., 2020. Marine
litter: Institutionalization of attitudes and practic-
es among fishers in Northern Norway. Mar Policy,
104211

Omidi, A., Naeemipoor, H., Hosseini, M., 2012.
Plastic debris in the digestive tract of sheep and
goats: an increasing environmental contamination
in Birjand, Iran. Bull Environ Contam Toxicol 88
(5), 691-694

Ondiviela, B., Losada, I. J., Lara, J. L., Maza, M.,
Galvan, C., Bouma, T. J., van Belzen, J., 2014. The
role of seagrasses in coastal protection in a chang-
ing climate. Coast Eng 87, 158—-168



Onink, V., Jongedijk, C., Hoffman, M., van Sebille,
E., Laufkotter, C., 2021. Global simulations of
marine plastic transport show plastic trapping in
coastal zones. Environ Res Lett 16, 064053

Oros, J., Torrent, A., Calabuig, P., Déniz, S., 2005.
Diseases and causes of mortality among sea turtles
stranded in the Canary Islands, Spain (1998—2001).
Dis Aquat Org 63 (1), 13—24

Orr, I. G, Hadar, Y., Sivan, A., 2004. Colonization,
biofilm formation and biodegradation of polyethyl-
ene by a strain of Rhodococcus ruber. Appl Micro-

biol Biotechnol 65 (1), 97—104

Orr, J. A., Vinebrooke, R. D., Jackson, M. C.,
Kroeker, K. J., Kordas, R. L., Mantyka-Pringle,

C., Van den Brink, P. J., De Laender, F., Stoks, R.,
Holmstrup, M., Matthaei, C. D., Monk, W. A., Penk,
M. R,, Leuzinger, S., Schafer, R. B., Piggott, J. J.,
2020. Towards a unified study of multiple stressors:
divisions and common goals across research
disciplines. Proc Biol Sci 287 (1926), 20200421

Orth, R. J., Carruthers, T. J., Dennison, W. C.,
Duarte, C. M., Fourqurean, J. W., Heck, K. L.,
Hughes, A. R., Kendrick, G. A., Kenworthy, W. J.,
Olyarnik, S., 2006. A global crisis for seagrass
ecosystems. BioScience 56 (12), 987-996

Ostle, C., Thompson, R. C., Broughton, D., Gregory,
L., Wootton, M., Johns, D. G., 2019. The rise in
ocean plastics evidenced from a 60-year time series.
Nat Commun 10 (1), 1622

Owen-Smith, R. N., 1988. Megaherbivores:
The influence of very large body size on ecology.
Cambridge University Press, Cambridge, UK

Owen, H., Flint, J., Flint, M., 2017. Impacts of
marine debris and fisheries on sirenians. In: Butter-
worth, A. (Ed.), Marine mammal welfare: Human
induced change in the marine environment and

its impacts on marine mammal welfare. Springer,
Cham, Switzerland, 315—-331

Ozdilek, H. G., Yalcin-Ozdilek, S., Ozaner, F. S.,
Sonmez, B., 2006. Impact of accumulated beach
litter on Chelonia mydas L. 1758 (green turtle)
hatchlings of the Samandag Coast, Hatay, Turkey.
Fresenius Environ Bull 15, 95—-103

Pabortsava, K., Lampitt, R. S., 2020. High concen-
trations of plastic hidden beneath the surface of the
Atlantic Ocean. Nat Commun 11 (1), 4073

Pacoureau, N., Rigby, C. L., Kyne, P. M., Sherley,
R. B., Winker, H., Carlson, J. K., Fordham, S. V.,
Barreto, R., Fernando, D., Francis, M. P., Jabado,
R. W., Herman, K. B., Liu, K. M., Marshall, A. D.,
Pollom, R. A., Romanov, E. V., Simpfendorfer, C.
A.,Yin, J. S., Kindsvater, H. K., Dulvy, N. K., 2021.
Half a century of global decline in oceanic sharks
and rays. Nature 589 (7843), 567—571

Pahl, S., Richter, I., Wyles, K., 2020. Human
Perceptions and Behaviour Determine Aquatic
Plastic Pollution. Plastics in the Aquatic Environ-
ment — Part II. Springer, Berlin, Heidelberg,
Germany, 13—-38

Pal, S., Bhattacharyya, J., 2017. Catastrophic
transitions in coral reef biome under invasion and
overfishing. Math. Biol. Biol. Phys. 2017, 118—140

Paleczny, M., Hammill, E., Karpouzi, V., Pauly, D.,
2015. Population Trend of the World’s Monitored
Seabirds, 1950—2010. PLoS One 10 (6), €0129342

Parga Martinez, K. B., Tekman, M. B., Bergmann,
M., 2020. Temporal trends in marine litter at three
stations of the HAUSGARTEN observatory in the
Arctic deep sea. Front Mar Sci 7, 321

Parker, D. M., Cooke, W. J., Balazs, G. H., 2005.
Diet of oceanic loggerhead sea turtles (Caretta
caretta) in the central North Pacific. Fish Bull 10 (1),
142-152

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 199



Parolini, M., Antonioli, D., Borgogno, F., Gibellino,
M. C,, Fresta, J., Albonico, C., De Felice, B., Canuto,
S., Concedi, D., Romani, A., Rosio, E., Gianotti, V.,
Laus, M., Ambrosini, R., Cavallo, R., 2021. Micro-
plastic Contamination in Snow from Western
Italian Alps. Int J Environ Res Public Health 18 (2),
768

Parton, K. J., Galloway, T. S., Godley, B. J., 2019.
Global review of shark and ray entanglement in
anthropogenic marine debris. Endanger Species Res
39,173-190

Parton, K. J., Godley, B. J., Santillo, D., Tausif, M.,
Omeyer, L. C. M., Galloway, T. S., 2020. Investigat-
ing the presence of microplastics in demersal sharks
of the North-East Atlantic. Sci Rep 10 (1), 12204.

Patterson Edward, J. K., Mathews, G., Raj, K. D.,
Laju, R. L., Bharath, M. S., Kumar, P. D., Arasam-
uthu, A., Grimsditch, G., 2020. Marine debris - An
emerging threat to the reef areas of Gulf of Mannar,
India. Mar Pollut Bull 151, 110793

Patterson, J., Jeyasanta, K. 1., Sathish, N., Booth,
A. M., Edward, J. K. P., 2019. Profiling microplas-
tics in the Indian edible oyster, Magallana bilineata
collected from the Tuticorin coast, Gulf of Mannar,
Southeastern India. Sci Total Environ 691, 727-735

Paul-Pont, 1., Lacroix, C., Gonzalez Fernandez, C.,
Hegaret, H., Lambert, C., Le Goic, N., Frere, L.,
Cassone, A. L., Sussarellu, R., Fabioux, C., Guyo-
march, J., Albentosa, M., Huvet, A., Soudant, P.,
2016. Exposure of marine mussels Mytilus spp. to
polystyrene microplastics: Toxicity and influence on
fluoranthene bioaccumulation. Environ Pollut 216,

724-737

Paulus, E., 2021. Shedding light on deep-sea bio-
diversity—a highly vulnerable habitat in the face
of anthropogenic change. Front Mar Sci 8, 667048

Pauly, J. L., Stegmeier, S. J., Allaart, H. A., Cheney,
R. T., Zhang, P. J., Mayer, A. G., Streck, R. J., 1998.
Inhaled cellulosic and plastic fibers found in human
lung tissue. Cancer Epidemiol. Biomarkers Prev 77

(5), 419428

200

Pedrotti, M. L., Petit, S., Elineau, A., Bruzaud, S.,
Crebassa, J. C., Dumontet, B., Marti, E., Gorsky, G.,
Cozar, A., 2016. Changes in the Floating Plastic
Pollution of the Mediterranean Sea in Relation to
the Distance to Land. PLoS One 11 (8), €0161581

Peeken, I., Primpke, S., Beyer, B., Giitermann, J.,
Katlein, C., Krumpen, T., Bergmann, M., Hehe-
mann, L., Gerdts, G., 2018. Arctic sea ice is an
important temporal sink and means of transport
for microplastic. Nat Commun 9 (1), 1-12

Peng, L., Fu, D., Qi, H., Lan, C. Q., Yu, H., Ge, C.,
2020. Micro- and nano-plastics in marine environ-
ment: Source, distribution and threats — A review.
Sci Total Environ 698, 134254

Peng, X., Chen, M., Chen, S., Dasgupta, S., Xu,
H., Ta, K., Du, M., Li, J., Guo, Z., Bai, S., 2018.
Microplastics contaminate the deepest part of the
world’s ocean. Geochem Perspect Lett 9 (1), 1-5

Peng, X., Dasgupta, S., Zhong, G., Du, M., Xu, H.,
Chen, M., Chen, S., Ta, K., Li, J., 2019. Large debris
dumps in the northern South China Sea. Mar Pollut
Bull 142 (1), 164-168

Pennino, M. G., Bachiller, E., Lloret-Lloret, E.,
Albo-Puigserver, M., Esteban, A., Jadaud, A.,
Bellido, J. M., Coll, M., 2020. Ingestion of micro-
plastics and occurrence of parasite association in
Mediterranean anchovy and sardine. Mar Pollut
Bull 158, 111399

Pereira, H. M., Leadley, P. W., Proenca, V.,
Alkemade, R., Scharlemann, J. P., Fernandez-
Manjarres, J. F., Araujo, M. B., Balvanera, P., Biggs,
R., Cheung, W. W., Chini, L., Cooper, H. D., Gilman,
E. L., Guenette, S., Hurtt, G. C., Huntington, H. P.,
Mace, G. M., Oberdorff, T., Revenga, C., Rodrigues,
P., Scholes, R. J., Sumaila, U. R., Walpole, M., 2010.
Scenarios for global biodiversity in the 21st century.
Science 330 (6010), 1496—1501

Pereira, J. M., Rodriguez, Y., Blasco-Monleon, S.,
Porter, A., Lewis, C., Pham, C. K., 2020. Micro-
plastic in the stomachs of open-ocean and deep-sea
fishes of the North-East Atlantic. Environ Pollut
265 (Pt A), 115060



Persson, L. M., Breitholtz, M., Cousins, I. T., de Wit,
C. A., MacLeod, M., McLachlan, M. S., 2013. Con-
fronting unknown planetary boundary threats from
chemical pollution. Environ Sci Technol 47 (22),
12619—-12622

Pettit, T. N., Grant, G. S., Whittow, G. C., 1981.
Ingestion of plastics by Laysan albatross. Auk 98
(4), 839-841

PEW and SYSTEMIQ, 2020. Breaking the plastic
wave. Pew Charitable Trusts, 1—154.

Pfaller, J. B., Goforth, K. M., Gil, M. A., Savoca, M.
S., Lohmann, K. J., 2020. Odors from marine
plastic debris elicit foraging behavior in sea turtles.
Curr Biol 30 (5), R213—R214

Pham, C. K., Ramirez-Llodra, E., Alt, C. H., Amaro,
T., Bergmann, M., Canals, M., Company, J. B.,
Davies, J., Duineveld, G., Galgani, F., Howell, K. L.,
Huvenne, V. A., Isidro, E., Jones, D. O., Lastras, G.,
Morato, T., Gomes-Pereira, J. N., Purser, A.,
Stewart, H., Tojeira, 1., Tubau, X., Van Rooij, D.,
Tyler, P. A., 2014. Marine litter distribution and
density in European seas, from the shelves to deep
basins. PLoS One 9 (4), €95839

Pham, C. K., Rodriguez, Y., Dauphin, A., Carrico, R.,
Frias, J., Vandeperre, F., Otero, V., Santos, M. R,
Martins, H. R., Bolten, A. B., Bjorndal, K. A., 2017.
Plastic ingestion in oceanic-stage loggerhead sea
turtles (Caretta caretta) off the North Atlantic sub-
tropical gyre. Mar Pollut Bull 121 (1-2), 222—229

Philipp, C., Unger, B., Fischer, E. K., Schnitzler,
J. G., Siebert, U., 2020. Handle with care—micro-
plastic particles in intestine samples of seals from
German waters. Sustainability 12, 10424

Phuong, N. N., Poirier, L., Pham, Q. T., Lagarde,
F., Zalouk-Vergnoux, A., 2018. Factors influencing
the microplastic contamination of bivalves from
the French Atlantic coast: Location, season and/or
mode of life? Mar Pollut Bull 129 (2), 664—674

Phuong, N. N., Zalouk-Vergnoux, A., Poirier, L.,
Kamari, A., Chatel, A., Mouneyrac, C., Lagarde, F.,
2016. Is there any consistency between the micro-
plastics found in the field and those used in labora-
tory experiments? Environ Pollut 211, 111—123

Piccardo, M., Provenza, F., Grazioli, E., Anselmi, S.,
Terlizzi, A., Renzi, M., 2021. Impacts of plastic-
made packaging on marine key species: effects
following water acidification and ecological implica-
tions. J. Mar. Sci. Eng. 9 (4), 432

Pierce, K. E., Harris, R. J., Larned, L. S., Pokras,
M. A., 2004. Obstruction and starvation associated
with plastic ingestion in a Northern Gannet Morus
bassanus and a Greater Shearwater Puffinus gravis.
Mar Ornithol 32 (2), 187-189

Pierdomenico, M., Casalbore, D., Chiocci, F. L.,
2019. Massive benthic litter funnelled to deep sea
by flash-flood generated hyperpycnal flows. Sci Rep
9 (1), 5330

Plaisance, L., Caley, M. J., Brainard, R. E.,
Knowlton, N., 2011. The diversity of coral reefs:
what are we missing? PLoS One 6 (10), e25026

PlasticsEurope, 2016. World plastics production
1950—2015. PlasticsEurope, Wemmel, Belgium.

PlasticsEurope, 2020. Plastics—the Facts is an
analysis of the data related to the production,
demand and waste management of plastic materials

Plot, V., Georges, J.-Y., 2010. Plastic Debris in a
Nesting Leatherback Turtle in French Guiana.
Chelonian Conserv Biol 9 (2), 267—270

Plotkin, P., Amos, A. F., 1990. Effects of anthro-
pogenic debris on sea turtles in the northwestern
Gulf of Mexico. In: Shomura, R. S., Godfrey, M. L.
(Eds.), Proceedings of the Second International
Conference on Marine Debris. National Oceanic and
Atmospheric Administration, U.S. Department of
Commerce, Honolulu, Hawaii, USA, 736—743

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 201



Poeta, G., Romiti, F., Battisti, C., 2015. Discarded
bottles in sandy coastal dunes as threat for macro-
invertebrate populations: First evidence of a trap
effect. Vie Milieu 65, 125—-127

Pogojeva, M., Zhdanov, 1., Berezina, A., Lapenkov, A.,
Kosmach, D., Osadchiev, A., Hanke, G., Semiletov, 1.,
Yakushev, E., 2021. Distribution of floating marine
macro-litter in relation to oceanographic character-
istics in the Russian Arctic Seas. Mar Pollut Bull 166,
112201

Poli, C., Mesquita, D. O., Saska, C., Mascarenhas, R.,
2015. Plastic ingestion by sea turtles in Paraiba State,
Northeast Brazil. Theringia Sér Zool 105 (3), 265—270

Poon, F. E., Provencher, J. F., Mallory, M. L., Braune,
B. M., Smith, P. A., 2017. Levels of ingested debris
vary across species in Canadian Arctic seabirds. Mar
Pollut Bull 116 (1—2), 517—-520

Poppi, L., Zaccaroni, A., Pasotto, D., Dotto, G.,
Marcer, F., Scaravelli, D., Mazzariol, S., 2012. Post-

mortem investigations on a leatherback turtle Dermo-

chelys coriacea stranded along the Northern Adriatic
coastline. Dis Aquat Organ 100 (1), 71-76

Porter, A., Lyons, B. P., Galloway, T. S., Lewis, C.,
2018. Role of Marine Snows in Microplastic Fate and
Bioavailability. Environ Sci Technol 52 (12),
71117119

Possatto, F. E., Barletta, M., Costa, M. F., do Sul, J.
A., Dantas, D. V., 2011. Plastic debris ingestion by
marine catfish: an unexpected fisheries impact.
Mar Pollut Bull 62 (5), 1098-1102

Poulain, M., Mercier, M. J., Brach, L., Martignac, M.,
Routaboul, C., Perez, E., Desjean, M. C., Ter Halle, A.,
2019. Small Microplastics As a Main Contributor to
Plastic Mass Balance in the North Atlantic Subtropi-
cal Gyre. Environ Sci Technol 53 (3), 1157-1164

Prata, J. C., da Costa, J. P., Lopes, L., Duarte, A. C.,
Rocha-Santos, T., 2020. Environmental exposure to
microplastics: An overview on possible human health
effects. Sci Total Environ 702, 134455

202

Prata, J. C., Silva, A. L. P., da Costa, J. P.,
Mouneyrac, C., Walker, T. R., Duarte, A. C., Rocha-
Santos, T., 2019. Solutions and Integrated Strate-
gies for the Control and Mitigation of Plastic and
Microplastic Pollution. Int J Environ Res Public
Health 16 (13), 2411

Pratchett, M. S., Hoey, A. S., Wilson, S. K., Messmer,
V., Graham, N. A., 2011. Changes in biodiversity
and functioning of reef fish assemblages follow-

ing coral bleaching and coral loss. Diversity 3 (3),

424-452

Prendergast-Miller, M. T., Katsiamides, A., Abbass,
M., Sturzenbaum, S. R., Thorpe, K. L., Hodson, M.
E., 2019. Polyester-derived microfibre impacts on
the soil-dwelling earthworm Lumbricus terrestris.
Environ Pollut 251, 453—459

Proki¢, M. D., Radovanovié, T. B., Gavri¢, J. P.,
Faggio, C., 2019. Ecotoxicological effects of micro-
plastics: Examination of biomarkers, current state
and future perspectives. Trends Analyt Chem 111,

37-46

Provencher, J. F., Bond, A. L., Avery-Gomm, S.,
Borrelle, S. B., Rebolledo, E. L. B., Hammer, S.,
Kiihn, S., Lavers, J. L., Mallory, M. L., Trevail, A.,
2017. Quantifying ingested debris in marine mega-
fauna: a review and recommendations for standard-
ization. Anal Meth 9 (9), 1454—1469

Provencher, J. F., Liboiron, M., Borrelle, S. B.,
Bond, A. L., Rochman, C., Lavers, J. L., Avery-
Gomm, S., Yamashita, R., Ryan, P. G., Lusher, A. L.,
Hammer, S., Bradshaw, H., Khan, J., Mallory, M.
L., 2020. A Horizon Scan of research priorities to
inform policies aimed at reducing the harm of plas-
tic pollution to biota. Sci Total Environ 733, 139381

Puig-Lozano, R., Bernaldo de Quiros, Y., Diaz-
Delgado, J., Garcia-Alvarez, N., Sierra, E., De la
Fuente, J., Sacchini, S., Suarez-Santana, C. M.,
Zucca, D., Camara, N., Saavedra, P., Almunia, J.,
Rivero, M. A., Fernandez, A., Arbelo, M., 2018.
Retrospective study of foreign body-associated
pathology in stranded cetaceans, Canary Islands
(2000—2015). Environ Pollut 243 (Pt A), 519-527



Qu, X,, Su, L., Li, H., Liang, M., Shi, H., 2018. As-
sessing the relationship between the abundance and
properties of microplastics in water and in mussels.
Sci Total Environ 621, 679—686

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P.,
Notarstefano, V., Carnevali, O., Papa, F., Rongio-
letti, M. C. A., Baiocco, F., Draghi, S., D’Amore, E.,
Rinaldo, D., Matta, M., Giorgini, E., 2021. Plasti-
centa: First evidence of microplastics in human
placenta. Environ Int 146, 106274

Rahman, A., Sarkar, A., Yadav, O. P., Achari, G.,
Slobodnik, J., 2020. Potential human health risks
due to environmental exposure to microplastics
and knowledge gaps: a scoping review. Sci Total
Environ, 143872

Ramanayaka, S., Hettithanthri, O., Sandanayake, S.,
Vithanage, M., 2020. Ecological effects of chemical
contaminants adsorbed to microplastics. In:
Rocha-Santos, T., Costa, M., Mouneyrac, C. (Eds.),
Handbook of microplastics in the environment.
Springer, Cham, Switzerland, 1—31

Rambonnet, L., Vink, S. C., Land-Zandstra, A. M.,
Bosker, T., 2019. Making citizen science count: Best
practices and challenges of citizen science projects
on plastics in aquatic environments. Mar Pollut Bull

145, 271-277

Ramirez-Llodra, E., De Mol, B., Company, J. B.,
Coll, M., Sarda, F., 2013. Effects of natural and
anthropogenic processes in the distribution of
marine litter in the deep Mediterranean Sea. Prog
Oceanogr 118, 273—287

Ramirez-Llodra, E., Tyler, P. A., Baker, M. C.,
Bergstad, O. A., Clark, M. R., Escobar, E., Levin, L.
A., Menot, L., Rowden, A. A., Smith, C. R., Van
Dover, C. L., 2011. Man and the last great wilder-
ness: human impact on the deep sea. PLoS One 6
(8), e22588

Ramirez, F., Coll, M., Navarro, J., Bustamante, J.,
Green, A. J., 2018. Spatial congruence between
multiple stressors in the Mediterranean Sea may
reduce its resilience to climate impacts. Sci Rep 8
(1), 14871

Ramsperger, A. F. R. M., Narayana, V. K. B., Gross,
W., Mohanraj, J., Thelakkat, M., Greiner, A.,
Schmalz, H., Kress, H., Laforsch, C., 2020. Envi-
ronmental exposure enhances the internalization
of microplastic particles into cells. Sci Adv 6 (50),
eabd1211

Rapp, D. C., Youngren, S. M., Hartzell, P., David
Hyrenbach, K., 2017. Community-wide patterns
of plastic ingestion in seabirds breeding at French
Frigate Shoals, Northwestern Hawaiian Islands.
Mar Pollut Bull 123 (1—2), 269—278

Rayon-Vina, F., Miralles, L., Gomez-Agenjo, M.,
Dopico, E., Garcia-Vazquez, E., 2018. Marine litter
in south Bay of Biscay: Local differences in beach
littering are associated with citizen perception and
awareness. Mar Pollut Bull 131 (Pt A), 727-735

Reaka-Kudla, M., 1997. The global diversity of coral
reefs: a comparison with rain forests. In: Reaka-
Kudla, M., Wilson, D., Wilson, E. (Eds.), Biodiver-
sity II. Understanding and protecting our biological
resources. Joseph Henry Press, Washington, D. C.,
USA, 83—-108

Recabarren-Villalon, T., Ronda, A. C., Arias, A. H.,
2019. Polycyclic aromatic hydrocarbons levels and
potential biomarkers in a native South American
marine fish. Reg Stud Mar Sci 29, 100695.

Rech, S., Thiel, M., Borrell Pichs, Y. J., Garcia-
Vazquez, E., 2018. Travelling light: Fouling biota
on macroplastics arriving on beaches of remote
Rapa Nui (Easter Island) in the South Pacific Sub-
tropical Gyre. Mar Pollut Bull 137, 119—128

Reichert, J., Arnold, A. L., Hoogenboom, M. O.,
Schubert, P., Wilke, T., 2019. Impacts of micro-
plastics on growth and health of hermatypic corals
are species-specific. Environ Pollut 254 (Pt B),

113074

Reichert, J., Schellenberg, J., Schubert, P., Wilke,
T., 2018. Responses of reef building corals to micro-
plastic exposure. Environ Pollut 237, 955—-960

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 203



Reinert, T. R., Spellman, A. C., Bassett, B. L., 2017.
Entanglement in and ingestion of fishing gear and
other marine debris by Florida manatees, 1993 to
2012. Endanger Species Res 32, 415—427

Reisser, J. W., 2015. Buoyant plastics at sea:
Concentrations and impacts, University of Western
Australia, Perth, Australia

Remy, F. o., Collard, F., Gilbert, B., Compére, P.,
Eppe, G., Lepoint, G., 2015. When microplastic is
not plastic: the ingestion of artificial cellulose fibers
by macrofauna living in seagrass macrophytodetritus.
Environ Sci Technol 49 (18), 11158-11166

Renner, G., Schmidt, T. C., Schram, J., 2018. Ana-
lytical methodologies for monitoring micro (nano)
plastics: Which are fit for purpose? Curr Opin Env
Sci Health 1, 55—-61

Renzi, M., Specchiulli, A., Blaskovic, A., Manzo, C.,
Mancinelli, G., Cilenti, L., 2019. Marine litter in
stomach content of small pelagic fishes from the
Adriatic Sea: sardines (Sardina pilchardus) and
anchovies (Engraulis encrasicolus). Environ Sci
Pollut Res Int 26 (3), 2771—2781

Revel, M., Chatel, A., Mouneyrac, C., 2018. Micro
(nano) plastics: A threat to human health? Curr
Opin Env Sci Health 1 (4), 17—23

Revell, L. E., Kuma, P., Le Ru, E. C., Somerville, W.
R. C,, Gaw, S., 2021. Direct radiative effects of air-
borne microplastics. Nature 598 (7881), 462—467

Riascos, J. M., Valencia, N., Pena, E. J., Cantera,
J. R., 2019. Inhabiting the technosphere: The en-
croachment of anthropogenic marine litter in Neo-
tropical mangrove forests and its use as habitat by
macrobenthic biota. Mar Pollut Bull 142, 559568

Ribic, C. A., Sheavly, S. B., Rugg, D. J., Erdmann, E.
S., 2010. Trends and drivers of marine debris on the
Atlantic coast of the United States 1997—2007. Mar

Pollut Bull 60 (8), 1231—-1242

204

Richards, Z. T., Beger, M., 2011. A quantification
of the standing stock of macro-debris in Majuro

lagoon and its effect on hard coral communities.
Mar Pollut Bull 62 (8), 1693—-1701

Richardson, K., Asmutis-Silvia, R., Drinkwin, J.,
Gilardi, K. V., Giskes, I., Jones, G., O’Brien, K.,
Pragnell-Raasch, H., Ludwig, L., Antonelis, K.,
2019. Building evidence around ghost gear: Global
trends and analysis for sustainable solutions at
scale. Mar Pollut Bull 138, 222—229

Rillig, M. C., Ziersch, L., Hempel, S., 2017. Micro-
plastic transport in soil by earthworms. Sci Rep 7
(1), 1362

Rios-Fuster, B., Alomar, C., Compa, M., Guijarro, B.,
Deudero, S., 2019. Anthropogenic particles inges-
tion in fish species from two areas of the western
Mediterranean Sea. Mar Pollut Bull 144, 325-333

Rios, L. M., Moore, C., Jones, P. R., 2007. Persistent
organic pollutants carried by synthetic polymers

in the ocean environment. Mar Pollut Bull 54 (8),
1230-1237

Ripple, W. J., Wolf, C., Newsome, T. M., Barnard,
P., Moomaw, W. R., 2019. World Scientists’ Warn-
ing of a Climate Emergency. BioScience 70 (1), 8—12

Rist, S., Carney Almroth, B., Hartmann, N. B.,
Karlsson, T. M., 2018. A critical perspective on early
communications concerning human health aspects
of microplastics. Sci Total Environ 626, 720—726

Rizzi, M., Rodrigues, F. L., Medeiros, L., Ortega, 1.,
Rodrigues, L., Monteiro, D. S., Kessler, F., Proietti,
M. C., 2019. Ingestion of plastic marine litter by sea
turtles in southern Brazil: abundance, characteristics
and potential selectivity. Mar Pollut Bull 140,

536—548

Robards, M. D., Gould, P. J., Piatt, J. F., 1997. The
highest global concentrations and increased abun-
dance of oceanic plastic debris in the North Pacific:
evidence from seabirds. In: Coe, J. M., Rogers, D. B.
(Eds.), Marine debris: Sources, impacts, and solu-
tions. Springer-Verlag, New York, USA, 71-80



Roberts, J. M., Cairns, S. D., 2014. Cold-water
corals in a changing ocean. Curr Opin Environ
Sustain 7, 118-126

Roberts, S. M., 2003. Examination of the stomach
contents from a Mediterranean sperm whale found
south of Crete, Greece. J Mar Biolog Assoc UK 83
(3), 667670

Robertson, C. J. R., Bell, E., Scofield, P., 2004.
Autopsy report for seabirds killed and returned
from New Zealand fisheries, 1 October 2001 to 30
September 2002. DOC Science Internal Series 155,
1-30

Rocha, R., Rodrigues, A., Campos, D., Cicero, L.,
Costa, A., Silva, D., Oliveira, M., Soares, A., Silva, A.
P., 2020. Do microplastics affect the zoanthid
Zoanthus sociatus? Sci Total Environ 713, 136659

Rochester, J. R., Bolden, A. L., 2015. Bisphenol S
and F: A Systematic Review and Comparison of the
Hormonal Activity of Bisphenol A Substitutes.
Environ Health Perspect 123 (7), 643—650

Rochman, C. M., 2013. Plastics and priority pollut-
ants: a multiple stressor in aquatic habitats.
Environ Sci Technol 47 (6), 2439—2440

Rochman, C. M., 2015. The complex mixture, fate
and toxicity of chemicals associated with plastic
debris in the marine environment. In: Bergmann,
M., Gutow, L., Klages, M. (Eds.), Marine anthro-
pogenic litter. Springer Open, 117-140

Rochman, C. M., Brookson, C., Bikker, J., Djuric,
N, Earn, A., Bucci, K., Athey, S., Huntington, A.,
Mcllwraith, H., Munno, K., De Frond, H., Kolomijeca,
A., Erdle, L., Grbic, J., Bayoumi, M., Borrelle, S.

B., Wu, T., Santoro, S., Werbowski, L. M., Zhu, X.,
Giles, R. K., Hamilton, B. M., Thaysen, C., Kaura,
A., Klasios, N., Ead, L., Kim, J., Sherlock, C., Ho, A.,
Hung, C., 2019. Rethinking microplastics as a
diverse contaminant suite. Environ Toxicol Chem

38 (4), 703-711

Rochman, C. M., Browne, M. A., Underwood, A. J.,
Van Franeker, J. A., Thompson, R. C., Amaral-
Zettler, L. A., 2016. The ecological impacts of marine
debris: unraveling the demonstrated evidence from
what is perceived. Ecology 97 (2), 302—312

Rochman, C. M., Hentschel, B. T., Teh, S. J., 2014a.
Long-term sorption of metals is similar among
plastic types: implications for plastic debris in
aquatic environments. PLoS One 9 (1), e85433

Rochman, C. M., Hoh, E., Kurobe, T., Teh, S. J.,
2013a. Ingested plastic transfers hazardous
chemicals to fish and induces hepatic stress. Sci Rep

3, 3263

Rochman, C. M., Lewison, R. L., Eriksen, M., Allen,
H., Cook, A. M., Teh, S. J., 2014b. Polybrominated
diphenyl ethers (PBDEs) in fish tissue may be an
indicator of plastic contamination in marine habi-
tats. Sci Total Environ 476—477, 622—-633

Rochman, C. M., Manzano, C., Hentschel, B. T.,
Simonich, S. L., Hoh, E., 2013b. Polystyrene plastic:
a source and sink for polycyclic aromatic hydro-
carbons in the marine environment. Environ Sci
Technol 47 (24), 13976—13984

Rochman, C. M., Tahir, A., Williams, S. L., Baxa, D.
V., Lam, R., Miller, J. T., Teh, F. C., Werorilangi, S.,
Teh, S. J., 2015. Anthropogenic debris in seafood:
Plastic debris and fibers from textiles in fish and
bivalves sold for human consumption. Sci Rep 5 (1),

14340

Rodrigues, A., Oliver, D. M., McCarron, A., Quilliam,
R. S., 2019. Colonisation of plastic pellets (nurdles)
by E. coli at public bathing beaches. Mar Pollut Bull
139, 376—380

Rodriguez-Seijo, A., Lourenco, J., Rocha-Santos, T.
A. P, da Costa, J., Duarte, A. C., Vala, H., Pereira,
R., 2017. Histopathological and molecular effects
of microplastics in Eisenia andrei Bouche. Environ
Pollut 220 (Pt A), 495-503

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 205



Rodriguez, A., Arcos, J. M., Bretagnolle, V., Dias,
M. P., Holmes, N. D., Louzao, M., Provencher, J.,
Raine, A. F., Ramirez, F., Rodriguez, B., Ronconi,
R. A, Taylor, R. S., Bonnaud, E., Borrelle, S. B.,
Cortés, V., Descamps, S., Friesen, V. L., Genovart,
M., Hedd, A., Hodum, P., Humphries, G. R. W., Le
Corre, M., Lebarbenchon, C., Martin, R., Melvin,

E. F., Montevecchi, W. A., Pinet, P., Pollet, I. L.,
Ramos, R., Russell, J. C., Ryan, P. G., Sanz-Aguilar,
A., Spatz, D. R., Travers, M., Votier, S. C., Wanless,
R. M., Woehler, E., Chiaradia, A., 2019. Future
Directions in Conservation Research on Petrels and
Shearwaters. Front Mar Sci 6 (94)

Rodriguez, B., Becares, J., Rodriguez, A., Arcos, J.
M., 2013. Incidence of entanglements with marine
debris by northern gannets (Morus bassanus) in the
non-breeding grounds. Mar Pollut Bull 75 (1—2),
259—263

Roman, L., Lowenstine, L., Parsley, L. M., Wilcox,
C., Hardesty, B. D., Gilardi, K., Hindell, M., 2019a.
Is plastic ingestion in birds as toxic as we think?
Insights from a plastic feeding experiment. Sci Total
Environ 665, 660-667

Roman, L., Paterson, H., Townsend, K. A., Wilcox,
C., Hardesty, B. D., Hindell, M. A., 2019b. Size of
marine debris items ingested and retained by
petrels. Mar Pollut Bull 142, 569—575

Romaiach, S. S., DeAngelis, D. L., Koh, H. L., Li, Y.,
Teh, S. Y., Barizan, R. S. R., Zhai, L., 2018. Conser-
vation and restoration of mangroves: Global status,
perspectives, and prognosis. Ocean Coast Manage
154, 72—82

Romeo, T., Pietro, B., Peda, C., Consoli, P., Andaloro,
F., Fossi, M. C., 2015. First evidence of presence of
plastic debris in stomach of large pelagic fish in the
Mediterranean Sea. Mar Pollut Bull 95 (1), 358—361

Rosenberg, A. A., Bolster, W. J., Alexander, K. E.,
Leavenworth, W. B., Cooper, A. B., McKenzie, M.
G., 2005. The history of ocean resources: modeling
cod biomass using historical records. Front Ecol
Environ 3 (2), 84—90

206

Ross, S. W., Rhode, M., Brooke, S., 2017. Deep-sea
coral and hardbottom habitats on the west Florida
slope, eastern Gulf of Mexico. Deep Sea Res. Part I
120, 14—28

Royal Society, 2019. Microplastics in freshwater
and soil: An evidence synthesis. Royal Society,
London, UK

Royer, S. J., Ferron, S., Wilson, S. T., Karl, D.

M., 2018. Production of methane and ethylene
from plastic in the environment. PLoS One 13 (8),
€0200574

Rubin, B. S., Murray, M. K., Damassa, D. A., King,
J. C., Soto, A. M., 2001. Perinatal exposure to low

doses of bisphenol A affects body weight, patterns
of estrous cyclicity, and plasma LH levels. Environ
Health Perspect 109 (7), 675—-680

Ruiz-Compean, P., Ellis, J., Curdia, J., Payumo, R.,
Langner, U., Jones, B., Carvalho, S., 2017. Baseline
evaluation of sediment contamination in the shallow
coastal areas of Saudi Arabian Red Sea. Mar Pollut
Bull 123 (1-2), 205-218

Ruiz-Frau, A., Gelcich, S., Hendriks, I., Duarte, C.
M., Marba, N., 2017. Current state of seagrass eco-
system services: research and policy integration.
Ocean Coast Manage 149, 107—-115

Rummel, C. D., Loder, M. G., Fricke, N. F., Lang, T.,
Griebeler, E. M., Janke, M., Gerdts, G., 2016. Plastic
ingestion by pelagic and demersal fish from the
North Sea and Baltic Sea. Mar Pollut Bull 102 (1),

134-141

Rutkowska, M., Krasowska, K., Izabela, S., Janik,
H., 2004. Biodeterioration of Mater-BiY Class in
Compost with Sewage Sludge. Polish J EnvironStud
13

Ryan, P. G., 2018. Entanglement of birds in plastics
and other synthetic materials. Mar Pollut Bull 135,
159—164

Ryan, P. G., 2020. The transport and fate of marine
plastics in South Africa and adjacent oceans. S Afr J
Sci 116 (5/6)



Ryan, P. G, Cole, G., Spiby, K., Nel, R., Osborne,
A., Perold, V., 2016. Impacts of plastic ingestion on
post-hatchling loggerhead turtles off South Africa.
Mar Pollut Bull 107 (1), 155—-160

Ryan, P. G., Connell, A. D., Gardner, B. D., 1988.
Plastic ingestion and PCBs in seabirds: Is there a
relationship? Mar Pollut Bull 19 (4), 174-176

Ryan, P. G, Dilley, B. J., Ronconi, R. A., Connan,
M., 2019. Rapid increase in Asian bottles in the
South Atlantic Ocean indicates major debris inputs
from ships. Proc Natl Acad Sci USA 116 (42),
20892-20897

Ryan, P. G., Perold, V., 2021. Limited dispersal of
riverine litter onto nearby beaches during rainfall
events. Estuar Coast Shelf Sci 251, 107186

Ryan, P. G., Weideman, E. A., Perold, V., Hofmeyr,
G., Connan, M., 2021. Message in a bottle: Assess-
ing the sources and origins of beach litter to tackle
marine pollution. Environ Pollut 288, 117729

Sadove, S. S., Morreale, S. J., 1990. Marine mammal
and sea turtle encounters with marine debris in

the New York Bight and the northeast Atlantic. In:
Shomura, R. S., Godfrey, M. L. (Eds.), Proceedings
of the Second International Conference on Marine
Debris, Honolulu, Hawaii. National Oceanic and
Atmospheric Administration, U.S. Department of
Commerce, Honolulu, Hawaii, USA, 2—7

Saleh, M. A., 2007. Assessment of mangrove vege-
tation on Abu Mingqar Island of the Red Sea. J Arid
Environ 68 (2), 331-336

Saliu, F., Montano, S., Leoni, B., Lasagni, M., Galli,
P., 2019. Microplastics as a threat to coral reef
environments: Detection of phthalate esters in
neuston and scleractinian corals from the Faafu
Atoll, Maldives. Mar Pollut Bull 142, 234—241

Samani, P., van der Meer, Y., 2020. Life cycle
assessment (LCA) studies on flame retardants:
A systematic review. J Clean Prod 274, 123259

Sampaio, C. L., Leite, L., Reis-Filho, J. A., Loiola,
M., Miranda, R. J., José de Anchieta, C., Macena,

B. C., 2018. New insights into whale shark Rhin-
codon typus diet in Brazil: an observation of ram
filter-feeding on crab larvae and analysis of stomach
contents from the first stranding in Bahia state.
Environ Biol Fish 101 (8), 1285-1293

Sanchez-Vidal, A., Canals, M., de Haan, W. P.,
Romero, J., Veny, M., 2021. Seagrasses provide a
novel ecosystem service by trapping marine plastics.
Sci Rep 11, 254

Sancho, G., Puente, E., Bilbao, A., Gomez, E.,
Arregi, L., 2003. Catch rates of monkfish (Lophius
spp.) by lost tangle nets in the Cantabrian Sea
(northern Spain). Fish Res 64 (2—3), 129—139

Sandilyan, S., Kathiresan, K., 2012. Plastics — a for-
midable threat to unique biodiversity of Pichavaram
mangroves. Current Sci 103 (11), 1262-1263

Santos, R. G., Andrades, R., Fardim, L. M., Martins,
A. S., 2016. Marine debris ingestion and Thayer’s
law — The importance of plastic color. Environ
Pollut 214, 585-588

Saphier, A. D., Hoffmann, T. C., 2005. Forecasting
models to quantify three anthropogenic stresses on
coral reefs from marine recreation: anchor damage,
diver contact and copper emission from antifouling
paint. Mar Pollut Bull 51 (5—7), 590-598

Savinelli, B., Vega Fernandez, T., Galasso, N. M.,
D’Anna, G., Pipitone, C., Prada, F., Zenone, A.,
Badalamenti, F., Musco, L., 2020. Microplastics
impair the feeding performance of a Mediterranean
habitat-forming coral. Mar Environ Res 155,
104887

Savoca, M. S., McInturf, A. G., Hazen, E. L., 2021.
Plastic ingestion by marine fish is widespread and
increasing. Glob Change Biol

Savoca, M. S., Tyson, C. W., McGill, M., Slager, C.
J., 2017. Odours from marine plastic debris induce
food search behaviours in a forage fish. Proc Biol
Sci 284 (1860), 20171000

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 207



Sazima, I., Gadig, O. B., Namora, R. C., Motta, F. S.,
2002. Plastic debris collars on juvenile carcharhinid
sharks (Rhizoprionodon lalandii) in southwest
Atlantic. Mar Pollut Bull 44 (10), 1149-1151

Scanes, E., Wood, H., Ross, P., 2019. Microplastics
detected in haemolymph of the Sydney rock oyster
Saccostrea glomerata. Mar Pollut Bull 149, 110537

Schirinzi, G. F., Pérez-Pomeda, 1., Sanchis, J.,
Rossini, C., Farré, M., Barcel9, D., 2017. Cytotoxic
effects of commonly used nanomaterials and micro-
plastics on cerebral and epithelial human cells.
Environ Res 159, 579—587

Schlining, K., von Thun, S., Kuhnz, L., Schlining, B.,
Lundsten, L., Jacobsen Stout, N., Chaney, L.,
Connor, J., 2013. Debris in the deep: Using a
22-year video annotation database to survey marine
litter in Monterey Canyon, central California, USA.
Deep Sea Res. Part I 79, 96-105

Schmaltz, E., Melvin, E. C., Diana, Z., Gunady, E.
F., Rittschof, D., Somarelli, J. A., Virdin, J., Dun-
phy-Daly, M. M., 2020. Plastic pollution solutions:
emerging technologies to prevent and collect ma-
rine plastic pollution. Environ Int 144, 106067

Schmuck, A. M., Lavers, J. L., Stuckenbrock, S.,
Sharp, P. B., Bond, A. L., 2017. Geophysical features
influence the accumulation of beach debris on
Caribbean islands. Mar Pollut Bull 121 (1—2), 45—-51

Schnurr, R. E. J., Alboiu, V., Chaudhary, M.,
Corbett, R. A., Quanz, M. E., Sankar, K., Srain, H.
S., Thavarajah, V., Xanthos, D., Walker, T. R., 2018.
Reducing marine pollution from single-use plastics
(SUPs): A review. Mar Pollut Bull 137, 157—-171

Schopfer, L., Menzel, R., Schnepf, U., Ruess, L.,
Marhan, S., Brimmer, F., Pagel, H., Kandeler, E.,
2020. Microplastics effects on reproduction and
body length of the soil-dwelling nematode Cae-
norhabditis elegans. Front Environ Sci 8, 41

Schrey, E., Vauk, G. J. M., 1987. Records of entan-

gled gannets (Sula bassana) at Helgoland, German
Bight. Mar Pollut Bull 18 (6), 350—352

208

Schulz, M., Clemens, T., Forster, H., Harder, T.,
Fleet, D., Gaus, S., Grave, C., Flegel, 1., Schrey, E.,
Hartwig, E., 2015. Statistical analyses of the results
of 25 years of beach litter surveys on the south-
eastern North Sea coast. Mar Environ Res 109,
21-27

Schulze, E.-D., Mooney, H. A. (Eds.), 1994. Bio-
diversity and ecosystem function. Springer-Verlag,
Berlin, Germany

Schuyler, Q., Hardesty, B. D., Wilcox, C., Townsend,
K., 2012. To eat or not to eat? Debris selectivity by
marine turtles. PLoS One 7 (7), e40884

Schuyler, Q., Hardesty, B. D., Wilcox, C., Townsend,
K., 2014a. Global analysis of anthropogenic debris
ingestion by sea turtles. Conserv Biol 28 (1),
129-139

Schuyler, Q. A., 2014. Ingestion of marine debris
by sea turtles, University of Queensland

Schuyler, Q. A., Wilcox, C., Townsend, K., Hardesty,
B. D., Marshall, N. J., 2014b. Mistaken identity?
Visual similarities of marine debris to natural prey
items of sea turtles. BMC Ecol 14 (1), 14

Schuyler, Q. A., Wilcox, C., Townsend, K. A,
Wedemeyer-Strombel, K. R., Balazs, G., van Sebille,
E., Hardesty, B. D., 2016. Risk analysis reveals
global hotspots for marine debris ingestion by sea
turtles. Glob Chang Biol 22 (2), 567-576

Schwabl, P., Koppel, S., Konigshofer, P., Bucsics,
T., Trauner, M., Reiberger, T., Liebmann, B., 2019.
Detection of various microplastics in human stool:
a prospective case series. Ann Intern Med 171 (7),
453-457

Schwartz, M., Hohn, A., Bernard, H., Chivers, S.,
Peliter, K., 1992. Stomach contents of beach cast
cetaceans collected along the San Diego County
coast of California, 1972—1991. Southwest Fisheries
Science Center Administrative Report LJ—92-18,
1-33



Scott, N., Porter, A., Santillo, D., Simpson, H.,
Lloyd-Williams, S., Lewis, C., 2019. Particle charac-
teristics of microplastics contaminating the mussel
Mytilus edulis and their surrounding environments.
Mar Pollut Bull 146, 125-133

Seltenreich, N., 2015. New link in the food chain?
Marine plastic pollution and seafood safety. Envir.
Health Persp. 123 (2), A34—A41

Sen, A., Himmler, T., Hong, W. L., Chitkara, C., Lee,
R. W., Ferre, B., Lepland, A., Knies, J., 2019. Atypi-
cal biological features of a new cold seep site on the
Lofoten-Vesteralen continental margin (northern
Norway). Sci Rep 9 (1), 1762

Senathirajah, K., Attwood, S., Bhagwat, G., Carbery,
M., Wilson, S., Palanisami, T., 2020. Estimation

of the mass of microplastics ingested—A pivotal
first step towards human health risk assessment.

J Hazard Mater 404, 124004

Seng, N., Lai, S., Fong, J., Saleh, M. F., Cheng, C.,
Cheok, Z. Y., Todd, P. A., 2020. Early evidence of
microplastics on seagrass and macroalgae. Mar
Freshw Res 71 (8), 922—928

Senko, J. F., Nelms, S. E., Reavis, J. L., Witherington,
B., Godley, B. J., Wallace, B. P., 2020. Understand-
ing individual and population-level effects of plastic
pollution on marine megafauna. Endanger Species

Res 43, 234-252

Serra-Goncalves, C., Lavers, J. L., Bond, A. L., 2019.
Global Review of Beach Debris Monitoring and
Future Recommendations. Environ Sci Technol 53
(21), 12158-12167

Setala, O., Magnusson, K., Lehtiniemi, M., Noren,
F., 2016. Distribution and abundance of surface
water microlitter in the Baltic Sea: A comparison
of two sampling methods. Mar Pollut Bull 110 (1),
177-183

Shafei, A., Matbouly, M., Mostafa, E., Al Sannat, S.,
Abdelrahman, M., Lewis, B., Muhammad, B., Mo-
hamed, S., Mostafa, R. M., 2018. Stop eating plastic,
molecular signaling of bisphenol A in breast cancer.
Environ Sci Pollut Res Int 25 (24), 23624—23630

Sharma, S., Chatterjee, S., 2017. Microplastic
pollution, a threat to marine ecosystem and human
health: a short review. Environ Sci Pollut Res Int 24

(27), 21530—21547

Shaughnessy, P. D., 1980. Entanglement of Cape
fur seals with man-made objects. Mar Pollut Bull 11

(11), 332-336

Sheavly, S., 2010. National Marine Debris Moni-
toring Program: Lessons Learned. Report to the US
Environmental Protection Agency. 28p

Shen, M., Mao, D., Xie, H., Li, C., 2019. The Social
Costs of Marine Litter along the East China Sea:
Evidence from Ten Coastal Scenic Spots of Zhejiang
Province, China. Sustainability 11 (6), 15

Shimanaga, M., Yanagi, K., 2016. The Ryukyu
Trench may function as a “depocenter” for anthro-
pogenic marine litter. J Oceanogr 72 (6), 895—903

Short, F. T., Wylie-Echeverria, S., 1996. Natural and
human-induced disturbance of seagrasses. Environ
Conserv 23, 17—27

Short, F. T., Wyllie-Echeverria, S., 2000. Global
seagrass declines and effects of climate change.
In: Sheppard, C. (Ed.), Seas at the Millennium: An
environmental evaluation, vol. 3. Elsevier Science,
Amsterdam, Netherlands, 10—11

Sievers, M., Brown, C. J., Tulloch, V. J. D., Pearson,
R. M., Haig, J. A., Turschwell, M. P., Connolly, R.
M., 2019. The Role of Vegetated Coastal Wetlands
for Marine Megafauna Conservation. Trends Ecol
Evol 34 (9), 807-817

Sievert, P. R, Sileo, L., 1993. The effects of ingested
plastic on growth and survival of albatross chicks.
In: Vermeer, K., Briggs, K. T., Morgan, K. H.,
Siegel-Causey, D. (Eds.), The status, ecology, and
conservation of marine birds of the North Pacific.
Canadian Wildlife Service Special Publication,
212-217

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 209



Silbiger, N. J., Nelson, C. E., Remple, K., Sevilla, J.
K., Quinlan, Z. A., Putnam, H. M., Fox, M. D.,
Donahue, M. J., 2018. Nutrient pollution disrupts
key ecosystem functions on coral reefs. Proc Biol
Sci 285 (1880), 20172718

Sileo, L., Sievert, P. R., Samuel, M. D., 1990. Causes
of mortality of albatross chicks at Midway Atoll.
J Wildl Dis 26 (3), 329—338

Sileo, L., Sievert, P. R., Samuel, M. D., 1990. Prev-
alence and characteristics of plastic ingested by
Hawaiian Seabirds. In: Shomura, R. S., Godfrey, M.
L. (Eds.), Proceedings of the Second International
Conference on Marine Debris. National Oceanic and
Atmospheric Administration, U.S. Department of
Commerce, Honululu, Hawaii, USA, 665-681

Silva, A. L., Prata, J. C., Duarte, A. C., Soares, A. M.,
Barcel6, D., Rocha-Santos, T., 2021. Microplastics
in landfill leachates: The need for reconnaissance
studies and remediation technologies. CSCEE 3,
100072

Singare, P. U., 2012. Quantification Study of Non —
Biodegradable Solid Waste Materials Accumulated
in The Mangroves of Mahim Creek, Mumbai. Mar
Sci2 (1), 1-5

Sippo, J. Z., Lovelock, C. E., Santos, L. R., Sanders,
C. J., Maher, D. T., 2018. Mangrove mortality in a
changing climate: An overview. Estuar Coast Shelf
Sci 215, 241—249

Smiddy, P., Murphy, S., Ingram, S., 2002. Fin whale
Balaenoptera physalus (L.). Ir Nat J 27 (4), 169

Smith, L. E., 2018. Plastic ingestion by Scyliorhinus
canicula trawl captured in the North Sea. Mar
Pollut Bull 130, 6—7

Smith, M., Love, D. C., Rochman, C. M., Neff, R. A,
2018. Microplastics in Seafood and the Implications
for Human Health. Curr Environ Health Rep 5 (3),
375—-386

Smith, S. D., 2012. Marine debris: a proximate threat
to marine sustainability in Bootless Bay, Papua New

Guinea. Mar Pollut Bull 64 (9), 1880-1883

210

Soffker, M., Sloman, K. A., Hall-Spencer, J. M.,
2011. In situ observations of fish associated with
coral reefs off Ireland. Deep-Sea Res Part I 58 (8),
818-825

Song, X., Lyu, M., Zhang, X., Ruthensteiner, B.,
Ahn, 1.-Y., Pastorino, G., Wang, Y., Gu, Y., Ta, K.,
Sun, J., 2021. Large plastic debris dumps: New
biodiversity hot spots emerging on the deep-sea
floor. Environ Sci Technol Lett

Soulé, M. (Ed.), 1986. Conservation biology: The
science of scarcity and diversity. Sinauer Associates,
Sunderland, Massachusetts, USA

Spalding, M. D., Grenfell, A. M., 1997. New esti-
mates of global and regional coral reef areas. Coral
Reefs 16, 225—230

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O.,
Ludwig, C., 2015a. The trajectory of the Anthropo-
cene: the great acceleration. Anthropocene Rev 2
(1), 81—98

Steffen, W., Richardson, K., Rockstrom, J., Cornell,
S. E., Fetzer, 1., Bennett, E. M., Biggs, R., Carpenter,
S. R., de Vries, W., de Wit, C. A,, Folke, C., Gerten,
D., Heinke, J., Mace, G. M., Persson, L. M.,
Ramanathan, V., Reyers, B., Sorlin, S., 2015b.
Sustainability. Planetary boundaries: guiding
human development on a changing planet.

Science 347 (6223), 1259855

Steffen, W., Rockstrom, J., Richardson, K., Lenton,
T. M., Folke, C., Liverman, D., Summerhayes, C. P.,
Barnosky, A. D., Cornell, S. E., Crucifix, M., Donges,
J. F., Fetzer, 1., Lade, S. J., Scheffer, M., Winkel-
mann, R., Schellnhuber, H. J., 2018. Trajectories

of the Earth System in the Anthropocene. Proc Natl
Acad Sci USA 115 (33), 8252—8259

Stevens, B., 2000. Ghost fishing by Tanner crab
(Chionoecetes bairdi) pots off Kodiak, Alaska: pot
density and catch per trap as determined from
sidescan sonar and pot recovery data. Fish Bull 98,

389-399



Stewart, B. S., Yochem, P. K., 1987. Entanglement
of pinnipeds in synthetic debris and fishing net and
line fragments at San Nicolas and San Miguel
Islands, California, 1978—-1986. Mar Pollut Bull 18
(6, Supplement B), 336—339

Stolen, M., Noke Durden, W., Mazza, T., Barros, N.,
St. Leger, J., 2013. Effects of fishing gear on bottle-
nose dolphins (Tursiops truncatus) in the Indian
River Lagoon system, Florida. Mar Mamm Sci 29
(2), 356-364

Storrier, K., McGlashan, D., Bonellie, S., Velander,
K., 2007. Beach litter deposition at a selection of
beaches in the Firth of Forth, Scotland. J Coast Res
23 (4), 813—822

Su, Y., Zhang, K., Zhou, Z., Wang, J., Yang, X.,
Tang, J., Li, H., Lin, S., 2020. Microplastic exposure
represses the growth of endosymbiotic dinoflagel-
late Cladocopium goreaui in culture through affect-
ing its apoptosis and metabolism. Chemosphere
244, 125485

Suhrhoff, T. J., Scholz-Béttcher, B. M., 2016.
Qualitative impact of salinity, UV radiation and
turbulence on leaching of organic plastic additives
from four common plastics — A lab experiment.
Mar Pollut Bull 102 (1), 84—94

Sullivan, M., Evert, S., Straub, P., Reding, M.,
Robinson, N., Zimmermann, E., Ambrose, D., 2019.
Identification, recovery, and impact of ghost fishing
gear in the Mullica River — Great Bay Estuary (New
Jersey, USA): Stakeholder-driven restoration for
smaller-scale systems. Mar Pollut Bull 138, 37—48

Sun, Y., Xu, W., Gu, Q., Chen, Y., Zhou, Q., Zhang,
L., Gu, L., Huang, Y., Lyu, K., Yang, Z., 2019.
Small-Sized Microplastics Negatively Affect
Rotifers: Changes in the Key Life-History Traits
and Rotifer-Phaeocystis Population Dynamics.
Environ Sci Technol 53 (15), 9241—9251

Suran, M., 2018. A planet too rich in fibre: Micro-
fibre pollution may have major consequences on the
environment and human health. EMBO Rep 19 (9),
e46701

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C.,
Fabioux, C., Pernet, M. E. J., Le Goic, N., Quillien,
V., Mingant, C., Epelboin, Y., 2016. Oyster repro-
duction is affected by exposure to polystyrene
microplastics. Proc Natl Acad Sci USA 113 (9),

2430-2435

Suyadi, N., Manullang, C. Y., 2020. Distribution
of plastic debris pollution and it is implications on
mangrove vegetation. Mar Pollut Bull 160, 111642

Swan, S., Colino, S., 2021. Count Down: How our
modern world is threatening sperm counts, altering
male and female reproductive development, and
imperiling the future of the human race, New York,
USA

Syakti, A. D., Jaya, J. V., Rahman, A., Hidayati, N.
V., Raza’i, T. S., Idris, F., Trenggono, M., Doumeng,
P., Chou, L. M., 2019. Bleaching and necrosis of
staghorn coral (Acropora formosa) in laboratory
assays: Immediate impact of LDPE microplastics.
Chemosphere 228, 528-535

Szabo, D., Lavers, J. L., Shimeta, J., Green, M. P.,
Mulder, R. A., Clarke, B. O., 2021. Correlations
between per- and polyfluoroalkyl substances and
body morphometrics in fledgling shearwaters im-
pacted by plastic consumption from a remote Pacific
island. Environ Toxicol Chem 40 (3), 799-810

Tagatz, M. E., Plaia, G. R., Deans, C. H., 1986.
Toxicity of dibutyl phthalate-contaminated sedi-
ment to laboratory- and field-colonized estuarine
benthic communities. Bull Environ Contam Toxicol

37 (1), 141-150

Tahir, A., Samawi, M., Sari, K., Hidayat, R., Nimzet,
R., Wicaksono, E., Asrul, L., Werorilangi, S., 2019.
Studies on microplastic contamination in seagrass
beds at Spermonde Archipelago of Makassar Strait,
Indonesia. J Phys Conf Ser 1341 (2), 022008

Tahir, A., Soeprapto, D., Sari, K., Wicaksono, E.,
Werorilangi, S., 2020. Microplastic assessment in
seagrass ecosystem at Kodingareng Lompo Island
of Makassar City. IOP Conf Ser Earth Environ Sci
564 (1), 012032

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 211



Takada, H., Karapanagioti, H. K. (Eds.), 2016.
Hazardous chemicals associated with plastics in the
marine environment. Springer

Takada, S., 2013. International pellet watch: Studies
of the magnitude and spatial variation of chemical
risks associated with environmental plastics. In:
Gabrys, J., Hawkins, G., Michael, M. (Eds.), Accu-
mulation: the material politics of plastic. Routledge,
198—221

Tallec, K., Huvet, A., Di Poi, C., Gonzalez-Fernandez,
C., Lambert, C., Petton, B., Le Goic, N., Berchel, M.,
Soudant, P., Paul-Pont, I., 2018. Nanoplastics
impaired oyster free living stages, gametes and
embryos. Environ Pollut 242 (Pt B), 1226—1235

Talsness, C. E., Andrade, A. J., Kuriyama, S. N.,
Taylor, J. A., vom Saal, F. S., 2009. Components
of plastic: experimental studies in animals and
relevance for human health. Philos Trans R Soc
Lond B Biol Sci 364 (1526), 2079—2096

Talvitie, J., Heinonen, M., Paakkonen, J. P.,
Vahtera, E., Mikola, A., Setala, O., Vahala, R., 2015.
Do wastewater treatment plants act as a potential
point source of microplastics? Preliminary study

in the coastal Gulf of Finland, Baltic Sea. Water Sci
Technol 72 (9), 1495—-1504

Tan, Y. M., Dalby, O., Kendrick, G. A., Statton, J.,
Sinclair, E. A., Fraser, M. W., Macreadie, P. I., Gillies,
C. L., Coleman, R. A., Waycott, M., van Dijk, K.-j.,
Vergés, A., Ross, J., Campbell, M., Matheson, F.,
Jackson, E., Irving, A., Govers, L., Connolly, R.,
McLeod, I., Rasheed, M., Kirkman, H., Flindt, M.,
Lange, T., Miller, A., Sherman, C., 2020. Seagrass
restoration is possible: Insights and lessons from
Australia and New Zealand. Front Mar Sci 7, 617

Tanaka, K., Takada, H., Yamashita, R., Mizukawa,
K., Fukuwaka, M. A., Watanuki, Y., 2013. Accu-
mulation of plastic-derived chemicals in tissues of
seabirds ingesting marine plastics. Mar Pollut Bull
69 (1—2), 219—222

212

Tanaka, K., Takada, H., Yamashita, R., Mizukawa,
K., Fukuwaka, M. A., Watanuki, Y., 2015. Facilitated
Leaching of Additive-Derived PBDEs from Plastic
by Seabirds’ Stomach Oil and Accumulation in
Tissues. Environ Sci Technol 49 (19), 11799—11807

Tanaka, K., van Franeker, J. A., Deguchi, T.,
Takada, H., 2019. Piece-by-piece analysis of addi-
tives and manufacturing byproducts in plastics
ingested by seabirds: Implication for risk of expo-
sure to seabirds. Mar Pollut Bull 145, 36—41

Tang, J., Ni, X., Zhou, Z., Wang, L., Lin, S., 2018.
Acute microplastic exposure raises stress response
and suppresses detoxification and immune
capacities in the scleractinian coral Pocillopora
damicornis. Environ Pollut 243 (Pt A), 66—74

Tang, J., Wu, Z., Wan, L., Cai, W., Chen, S., Wang,
X., Luo, J., Zhou, Z., Zhao, J., Lin, S., 2021.
Differential enrichment and physiological impacts
of ingested microplastics in scleractinian corals in
situ. J Hazard Mater 404 (Pt B), 124205

Tavares, D. C., da Costa, L. L., Rangel, D. F., de
Moura, J. F., Zalmon, I. R., Siciliano, S., 2016. Nests
of the brown booby (Sula leucogaster) as a potential
indicator of tropical ocean pollution by marine
debris. Ecol Indic 70, 10-14

Taviani, M., Remia, A., Corselli, C., Freiwald, A.,
Malinverno, E., Mastrototaro, F., Savini, A., Tursi,
A., 2005. First geo-marine survey of living cold-
water Lophelia reefs in the Ionian Sea (Mediterranean
basin). Facies 50 (3—4), 409—417

Taylor, G. A., 2004. Beach patrol scheme: Seabirds
found dead on New Zealand beaches, 1997-1999.
Notornis 51 (3), 176—190

Taylor, M., 2017. $180 bn investment in plastic fac-
tories feeds global packaging binge. The Guardian

Taylor, M. L., Gwinnett, C., Robinson, L. F.,
Woodall, L. C., 2016. Plastic microfibre ingestion by
deep-sea organisms. Sci Rep 6 (1), 33997



Taylor, S. E., Pearce, C. 1., Sanguinet, K. A., Hu, D.,
Chrisler, W. B., Kim, Y.-M., Wang, Z., Flury, M.,
2020. Polystyrene nano-and microplastic accumu-
lation at Arabidopsis and wheat root cap cells, but
no evidence for uptake into roots. Environ Sci Nano
7 (7),1942-1953

Tekman, M. B., Krumpen, T., Bergmann, M., 2017.
Marine litter on deep Arctic seafloor continues to
increase and spreads to the North at the HAUS-
GARTEN observatory. Deep-Sea Res Part I 120,
88-99

Tekman, M. B., Wekerle, C., Lorenz, C., Primpke,
S., Hasemann, C., Gerdts, G., Bergmann, M., 2020.
Tying up loose ends of microplastic pollution in the
Arctic: Distribution from the sea surface through
the water column to deep-sea sediments at the
HAUSGARTEN observatory. Environ Sci Technol

54 (7), 4079—4090

Teng, J., Wang, Q., Ran, W., Wu, D., Liu, Y., Sun,
S., Liu, H., Cao, R., Zhao, J., 2019. Microplastic in
cultured oysters from different coastal areas of
China. Sci Total Environ 653 (1), 1282—1292

Tetu, S. G., Sarker, I., Schrameyer, V., Pickford, R.,
Elbourne, L. D., Moore, L. R., Paulsen, 1. T., 2019.
Plastic leachates impair growth and oxygen produc-
tion in Prochlorococcus, the ocean’s most abundant
photosynthetic bacteria. Commun Biol 2 (1), 184

Teuten, E. L., Saquing, J. M., Knappe, D. R., Barlaz,
M. A,, Jonsson, S., Bjorn, A., Rowland, S. J.,
Thompson, R. C., Galloway, T. S., Yamashita, R.,
Ochi, D., Watanuki, Y., Moore, C., Viet, P. H., Tana,
T. S., Prudente, M., Boonyatumanond, R., Zakaria,
M. P., Akkhavong, K., Ogata, Y., Hirai, H., Iwasa, S.,
Mizukawa, K., Hagino, Y., Imamura, A., Saha, M.,
Takada, H., 2009. Transport and release of chem-
icals from plastics to the environment and to wild-
life. Philos Trans R Soc Lond B Biol Sci 364 (1526),
2027-2045

Thiel, M., 2018. Impacts of marine plastic pollution
from continental coasts to subtropical gyres—fish,
seabirds, and other vertebrates in the SE Pacific.
Front Mar Sci 5, 230

Thiel, M., Gutow, L., 2005. The ecology of rafting in
the marine environment. II. The rafting organisms
and community. Oceanogr Mar Biol 43, 279—418

Thiel, M., Penna-Diaz, M. A., Luna-Jorquera, G.,
Sala, S., Sellanes, J., Stotz, W., 2014. Citizen scien-
tists and marine research: Volunteer participants,
their contributions and projection for the future.
Oceanogr Mar Biol Ann. Rev 52 (3), 257—-314

Thompson, R. C., Moore, C. J., vom Saal, F. S.,
Swan, S. H., 2009. Plastics, the environment and
human health: current consensus and future trends.
Philos Trans R Soc Lond B Biol Sci 364 (1526),
2153—2166

Thurber, A. R., Sweetman, A. K., Narayanaswamy,
B. E., Jones, D. O. B., Ingels, J., Hansman, R. L.,
2014. Ecosystem function and services provided by
the deep sea. Biogeosciences 11 (14), 3941—-3963

Thurstan, R. H., Brockington, S., Roberts, C. M.,
2010. The effects of 118 years of industrial fishing
on UK bottom trawl fisheries. Nat Commun 1 (1), 15

Thushari, G. G. N., Senevirathna, J. D. M., 2020.
Plastic pollution in the marine environment.
Heliyon 6 (8), e04709

Tiktak, G. P., Butcher, D., Lawrence, P. J., Norrey,
J., Bradley, L., Shaw, K., Preziosi, R., Megson, D.,
2020. Are concentrations of pollutants in sharks,
rays and skates (Elasmobranchii) a cause for con-
cern? A systematic review. Mar Pollut Bull 160,
111701

Tomas, J., Guitart, R., Mateo, R., Raga, J. A., 2002.
Marine debris ingestion in loggerhead sea turtles,
Caretta caretta, from the Western Mediterranean.
Mar Pollut Bull 44 (3), 211216

Tonay, A. M., Dede, A., Oztiirk, A. A., Oztiirk, B.,
2007. Stomach contents of harbour porpoises
(Phocoena phocoena) from the Turkish Western
Black Sea in spring and early summer. Rapp Comm
Int Mer Médit 38, 616

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 213



Trainic, M., Flores, J. M., Pinkas, 1., Pedrotti, M.
L., Lombard, F., Bourdin, G., Gorsky, G., Boss, E.,
Rudich, Y., Vardi, A., Koren, 1., 2020. Airborne
microplastic particles detected in the remote ma-
rine atmosphere. Commun Earth Environ 1 (1), 64

Triessnig, P., Roetzer, A., Stachowitsch, M., 2012.
Beach Condition and Marine Debris: New Hurdles
for Sea Turtle Hatchling Survival. Chelonian
Conserv Biol 11 (1), 68—77

Tschernij, V., Larsson, P. O., 2003. Ghost fishing
by lost cod gill nets in the Baltic Sea. Fish Res 64
(2—-3), 151-162

Turner, A., 2016. Heavy metals, metalloids and
other hazardous elements in marine plastic litter.
Mar Pollut Bull 111 (1-2), 136-142

Turner, A., 2018. Mobilisation kinetics of hazardous

elements in marine plastics subject to an avian
physiologically-based extraction test. Environ
Pollut 236, 1020-1026

Turner, J. T., 2015. Zooplankton fecal pellets,
marine snow, phytodetritus and the ocean’s bio-
logical pump. Prog Oceanogr 130, 205—248

Turschwell, M. P., Tulloch, V. J., Sievers, M., Pearson,

R. M., Andradi-Brown, D. A., Ahmadia, G. N.,
Connolly, R. M., Bryan-Brown, D., Lopez-Marcano,
S., Adame, M. F., 2020. Multi-scale estimation of
the effects of pressures and drivers on mangrove
forest loss globally. Biol Conserv 247, 108637

UNEP, 2016. Global Environmental Outlook GEO-
6. United Nations Environment Programme,
Nairobi, Kenya

UNEP, 2018. Legal limits on single-use plastics
and microplastics: A global review of national laws
and regulation. United Nations Environment
Programme, Nairobi, Kenya

214

Unger, B., Herr, H., Viquerat, S., Gilles, A., Burkhardt-
Holm, P., Siebert, U., 2021. Opportunistically
collected data from aerial surveys reveal spatio-
temporal distribution patterns of marine debris in
German waters. Environ Sci Pollut Res Int 28 (3),
2893-2903

Unger, B., Rebolledo, E. L. B., Deaville, R., Grone,
A., Ijsseldijk, L. L., Leopold, M. F., Siebert, U.,
Spitz, J., Wohlsein, P., Herr, H., 2016. Large
amounts of marine debris found in sperm whales
stranded along the North Sea coast in early 2016.
Mar Pollut Bull 112 (1-2), 134—141

Unsworth, R. K. F., Collier, C. J., Waycott, M.,
McKenzie, L. J., Cullen-Unsworth, L. C., 2015. A
framework for the resilience of seagrass ecosystems.
Mar Pollut Bull 100 (1), 34—46

Unsworth, R. K. F., McKenzie, L. J., Collier, C. J.,
Cullen-Unsworth, L. C., Duarte, C. M., Eklof, J. S.,
Jarvis, J. C., Jones, B. L., Nordlund, L. M., 2019.
Global challenges for seagrass conservation. Ambio
48 (8), 801-815

Valente, T., Sbrana, A., Scacco, U., Jacomini, C.,
Bianchi, J., Palazzo, L., de Lucia, G. A., Silvestri, C.,
Matiddi, M., 2019. Exploring microplastic ingestion
by three deep-water elasmobranch species: A case
study from the Tyrrhenian Sea. Environ Pollut 253,
342-350

Valente, T., Scacco, U., Matiddi, M., 2020. Macro-
litter ingestion in deep-water habitats: is an under-
estimation occurring? Environ Res 186, 109556

Valiela, 1., Bowen, J. L., York, J. K., 2001. Mangrove
forests: One of the world’s threatened major tropical
environments. BioScience 51 (10), 807-815

van Bijsterveldt, C. E., van Wesenbeeck, B. K.,
Ramadhani, S., Raven, O. V., van Gool, F. E.,
Pribadi, R., Bouma, T. J., 2021. Does plastic waste
kill mangroves? A field experiment to assess the
impact of macro plastics on mangrove growth,
stress response and survival. Sci Total Environ 756,
143826



Van Cauwenberghe, L., Claessens, M., Vandegehuchte,
M. B., Janssen, C. R., 2015. Microplastics are taken
up by mussels (Mytilus edulis) and lugworms
(Arenicola marina) living in natural habitats.
Environ Pollut 199, 10—-17

Van Cauwenberghe, L., Claessens, M., Vandegehuchte,
M. B., Mees, J., Janssen, C. R., 2013. Assessment
of marine debris on the Belgian Continental Shelf.
Mar Pollut Bull 73 (1), 161-169

Van Cauwenberghe, L., Janssen, C. R., 2014. Micro-
plastics in bivalves cultured for human consump-
tion. Environ Pollut 193, 65—70

van Dam, J. W., Negri, A. P., Uthicke, S., Mueller, J.
F., 2011. Chemical pollution on coral reefs:
exposure and ecological effects. In: Sanchez-Baro,
F., van den Brink, P. J., Mann, R. M. (Eds.), Eco-
logical impacts of toxic chemicals. Bentham eBooks,
187—211

van de Koppel, J., van der Heide, T., Altieri, A. H.,
Eriksson, B. K., Bouma, T. J., OIff, H., Silliman, B.
R., 2015. Long-distance interactions regulate the
structure and resilience of coastal ecosystems. Ann
Rev Mar Sci 7, 139—-158

van den Beld, I. M. J., Guillaumont, B., Menot, L.,
Bayle, C., Arnaud-Haond, S., Bourillet, J.-F., 2017.
Marine litter in submarine canyons of the Bay of
Biscay. Deep-Sea Res Part II 145 (Supplement C),
142-152

van Franeker, J. A., 1985. Plastic ingestion in the
North Atlantic fulmar. Mar Pollut Bull 16 (9),
367-369

van Franeker, J. A., Blaize, C., Danielsen, J.,
Fairclough, K., Gollan, J., Guse, N., Hansen, P. L.,
Heubeck, M., Jensen, J. K., Le Guillou, G., Olsen,
B., Olsen, K. O., Pedersen, J., Stienen, E. W.,
Turner, D. M., 2011. Monitoring plastic ingestion by
the northern fulmar Fulmarus glacialis in the North
Sea. Environ Pollut 159 (10), 2609—2615

van Franeker, J. A., Bravo Rebolledo, E. L., Hesse,
E., LL, I. J., Kiihn, S., Leopold, M., Mielke, L., 2018.
Plastic ingestion by harbour porpoises Phocoena
phocoena in the Netherlands: Establishing a stand-
ardised method. Ambio 47 (4), 387-397

van Franeker, J. A., Kiihn, S., Anker-Nilssen, T.,
Edwards, E. W. J., Gallien, F., Guse, N., Kakkonen,
J. E., Mallory, M. L., Miles, W., Olsen, K. O.,
Pedersen, J., Provencher, J., Roos, M., Stienen,

E., Turner, D. M., van Loon, W., 2021. New tools
to evaluate plastic ingestion by northern fulmars
applied to North Sea monitoring data 2002—2018.
Mar Pollut Bull 166, 112246

van Franeker, J. A., Law, K. L., 2015. Seabirds,
gyres and global trends in plastic pollution. Environ
Pollut 203, 89—96

van Nierop, M. M., den Hartog, J. C., 1984. A study
on the gut contents of live juvenile loggerhead
turtles, Caretta caretta (Linnaeus) (Reptilia, Che-
loniidae), from the south-eastern part of the North
Atlantic Ocean, with emphasis on coelenterate
identification. Zool Med Leiden 59 (4), 35—-54

van Sebille, E., Aliani, S., Law, K. L., Maximenko,
N, Alsina, J. M., Bagaev, A., Bergmann, M.,
Chapron, B., Chubarenko, I., Cézar, A., Deland-
meter, P., Egger, M., Fox-Kemper, B., Garaba, S.

P., Goddijn-Murphy, L., Hardesty, B. D., Hoffman,
M. J., Isobe, A., Jongedijk, C. E., Kaandorp, M. L.
A., Khatmullina, L., Koelmans, A. A., Kukulka, T.,
Laufkoétter, C., Lebreton, L., Lobelle, D., Maes, C.,
Martinez-Vicente, V., Morales Maqueda, M. A,,
Poulain-Zarcos, M., Rodriguez, E., Ryan, P. G.,
Shanks, A. L., Shim, W. J., Suaria, G., Thiel, M., van
den Bremer, T. S., Wichmann, D., 2020. The physi-
cal oceanography of the transport of floating marine
debris. Environ Res Lett 15 (2), 32

van Sebille, E., England, M. H., Froyland, G., 2012.
Origin, dynamics and evolution of ocean garbage
patches from observed surface drifters. Environ Res
Lett 7, 044040

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 215



van Sebille, E., Wilcox, C., Lebreton, L., Maximenko,
N., Hardesty, B. D., van Franeker, J. A., Eriksen,
M., Siegel, D., Galgani, F., Law, K. L., 2015. A global
inventory of small floating plastic debris. Environ
Res Lett 10 (2), 124006

Vandenberg, L. N., Chahoud, I., Heindel, J. J., Pad-
manabhan, V., Paumgartten, F. J., Schoenfelder, G.,
2010. Urinary, circulating, and tissue biomonitoring
studies indicate widespread exposure to bisphenol
A. Environ Health Perspect 118 (8), 1055-1070

Vandenberg, L. N., Colborn, T., Hayes, T. B., Hein-
del, J. J., Jacobs, D. R., Jr., Lee, D. H., Shioda,

T., Soto, A. M., vom Saal, F. S., Welshons, W. V.,
Zoeller, R. T., Myers, J. P., 2012. Hormones and en-
docrine-disrupting chemicals: low-dose effects and
nonmonotonic dose responses. Endocr Rev 33 (3),
378-455

Vandermeersch, G., Van Cauwenberghe, L., Janssen,
C. R., Marques, A., Granby, K., Fait, G., Kotterman,
M. J., Diogene, J., Bekaert, K., Robbens, J.,
Devriese, L., 2015. A critical view on microplastic
quantification in aquatic organisms. Environ Res
143 (Pt B), 46-55

Vardhan, K. H., Kumar, P. S., Panda, R. C., 2019.
A review on heavy metal pollution, toxicity and
remedial measures: Current trends and future
perspectives. J Mol Liq 290, 111197

Vethaak, A. D., Legler, J., 2021. Microplastics and
human health. Science 371 (6530), 672—674

Vethaak, A. D., Leslie, H. A., 2016. Plastic debris is
a human health issue. Environ Sci Technol 50 (13),
6825-6826

Villarrubia-G6émez, P., Cornell, S. E., Fabres, J.,
2018. Marine plastic pollution as a planetary
boundary threat — The drifting piece in the sustain-
ability puzzle. Mar Policy 96, 213—220

Vince, J., Hardesty, B. D., 2018. Governance Solu-

tions to the Tragedy of the Commons That Marine
Plastics Have Become. Front Mar Sci 5, 214

216

Virsek, M. K., Lov§in, M. N., Koren, S., KrZan, A.,
Peterlin, M., 2017. Microplastics as a vector for

the transport of the bacterial fish pathogen species
Aeromonas salmonicida. Mar Pollut Bull 125 (1—2),
301-309

Volker, C., Kramm, J., Wagner, M., 2020. On the
creation of risk: Framing of microplastics risks in
science and media. Glob Challenges 4, 1900010

Votier, S. C., Archibald, K., Morgan, G., Morgan, L.,
2011. The use of plastic debris as nesting material
by a colonial seabird and associated entanglement
mortality. Mar Pollut Bull 62 (1), 168—172

Vroom, R. J. E. , Koelmans, A. A., Besseling, E.,
Halsband, C., 2017. Aging of microplastics promotes
their ingestion by marine zooplankton. Environ
Pollut 231 (Pt 1), 987—996

Vuong, A. M., Yolton, K., Cecil, K. M., Braun, J. M.,
Lanphear, B. P., Chen, A., 2020. Flame retardants
and neurodevelopment: An updated review of epi-
demiological literature. Curr Epidemiol Rep 7 (4),
220-236

Waite, H. R., Donnelly, M. J., Walters, L. J., 2018.
Quantity and types of microplastics in the organic
tissues of the eastern oyster Crassostrea virginica
and Atlantic mud crab Panopeus herbstii from a
Florida estuary. Mar Pollut Bull 129 (1), 179—185

Walker, W. A., Coe, J. M., 1990. Survey of marine
debris ingestion by odontocete cetaceans. In: Sho-
mura, R. S., Godfrey, M. L. (Eds.), Proceedings of
the Second International Conference on Marine
Debris. National Oceanic and Atmospheric Admin-
istration, U.S. Department of Commerce, Honolulu,
Hawaii, USA, 747-774

Walther, B., 2009. Beef protest: Overlooking a
larger risk to health. Taipei Times, p. 8

Walther, B., 2019. State must act on plastics
problem. Taipei Times, p. 8



Walther, B. A., Kusui, T., Yen, N., Hu, C.-S., Lee, H.,
2020. Plastic pollution in East Asia: Macroplastics
and microplastics in the aquatic environment, and
mitigation efforts by various actors. In: Stock, F.,
Reifferscheid, G., Brennholt, N., Kostianaia, E.
(Eds.), Plastics in the aquatic environment. Part

I: Current status and challenges. Springer, Cham,
353—403

Walther, B. A., Yen, N., Hu, C.-S., 2021b. Strategies,
actions, and policies by Taiwan’s ENGOs, media,
and government to reduce plastic use and marine
plastic pollution. Mar Policy 126, 104391

Wang, F., Wang, F., Zeng, E. Y., 2018a. Sorption

of toxic chemicals on microplastics. In: Zeng, E.

Y. (Ed.), Microplastic contamination in aquatic
environments: An emerging matter of environmen-
tal urgency. Elsevier, Amsterdam, Netherlands,
225-247

Wang, F., Wong, C. S., Chen, D., Lu, X., Wang, F.,
Zeng, E. Y., 2018b. Interaction of toxic chemicals
with microplastics: A critical review. Water Res 139,
208-219

Wang, J., Liu, X., Li, Y., Powell, T., Wang, X., Wang,
G., Zhang, P., 2019. Microplastics as contaminants
in the soil environment: A mini-review. Sci Total
Environ 691, 848—-857

Wang, Z., Saadé, N. K., Ariya, P. A., 2021. Advances
in ultra-trace analytical capability for micro/nano-
plastics and water-soluble polymers in the environ-
ment: resh falling urban snow. Environ Pollut 2776,
116698

Wang, Z., Su, B., Xu, X., Di, D., Huang, H., Mei, K.,
Dahlgren, R. A., Zhang, M., Shang, X., 2018c. Pref-
erential accumulation of small (<300 um) micro-
plastics in the sediments of a coastal plain river
network in eastern China. Water Res 144, 393—401

Wardman, T., Koelmans, A. A., Whyte, J., Pahl, S.,
2021. Communicating the absence of evidence for
microplastics risk: Balancing sensation and
reflection. Environ Int 150, 106116

Warner, K., Linske, E., Mustain, P., Valliant, M.,
Leavitt, C., 2020. Choked, strangled, drowned: The
plastics crisis unfolding in our oceans. Oceana,
1-64

Waters, C. N., Zalasiewicz, J., Summerhayes, C.,
Barnosky, A. D., Poirier, C., Gatluszka, A., Cearreta,
A., Edgeworth, M., Ellis, E. C., Ellis, M., 2016. The
Anthropocene is functionally and stratigraphically
distinct from the Holocene. Science 351 (6269), 137

Watkins, E., ten Brink, P., Withana, S., Kettunen,
M., Russi, D., Mutafoglu, K., Schweitzer, J.-P.,
Gitti, G., 2017. The socio-economic impacts of
marine litter, including the costs of policy inaction
and action. In: Nunes, P. A. L. D., Svensson, L. E.,
Markandya, A. (Eds.), Handbook on the economics
and management of sustainable oceans. Edward
Elgar Publishing, 296—319

Watters, D. L., Yoklavich, M. M., Love, M. S.,
Schroeder, D. M., 2010. Assessing marine debris in
deep seafloor habitats off California. Mar Pollut Bull
60 (1), 131-138

Watts, A. J., Urbina, M. A., Corr, S., Lewis, C.,
Galloway, T. S., 2015. Ingestion of Plastic Micro-
fibers by the Crab Carcinus maenas and Its Effect
on Food Consumption and Energy Balance. Environ
Sci Technol 49 (24), 14597-14604

Weaver, J. A., Beverly, B. E. J., Keshava, N., Mudipalli,
A., Arzuaga, X., Cai, C., Hotchkiss, A. K., Makris, S.
L., Yost, E. E., 2020. Hazards of diethyl phthalate
(DEP) exposure: A systematic review of animal
toxicology studies. Environ Int 145, 105848

Weber, C. J., Opp, C., 2020. Spatial patterns of
mesoplastics and coarse microplastics in floodplain
soils as resulting from land use and fluvial process-
es. Environ Pollut 267, 115390

Wedemeyer-Strombel, K. R., Balazs, G. H., Johnson,
J. B., Peterson, T. D., Wicksten, M. K., Plotkin, P.
T., 2015. High frequency of occurrence of anthro-
pogenic debris ingestion by sea turtles in the North
Pacific Ocean. Mar Biol 162 (10), 2079—2091

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 217



Wei, C. L., Rowe, G. T., Nunnally, C. C., Wicksten,
M. K,, 2012. Anthropogenic “Litter” and macro-
phyte detritus in the deep Northern Gulf of Mexico.
Mar Pollut Bull 64 (5), 966—973

Weitzel, S. L., Feura, J. M., Rush, S. A,, Iglay, R. B.,
Woodrey, M. S., 2021. Availability and assessment

of microplastic ingestion by marsh birds in Missis-

sippi Gulf Coast tidal marshes. Mar Pollut Bull 166,
112187

Welden, N. A. C., Cowie, P. R., 2016a. Environment
and gut morphology influence microplastic reten-
tion in langoustine, Nephrops norvegicus. Environ
Pollut 214, 859—865

Welden, N. A. C., Cowie, P. R., 2016b. Long-term
microplastic retention causes reduced body
condition in the langoustine, Nephrops norvegicus.
Environ Pollut 218, 895—900

Werbowski, L. M., Gilbreath, A. N., Munno, K.,
Zhu, X., Grbic, J., Wu, T., Sutton, R., Sedlak, M. D.,
Deshpande, A. D., Rochman, C. M., 2021. Urban
Stormwater Runoff: A Major Pathway for Anthro-
pogenic Particles, Black Rubbery Fragments, and
Other Types of Microplastics to Urban Receiving
Waters. ACS ES&T Water 1 (6), 1420—-1428

Werner, S., Budziak, A., van Franeker, J., Galgani,
F., Hanke, G., Maes, T., Matiddi, M., Nilsson, P.,
Oosterbaan, L., Priestland, E., Thompson, R., Veiga,
J., Vlachogianni, T., 2016. Harm caused by marine
litter. MSFD GES TG Marine Litter — Thematic
Report. JRC Technical report EUR 28317 EN.
European Union

WHO, 2019. Microplastics in drinking-water. World
Health Organization, Geneva, Switzerland

Wieczorek, A. M., Croot, P. L., Lombard, F., Sheahan,
J.N,, Doyle, T. K., 2019. Microplastic Ingestion by
Gelatinous Zooplankton May Lower Efficiency of
the Biological Pump. Environ Sci Technol 53 (9),
5387-5395

218

Wieczorek, A. M., Morrison, L., Croot, P. L., Allcock,
A. L., MacLoughlin, E., Savard, O., Brownlow, H.,
Doyle, T. K., 2018. Frequency of microplastics in
mesopelagic fishes from the Northwest Atlantic.
Front Mar Sci 5, 39

Wilcox, C., Heathcote, G., Goldberg, J., Gunn, R.,
Peel, D., Hardesty, B. D., 2015a. Understanding the
sources and effects of abandoned, lost, and discard-
ed fishing gear on marine turtles in northern Aus-
tralia. Conserv Biol 29 (1), 198—206

Wilcox, C., Mallos, N. J., Leonard, G. H., Rodriguez,
A., Hardesty, B. D., 2016. Using expert elicitation to
estimate the impacts of plastic pollution on marine
wildlife. Mar Policy 65, 107—114

Wilcox, C., Puckridge, M., Schuyler, Q. A.,
Townsend, K., Hardesty, B. D., 2018. A quantitative
analysis linking sea turtle mortality and plastic
debris ingestion. Sci Rep 8 (1), 12536

Wilcox, C., Van Sebille, E., Hardesty, B. D., 2015b.
Threat of plastic pollution to seabirds is global,
pervasive, and increasing. Proc Natl Acad Sci USA
112 (38), 11899—11904

Williams, R., Ashe, E., O’'Hara, P. D., 2011. Marine
mammals and debris in coastal waters of British
Columbia, Canada. Mar Pollut Bull 62 (6), 1303—-1316

Williams, T., Kano, A., Ferdelman, T., Henriet,
J.-P., Abe, K., Andres, M., Bjerager, M., Browning,
E., Cragg, B., De, M., B, Dorschel, B., Foubert, A.,
Frannk, T., Fuwa, Y., Gaillot, P., Gharib, J., Gregg,
J., Huvenne, V., Leonide, P., Li, X., Mangelsdorf,
K., Tanaka, A., Monteys, X., Novosel, 1., Sakai, S.,
Samarkin, V., Sasaki, K., Spivack, A., Takashima, C.,
Titshack, J., 2006. Cold-water coral mounds
revealed. EOS 87, 525-526

Wilson, D. S., 1973. Food Size Selection Among
Copepods. Ecology 54 (4), 909—914

Wilson, E. O., 2016. Half-Earth: Our planet’s fight
for life. W. W. Norton & Company, Inc., New York,
USA



Winfield, Z. C., Mansouri, F., Potter, C. W., Sabin,
R., Trumble, S. J., Usenko, S., 2020. Eighty years
of chemical exposure profiles of persistent organic
pollutants reconstructed through baleen whale
earplugs. Sci Total Environ, 139564

Witteveen, M., Brown, M., Ryan, P. G., 2017.
Anthropogenic debris in the nests of kelp gulls in
South Africa. Mar Pollut Bull 114 (2), 699-704

Wong, S. L., Nyakuma, B. B., Wong, K. Y., Lee, C.
T., Lee, T. H., Lee, C. H., 2020. Microplastics and
nanoplastics in global food webs: A bibliometric
analysis (2009—2019). Mar Pollut Bull 158, 111432

Woodall, L. C., Sanchez-Vidal, A., Canals, M.,
Paterson, G. L., Coppock, R., Sleight, V., Calafat, A.,
Rogers, A. D., Narayanaswamy, B. E., Thompson,
R. C,, 2014. The deep sea is a major sink for micro-
plastic debris. R Soc Open Sci 1 (4), 140317

Woodhead, A. J., Hicks, C. C., Norstrom, A. V.,
Williams, G. J., Graham, N. A., 2019. Coral reef
ecosystem services in the Anthropocene. Funct Ecol
33 (6), 1023-1034

World Animal Protection International, 2014.
Fishing’s phantom menace: How ghost fishing gear
is endangering our sea life. World Animal Protec-
tion International, London, UK

Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E.,
Folke, C., Halpern, B. S., Jackson, J. B., Lotze, H. K.,
Micheli, F., Palumbi, S. R., Sala, E., Selkoe, K. A.,
Stachowicz, J. J., Watson, R., 2006. Impacts of
biodiversity loss on ocean ecosystem services.
Science 314 (5800), 787—-790

Worthington, T. A., Zu Ermgassen, P. S. E., Friess,
D. A., Krauss, K. W., Lovelock, C. E., Thorley, J.,
Tingey, R., Woodroffe, C. D., Bunting, P., Cormier,
N., Lagomasino, D., Lucas, R., Murray, N. J.,
Sutherland, W. J., Spalding, M., 2020. A global
biophysical typology of mangroves and its relevance
for ecosystem structure and deforestation. Sci Rep
10 (1), 14652

Wright, S. L., Kelly, F. J., 2017. Plastic and Human
Health: A Micro Issue? Environ Sci Technol 51 (12),
6634—6647

Wright, S. L., Rowe, D., Thompson, R. C., Galloway,
T. S., 2013. Microplastic ingestion decreases

energy reserves in marine worms. Curr Biol 23 (23),
R1031-1033

Wright, S. L., Ulke, J., Font, A., Chan, K. L. A,,
Kelly, F. J., 2020. Atmospheric microplastic depo-
sition in an urban environment and an evaluation
of transport. Environ Int 136, 105411

Wu, N. C., Seebacher, F., 2020. Effect of the plastic
pollutant bisphenol A on the biology of aquatic
organisms: A meta-analysis. Glob Chang Biol 26
(7), 3821-3833

Whu, X., Liu, Y., Yin, S., Xiao, K., Xiong, Q., Bian,
S., Liang, S., Hou, H., Hu, J., Yang, J., 2020. Meta-
bolomics revealing the response of rice (Oryza sati-
va L.) exposed to polystyrene microplastics.
Environ Pollut 266 (Pt 1), 115159

WWF, 2020. Stop ghost gear: The most deadly
form of marine plastic debris. World Wide Fund
for Nature, Gland, Switzerland

Wyles, K. J., Pahl, S., Thomas, K., Thompson, R. C.,
2016. Factors That Can Undermine the Psychologi-
cal Benefits of Coastal Environments: Exploring the
Effect of Tidal State, Presence, and Type of Litter.
Environ Behav 48 (9), 1095—-1126

Wypych, G., 2016. Handbook of polymers, 2nd
edition. ChemTec Publishing, Toronto, Canada

Xu, P., Peng, G., Su, L., Gao, Y., Gao, L., Li, D.,
2018. Microplastic risk assessment in surface waters:
A case study in the Changjiang Estuary, China. Mar
Pollut Bull 133, 647—654

Yadav, S., Alcoverro, T., Arthur, R., 2018. Coral
reefs respond to repeated ENSO events with
increasing resistance but reduced recovery capaci-
ties in the Lakshadweep archipelago. Coral Reefs 37

(4), 12451257

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 219



Yamashita, R., Hiki, N., Kashiwada, F., Takada, H.,
Mizukawa, K., Hardesty, B. D., Roman, L., Hyren-
bach, D., Ryan, P. G., Dilley, B. J., MuNOz-PERez,
J. P., Valle, C. A., Pham, C. K., Frias, J., Nishizawa,
B., Takahashi, A., Thiebot, J.-B., Will, A., Kokubun,
N., Watanabe, Y. Y., Yamamoto, T., Shiomi, K.,
Shimabukuro, U., Watanuki, Y., 2021. Plastic ad-
ditives and legacy persistent organic pollutants in
the preen gland oil of seabirds sampled across the
globe. Environ Monitor Contam Res 1, 97—112

Yamashita, R., Takada, H., Fukuwaka, M. A.,
Watanuki, Y., 2011. Physical and chemical effects of
ingested plastic debris on short-tailed shearwaters,
Puffinus tenuirostris, in the North Pacific Ocean.
Mar Pollut Bull 62 (12), 2845—2849

Yamashita, R., Takada, H., Nakazawa, A., Takahashi,
A., Tto, M., Yamamoto, T., Watanabe, Y. Y.,
Kokubun, N., Sato, K., Wanless, S., 2018. Global
monitoring of persistent organic pollutants (POPs)
using seabird preen gland oil. Arch Environ Contam
Toxicol 75 (4), 545556

Yan, X., Yang, X., Tang, Z., Fu, J., Chen, F., Zhao,
Y., Ruan, L., Yang, Y., 2020. Downward transport of
naturally-aged light microplastics in natural loamy
sand and the implication to the dissemination of
antibiotic resistance genes. Environ Pollut 262,
114270

Yang, R.-Y., Wy, Y.-C., Hwung, H.-H., Liou, J.-Y.,
Shugan, I. V., 2010. Current countermeasure of
beach erosion control and its application in Taiwan.
Ocean Coast Manage 53 (9), 552—561

Ye, S., Andrady, A. L., 1991. Fouling of floating
plastic debris under Biscayne Bay exposure condi-
tions. Mar Pollut Bull 22 (12), 608—-613

Yin, C. S., Chai, Y. J., Danielle, C., Yusri, Y., Barry,

G. J., 2020. Anthropogenic marine debris accumu-
lation in mangroves on Penang island, Malaysia. J

Sustain Sci Manag 15 (6), 36—60

220

Yin, L., Chen, B., Xia, B., Shi, X., Qu, K., 2018.
Polystyrene microplastics alter the behavior, energy
reserve and nutritional composition of marine
jacopever (Sebastes schlegelii). J Hazard Mater
360, 97—105

Yorio, P., Marinao, C., Suarez, N., 2014. Kelp Gulls
(Larus dominicanus) killed and injured by discard-
ed monofilament lines at a marine recreational
fishery in northern Patagonia. Mar Pollut Bull 85
(1),186-189

Yoshikawa, T., Asoh, K., 2004. Entanglement of
monofilament fishing lines and coral death. Biol
Conserv 117 (5), 557—560

Young, L. C., Vanderlip, C., Duffy, D. C., Afanasyev,
V., Shaffer, S. A., 2009. Bringing home the trash:
do colony-based differences in foraging distribution
lead to increased plastic ingestion in Laysan alba-
trosses? PLoS One 4 (10), €7623

Yu, M., Van Der Ploeg, M., Lwanga, E. H., Yang, X.,
Zhang, S., Ma, X., Ritsema, C. J., Geissen, V., 2019.
Leaching of microplastics by preferential flow in
earthworm (Lumbricus terrestris) burrows. Environ
Chem 16 (1), 31-40

Yukioka, S., Tanaka, S., Nabetani, Y., Suzuki, Y.,
Ushijima, T., Fujii, S., Takada, H., Van Tran, Q.,
Singh, S., 2020. Occurrence and characteristics of
microplastics in surface road dust in Kusatsu (Japan),
Da Nang (Vietnam), and Kathmandu (Nepal).
Environ Pollut 256, 113447

Zachos, F. E., 2016. Species concepts in biology:
Historical development, theoretical foundations
and practical relevance. Springer, Switzerland

Zalasiewicz, J., Waters, C. N., do Sul, J. A. I,
Corcoran, P. L., Barnosky, A. D., Cearreta, A., Edge-
worth, M., Galuszka, A., Jeandel, C., Leinfelder, R.,
2016. The geological cycle of plastics and their use
as a stratigraphic indicator of the Anthropocene.
Anthropocene 13, 4—17



Zaneveld, J. R., Burkepile, D. E., Shantz, A. A.,
Pritchard, C. E., McMinds, R., Payet, J. P., Welsh,
R., Correa, A. M., Lemoine, N. P., Rosales, S.,
Fuchs, C., Maynard, J. A., Thurber, R. V., 2016.
Overfishing and nutrient pollution interact with
temperature to disrupt coral reefs down to micro-
bial scales. Nat Commun 7 (1), 11833

Zeller, D., Booth, S., Craig, P., Pauly, D., 2006.
Reconstruction of coral reef fisheries catches in

American Samoa, 1950—2002. Coral Reefs 25 (1),
144-152

Zettler, E. R., Mincer, T. J., Amaral-Zettler, L. A.,
2013. Life in the “plastisphere”: microbial commu-
nities on plastic marine debris. Environ Sci Technol
47 (13), 7137-7146

Zeytin, S., Wagner, G., Mackay-Roberts, N., Gerdts,
G., Schuirmann, E., Klockmann, S., Slater, M.,
2020. Quantifying microplastic translocation from
feed to the fillet in European sea bass Dicentrarchus
labrax. Mar Pollut Bull 156, 111210

Zhang, J., Wang, L., Trasande, L., Kannan, K.,
2021a. Occurrence of Polyethylene Terephthalate
and Polycarbonate Microplastics in Infant and
Adult Feces. Environ Sci Technol Lett 8 (11), 989—
994

Zhang, Q., Xu, E. G, Li, J., Chen, Q., Ma, L., Zeng,
E. Y., Shi, H., 2020. A Review of Microplastics in
Table Salt, Drinking Water, and Air: Direct Human
Exposure. Environ Sci Technol 54 (7), 3740-3751

Zhang, Y., Gao, T., Kang, S., Allen, S., Luo, X., Al-
len, D., 2021b. Microplastics in glaciers of the Tibet-
an Plateau: Evidence for the long-range transport of
microplastics. Sci Total Environ 758, 143634

Zhang, Z., Chen, Y., 2020. Effects of microplastics
on wastewater and sewage sludge treatment and
their removal: A review. Chem Eng Technol 382,
122955

Zhao, S., Ward, J. E. , Danley, M., Mincer, T. J.,
2018. Field-Based Evidence for Microplastic in
Marine Aggregates and Mussels: Implications for
Trophic Transfer. Environ Sci Technol 52 (19),
11038—-11048

Zheng, J., Suh, S., 2019. Strategies to reduce the
global carbon footprint of plastics. Nat Clim Change
9 (5), 374378

Zhou, H., Yin, N., Faiola, F., 2020. Tetrabromo-
bisphenol A (TBBPA): A controversial environmen-
tal pollutant. J Environ Sci (China) 97, 54—66

Zhou, Q., Tu, C., Yang, J., Fu, C., Li, Y., Waniek, J.
J., 2021. Trapping of Microplastics in Halocline and
Turbidity Layers of the Semi-enclosed Baltic Sea.
Front Mar Sci 8 (1555)

Zhu, L., Wang, H., Chen, B., Sun, X., Qu, K., Xia, B.,
2019. Microplastic ingestion in deep-sea fish from
the South China Sea. Sci Total Environ 677 (4),
493—501

Zhu, L., Zhao, S., Bittar, T. B., Stubbins, A., Li, D.,
2020. Photochemical dissolution of buoyant mi-
croplastics to dissolved organic carbon: Rates and
microbial impacts. J Hazard Mater 383, 121065

Zhu, X., 2021. The Plastic Cycle — An unknown
branch of the carbon cycle. Front Mar Sci 7,

609243.

Ziccardi, L. M., Edgington, A., Hentz, K., Kulacki, K.
J., Driscoll, S. K., 2016. Microplastics as vectors for
bioaccumulation of hydrophobic organic chemicals
in the marine environment: A state-of-the-science
review. Environ Toxicol Chem 35 (7), 1667—1676

Ziveri, P., 2019. Ocean and climate: environmental
change on marine ecosystems

Zubris, K. A. V., Richards, B. K., 2005. Synthetic
fibers as an indicator of land application of sludge.
Environ Pollut 138 (2), 201—211

Impacts of plastic pollution in the oceans on marine species, biodiversity and ecosystems | 221



More publications
in our “WWF Wissen” app.
Download now!

i0S

Android

Also accessible
via a browser.

Support WWF
IBAN: DEO6 5502 0500 0222 2222 22

WwWWwW

®

F

Why we are here
To stop the degradation of the planet's natural environment and
to build a future in which humans live in harmony with nature.

Zertifiziertes Fundraising
TUV Thiringen-Standard

+ Spendenbeschaffung
+ Datanschute
* Spenderzufriedenheit

warw tuev-thueringen.de |

1D 15 271 13002

wearw tuev-thueringen.de |

Zertifiziertes
Projektmanagementsystem
\  TUV Thiiringen Standard

= Projektplanung

* Projekteontrolling

* Projektverifizierung

1D 15 290 16001

WWF Germany

Reinhardtstr. 18 | 10117 Berlin | Germany
Tel.: +49 30 311 777-700

info@wwf.de | wwf.de

TT/10 :31eQ » HJEWIpPRIL P3.2ISIZRY IMM B SI,AMM, ® + (PUNS 3JIP|IM PIJOM A|19W104) 91n1eN 104 PUNS SPIM PI4OM - MM |0GWAs epued 9861 @



	_Hlk86334628
	_Hlk86241871
	_Hlk86241858
	_Hlk86241812
	_Hlk86310523
	_Hlk86854763
	_heading=h.4d34og8
	_Hlk86941976
	_Hlk87014287
	_heading=h.2s8eyo1
	_heading=h.17dp8vu
	_Hlk90055596
	_heading=h.3rdcrjn
	_Hlk84248266
	1.	Executive Summary 
	2. 	�Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research 
	3.	Introduction 
	4. 	�The scale, extent and 
pathways of marine plastic pollution 
	5.	�Effects of plastic debris 
and hazardous substances on marine species
	5.1	Introduction
	5.2	Physical interactions
	5.2.1	Entanglement with plastic debris 
	5.2.2	Ingestion of plastic debris
	5.2.3	Colonisation of plastic debris
	5.2.4	Contact or coverage with plastic debris
	5.2.5	Other types of physical interactions

	5.3	Chemical interactions 
	5.3.1	Harmful substances associated with plastics 
	5.3.2	Spatial variation
	5.3.3	Sorption and desorption of chemical pollutants
	5.3.4	Pathways of exposure
	5.3.5	Contribution of plastic pollution to overall chemical pollution
	5.3.6 	Application of the precautionary principle

	5.4 	Impacts of plastic pollution on species
	5.4.1 	Impacts on seabirds
	5.4.2	Impacts on sea turtles
	5.4.3 	Impacts on marine mammals
	5.4.4	Impacts on sharks and rays
	5.4.5	Impacts on other fish species
	5.4.6 	Impacts on corals and sponges
	5.4.7	Impacts on other marine species

	5.5	�Impacts of plastic pollution on populations and 
endangered species

	6.	�Effects of plastic pollution on marine ecosystems 
	6.1	Introduction  
	6.2	Coral reefs 
	6.3	Seagrasses 
	6.4	Mangroves 
	6.5	Deep-sea benthic ecosystems 

	7.	�Evaluation of the impacts of plastics on species, ecosystems and biodiversity 
	8.	Author contributions and disclaimer 
	9. Acknowledgements 
	10.	Annex 
	10.1	Plastic litter distribution data in LITTERBASE 
	10.2	�The impacts of plastic pollution on species in LITTERBASE 

	11. Glossary 
	12.	References


