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GLOSSARY

Organizations, techniques and other terms

Short form Full name

ALDFG Abandoned, Lost and otherwise Discarded Fishing Gear
FAO Food and Agriculture Organization

FT-IR Fourier transform infrared spectroscopy

UNEA United Nations Environment Assembly

Common polymers

Short form Full name Short form Full name

ABS Acrylonitrile butadiene styrene PGA Poly(glycolic acid)

AC Acrylic PLA Poly(lactide)

EP Epoxy resin (thermoset) PP Polypropylene

PA Polyamide 4,6, 11, 66 PS Polystyrene

PCL Polycaprolactone EPS (PSE) Expanded polystyrene
PE Polyethylene PU (PUR) Polyurethane

PE-LD Polyethylene low density PVA Polyvinyl alcohol
PE-LLD Polyethylene linear low density PVC Polyvinyl chloride
PE-HD Polyethylene high density PU (PUR) Polyurethane

PET Polyethylene terephthalate SBR Styrene-butadiene rubber

Common chemical additives in plastics

Short form Full name Examples of function
BPA Bisphenol A a monomer used in the manufacture of polycarbonates and
epoxy resins
DBP dibutyl phthalate anti-cracking agents in nail varnish
DEP diethyl phthalate skin softeners, colour and fragrance fixers
DEHP di-(2-ethylhexyl)phthalate plasticizer in PVC
HBCD hexabromocyclododecane flame retardant
NP nonylphenol stabilizer in food packaging and PVC
PBDEs Polybrominated diphenyl! ethers flame retardants
(penta, octa & deca forms)
nonylphenol stabilizer in PP, PS
phthalates Phthalate esters improve flexibility and durability

Common organic contaminants absorbed by plastics

Short form Full name Origin

DDT dichlorodiphenyltrichloroethane insecticide

PAHs Polycyclic aromatic hydrocarbons ~ combustion products

PCBs polychlorinated biphenyls cooling and insulating fluids, e.g. in transformers
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EXECUTIVE SUMMARY

This report provides an update and further assess-
ment of the sources, fate and effects of microplastics
in the marine environment, carried out by Working
Group 40 (WG40) of GESAMP (The Joint Group of
Experts on Scientific Aspects of Marine Protection).
It follows publication of the first assessment report in
this series in April 2015 (GESAMP 2015). The issue of
marine plastic litter was raised during the inaugural
meeting of the United Nations Environment Assembly
(UNEA) in June 2014. Delegates from 160 countries
adopted Resolution 1/6 on ‘Marine plastic debris and
microplastics’ (Annex ). The resolution welcomed the
work being undertaken by GESAMP on microplastics
and requested the Executive Director of UNEP to carry
out a study on marine plastics and microplastics. This
was to be based on a combination of existing and new
studies, including WG40. This provided the motivation
for GESAMP to revise the original terms of reference to
reflect both the request from UNEP to contribute to the
UNEA study, and the key recommendations from the
WG40 2015 report.

Each main section begins with key messages followed
by a short summary of related findings from the first
report. Each section ends with conclusions, knowledge
gaps and research priorities. Greater effort has been
made to describe the nature, distribution and magni-
tude of sources of macro- and microplastics. These
are described by sea-based and land-based sectors,
together with the main entry points to the ocean.
Spatial (regional) and temporal differences in both
sources and entry points are examined. One previously
unrecognized source of secondary microplastics high-
lighted is debris from vehicle tyres.

The distribution of microplastics in the five main ocean
compartments (sea surface, water column, shoreline,
seabed and biota) are described, together with the
transport mechanisms that regulate fluxes between
compartments. Regional ‘hot-spots’ of sources, dis-
tribution and accumulation zones are reported, in
response to the UNEA request.

The effects of microplastics on marine biota have been
explored in greater detail.

Greater attention has been given to the interaction of
microplastics with biota. A comprehensive literature
review has been assembled with tables summarising
the occurrence of microplastics in a wide variety of
marine organisms and seabirds. There does appear to
be an association between uptake of microplastics and
changes in the physiological or biochemical response
in some species, observed in laboratory experiments. It
is not clear whether this will be significant at a popula-
tion level with current observed microplastic numbers.
The current understanding of the interaction of plastic-
associated chemicals with biota is reviewed, using
laboratory-based experiments, theoretical studies and
field-based observations. It appears very likely that this
interaction will be dependent on: i) the species; ii) the
relative degree of contamination of the plastic, the biota
concerned and the marine environment (sediment,
water, foodstuff) in that region; iii) the size, shape and
type of plastics; and iv) several time-related variables
(e.g. environmental transport, gut transfer, absorption/

desorption rates). This remains a contentious area of
research. The occurrence of nano-sized plastics in the
marine environment has yet to be established and we
are dependent on drawing inferences from other fields
of science and medicine when considering possible
effects. Microplastics can act as vectors for both indig-
enous and non-indigenous species. Examples include
pathogenic Vibrio bacteria, eggs of marine insects and
the resting stages of several jellyfish species.

A new section considers the possible effect of micro-
plastics on commercial fish and shellfish. Microplastics
have been found in a variety of commercial fish and
shellfish, including samples purchased from retail out-
lets. Generally the numbers of particles per organism
are very small, even for filter-feeding bivalves in coastal
areas bordered by high coastal populations. At these
levels it is not considered likely that microplastics will
influence the breeding/development success of fish
stocks (food security) nor represent an objective risk
to human health (food safety). However, data are rather
scarce and this is an area that justifies further attention.

The economic aspects of microplastic contamination
are considered in another new section. This relies
heavily on studies looking at the effects of macro-
debris on various sectors (e.g. fisheries, shipping,
tourism, waste management), given the paucity of
knowledge of direct economic effects of microplastics.
Acting on macroplastics may be easier to justify, as the
social, ecological and economic effects are easier to
demonstrate. This in turn will reduce the quantities of
secondary microplastics being generated in the ocean.
One significant cost that may be incurred would be the
provision of wastewater treatment capable of filtering
out microplastics. Such systems are relatively common
in some rich countries but absent in many develop-
ing nations. Clearly, there are many other reasons to
introduce improved wastewater treatment (nutrient
reduction, disease prevention), with reduction in micro-
plastics being an additional benefit.

Social aspects are focused around factors influencing
long-term behaviour change, including risk percep-
tions, perceived responsibility and the influence of
demographics. This is key to implementing effective,
acceptable measures.

A separate section summarizes good practice guid-
ance on sampling and analysis at sea, in sediments and
in biological samples. There are no global ‘standards’
but if these guidelines are followed then it will be easier
to generate quality-assured data, in a cost-effective
manner, and for datasets to be compared and com-
bined with more confidence.

The final main section presents an initial risk assess-
ment framework. Having described some basic prin-
ciples about risk, likelihood and consequences the
section provides a conceptual framework and two case
examples (one real, one hypothetical) of how the frame-
work can be utilized.

The report concludes with key conclusions and recom-
mendations for further research.
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1 INTRODUCTION

11 Context

Concern about the quantity of plastic and microplastic
debris in the ocean has grown rapidly in recent years.
This has been evident in terms of the increased interest
from governments, Intergovernmental Organizations
(IGOs), regional seas organizations, the private sec-
tor, environmental NGOs, special interest groups, the
media and the scientific community.

GESAMP recognized the importance of this topic
within its Emerging Issues programme. It undertook
a number of scoping activities that culminated in set-
ting up a working group (Working Group 40, WG40) to
undertake an initial assessment of: ‘Sources, fate and
effects of microplastics in the marine environment - a
global assessment’, published in April 2015 (GESAMP
2015"). The assessment included a number of recom-
mendations for further investigation, to cover certain
topics in greater depth or introduce new elements into
the assessment.

The United Nations Environment Assembly (UNEA)?
was created to help inform the development of the UN
Sustainable Development Goals (SDGs), and to deliver
the environmental dimension of the 2030 Agenda for
Sustainable Development.® The issue of marine plas-
tics and microplastics was raised during the inaugural
meeting of the UNEA in June 2014. Delegates from 160
countries adopted Resolution 1/6 on ‘Marine plastic
debris and microplastics’ (Annex ).

Paragraph 12 of Resolution 1/6 reads:

‘[The United Nations Environment Assembly] ...
Welcomes the initiative by the Joint Group of Experts
on the Scientific Aspects of Marine Environmental
Protection to produce an assessment report on
microplastics, which is scheduled to be launched in
November 2014 [GESAMP 2015]'.

Paragraph 14 of Resolution 1/6 included a request to
the Executive Director of UNEP to carry out a study:

‘... building on existing work and taking into account
the most up-to-date studies and data, focusing on:

(@ Identification of the key sources of marine plastic
debris and microplastics;

(b) Identification of possible measures and best
available techniques and environmental practices to
prevent the accumulation and minimize the level of
microplastics in the marine environment;

(c) Recommendations for the most urgent actions;

' http://www.gesamp.org/publications/publicationdisplaypag-
es/reports-and-studies-no.-90

2 http://unep.org/unea/

3 Lee, G.E., 2014. UNEA 2014: Ground-Breaking Platform
for Global Environmental Sustainability [Online]. Available at:
http://climate-exchange.org/2014/07/02/unea-2014-ground-
breaking-platform-for-global-environmental-sustainability/
[accessed 22 December 2015]

(d)  Specification of areas especially in need of more
research, including key impacts on the environment
and on human health;

(e)  Any other relevant priority areas identified in the
GESAMP assessment of the Joint Group of Experts
on the Scientific Aspects of Marine Environmental
Protection;’

In addition to reviewing the extensive published litera-
ture on the topic, it was intended that the UNEA report
should reflect the findings of several related but sepa-
rate studies supported principally by UNEP:

a) core study focusing on strengthening the evi-
dence base with regard to microplastics (this report);

b) study on the impact of microplastics on fisheries
and aquaculture (FAO/UNEP);

C) compilation of Best Available Techniques (BATSs)
for solid waste management (undertaken by Tetra Tech);

d) modelling component, engaging wider modelling/
oceanographic community (undertaken by CSIRO); and

e) socio-economic component, engaging research-
ers and universities to look at social aspects/welfare
impacts and economic effects (undertaken by IEEP).

The UNEA report was published during the Second
United Nations Environment Assembly (UNEA-2), 23 to
27 May 2016 (UNEP 2016).

1.2 GESAMP WG40 work programme
and timeline

The new work programme has two main objectives:

1. to carry out a comprehensive assessment of the
topic with input from a wide range of disciplines over a
3 to 4 year timeline;

2. to provide input to the UNEA-2 (23 to 27 May
2016) on topics of particular interest to UNEP and FAO.

Revised Terms of Reference (ToRs)

1. assess the main sources and categories of plas-
tics and microplastics entering the ocean;

2. assess and utilize a range of physical and chemi-
cal models to simulate the behaviour of plastics and
microplastics in the ocean in order to improve current
assessment technologies;

3. assess the occurrence and effects of microplas-
tics in commercial fish and shellfish species, including
associated additive chemicals and contaminants in the
edible fractions;

4. assess local, regional and global scales of accu-
mulation of plastics and associated chemicals (addi-
tives and absorbed contaminants), including SIDS and
regional hot-spots;
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5. assess the effects of nano-sized plastics on
marine organisms;

6. assess the risk of physical and chemical effects
of ingested microplastics on marine organisms;

7. assess the significance of plastics and micro-
plastics as a vector for organisms, facilitating the
spread of non-indigenous (alien) species;

8. develop guidelines covering terminology and
methodologies: i) size and shape definitions of par-
ticles; ii) sampling protocols for the whole spectrum
of particle sizes in surface and sub-surface seawater,
seabed sediments, shorelines and biota; and, iii) meth-
odologies for physical and chemical identification and
analysis of polymers and associated chemicals;

9. assess social and economic aspects influencing
both the entry of plastics/microplastics into the ocean
and the potential consequences from the resulting con-
tamination; and

10. develop and utilize effective mechanisms for
communicating the progress and conclusions of the
working group to a wide audience (public and private
sector).

Note: ToRs 1 to 7 cover specific areas of interest
whereas ToRs 8 to 10 are cross-cutting.

Output

1. Report — Sources, fate and effects of microplas-
tics in the marine environment - part two of a global
assessment; and

2. Report — Sources, fate and effects of microplas-
tics in the marine environment — part three of a global

assessment. Due to be published in 2018 (content to be
decided following publication of part two).

1.3 Structure and scope of the report

The current report takes the outcome of the first
GESAMP assessment as a starting point. The sections
on sources and fate have been expanded, and poten-
tial ecological impacts investigated in greater depth. A
separate section is devoted to the potential impacts of
microplastics on commercial fish and shellfish species.
Greater effort has been directed at assessing social
and economic aspects of microplastics, drawing on
related literature as appropriate. A separate section
discusses advances on sampling and analytical tech-
niques, and the advantage of harmonized approaches,
to allow greater data sharing and comparison. Risk
assessment, to support decision making, is also given
more prominence.

The intention is for the current report to provide a more
robust evidence base to focus and support the devel-
opment and implementation of potential solutions to
reduce the impact of marine microplastics. It provides
some examples, but does not advocate potential solu-
tions and this would have been outside the scope of
the ToRs. The report covers the Driver-Pressure-State-
Impact components of the DPSIR conceptual frame-
work for the adaptive management of environmen-
tal stressors (Figure 1.1). The Response component,
devising possible microplastic reduction measures, is
discussed in the UNEA report (UNEP 2016).

Food, energy, transport

Driver
Response

3

Ve

Loss of ecosystem services,
entanglement, ingestion,
littering, chemical effects,

rafting of organisms

housing, leisure,
governance,
natural hazards

Pressure

Plastics & microplastics in
ocean (shoreline, seabed,
ocean trenches, water
column, biota)

Shipping, fisheries,
aquaculture,
tourism,
consumerism,
waste generation,
tsunamis & extreme
floods

Figure 1.1 DPSIR framework in relation to inputs and impacts of marine plastics and microplastics (UNEP 2016)
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2 SOURCES OF MICROPLASTICS

Key points

1. There are primary and secondary sources of microplastics. The distinction is based on whether the
particles were originally manufactured to be that size (primary) or whether they have resulted from the
breakdown of larger items (secondary).

2. Fragmentation and degradation plays an essential role in the formation of secondary microplastics, but
the processes are poorly understood.

3. There is evidence that microplastics are littered into the environment at all steps in the life cycle of a plastic
product from producers to waste management.

4. Microplastics can enter the marine environment via riverine systems, coastlines, directly at sea from ves-
sels and platforms or by wind-induced transport in the atmosphere.

5. Methods of defining microplastics, sampling and measurement vary considerably among studies, source
sectors and geographical regions making it difficult to synthetize data across studies.

21 Lessons from the first assessment 2.2 Primary and secondary sources of

Identification of sources is important to accurately
assess the quantities of microplastics entering the
marine environment, to provide an indication of region-
al or local ‘hot-spots’ of occurrence and accumulation,
and to develop and monitor mitigation efforts and poli-
cies (GESAMP 2015). The identified challenges include
uncertainties in the sources as well as the pathways
by which microplastics arrive at a specific destination.
There are two types of microplastics sources.

The primary sources are manufactured microplastics
that were designed for particular applications. These
primary particles may be released from discrete point
sources such as plastic processing plants (produc-
tion pellets or powders for injection moulding) or from
more diffuse and regular source points such as popu-
lated places along rivers and coastlines (microbeads,
industrial abrasives). There is a lack of quantitative
data on inputs via small, but regular and persistent,
losses of primary microplastics from multiple sources
(GESAMP 2015). The secondary sources are micro-
plastics created by fragmentation and degradation of
macroplastics, including fibres from synthetic textiles.
Estimating the source distribution of secondary micro-
plastics inevitably relies on accurate assessment of
the distribution and sources of macroplastics and on a
good understanding of the degradation process.

The discussion on primary and secondary sources
of microplastics is further developed in this chapter.
Particularly, fragmentation and degradation of plastics
in the environment is emphasized as it plays a major
role in the release of secondary microplastics. Sources
of microplastics are presented by sectors and charac-
terized under producers/converters, sectoral consum-
ers (land-based and sea-based), individual consumers
and waste management. The main pathways from
the source sectors into the marine environment are
reviewed including riverine, coastal, marine-based and
atmospheric inputs. The pathways are also categorized
between primary and secondary sources of micro-
plastics. Finally, this chapter provides a discussion on
spatial and temporal variability of microplastic sources.

microplastics

2.21 Overview of microplastic sources

Marine debris has become a global environmental
issue and a growing concern since the rise of the
plastic industry in the mid-1950s. Annual global plastic
production has increased steadily and reached 311 mil-
lion tonnes in 2014. The majority is used to make items
of packaging and for construction. Smaller proportions
are used in a range of other applications, including the
automotive industry, agriculture and for electrical and
electronic components. See Figure 2.1 below for an
example of plastic production data by sector in the EU.

The increase in plastic use has been accompanied
by an increase in plastic litter in the ocean. The total
number of macro- and microplastic objects has the
potential to affect marine life with associated socio-
economic consequences. As a result, it is important
that we understand the sources and sinks of plastic
debris into the ocean so that we can identify poten-
tial risks.

In addition to understanding sources and sinks, it is
important that we come to an agreement on how to
categorize the different types of debris. Microplastics
have been attributed to several different size ranges
which can sometimes be confusing and/or hinder data
comparisons. It has become common to use the defi-
nition of any plastic particle <5 mm in diameter, which
includes particles in the nano-size range (Table 2.1).
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Table 2.1 Summary of size definitions of marine plastic litter and common sources

Size Diameter
categories -
of marine Micro <5 mm Meso <2.5cm Macro <1 m Mega >1m
plastic litter
Source Primary microplastics Direct and indirect: Direct: lost items from  Direct: abandoned

including fragmentation maritime activities or
of larger plastic items ~ from rivers events

Secondary
microplastics

— fragmentation of
larger plastic items

gear, catastrophic

Examples of Primary: resin beads,

marine litter microbeads from
personal care
products;

Secondary: textile
fibres, tyre dust

Bottle caps, fragments Plastic bags, food and Abandoned fishing

other packaging, nets and traps, rope,
fishing floats, buoys, boat hulls, plastic films
balloons from agriculture

Primary microplastics include production pellets/pow-
ders and engineered plastic microbeads, used in cos-
metic formulations, cleaning products and for industrial
abrasives.

In contrast, secondary microplastics come from larger
plastic items that are degraded and consequently frag-
mented, mostly due to weathering degradation, into
microplastic particles.

Plasticdemand by sectors (%)

50

40

30

20

10 I

. ]

Building &
Construction

Packaging

Automotive

Electrical &
Electronics

Agriculture Others

Figure 2.1 European plastic demand by sectors 2013 (adapted from PlasticsEurope 2014)

2.2.2  Fragmentation and degradation

The widespread degradation and fragmentation of
plastic is one of the key factors causing microplastics
to be ubiquitous in the marine environment. While there
is extensive literature on the loss of mechanical integ-
rity of plastics with weathering on both land and beach
(O’Brine and Thompson 2010), as well as the ocean
environments (Andrady 2011), studies on fragmenta-
tion as a consequence of weathering are sparse in the
literature. This is partly due to lack of historical inter-
est in the degradation process past the point where
a product cannot be used in the intended application
— durability is a key quality of most plastics. The time
scale for which we can relate is also an important fac-
tor. Plastic was introduced in the 1950s, which means
that observations can only be carried from that period
of time, and by controlled laboratory experiments, and
the long-term behaviour of plastics in the marine envi-
ronment is essentially unknown. Weathering related
degradation results in a progression of changes that
include the loss in mechanical integrity, embrittlement,

further degradation and fragmentation. Biodegradation
of plastics occurs at a very slow rate; only 1% to 1.7%
decrease in mass was observed in laboratory-acceler-
ated degradation of PE over a 30-day duration by micro-
organisms isolated from marine waters (Harshvardhan
and Jha 2013). Fragmentation, however, is most likely to
occur at advanced stages of degradation well beyond
embrittlement for most plastics, mainly due to expo-
sure to solar UV radiation (Andrady 2011). As a result,
not only are the fragmentation kinetics and processes
very poorly understood, but there are no reliable esti-
mates of the time to embrittlement of different types of
plastics exposed to weathering either on land or at sea
under a specified set of conditions.

The general methodology currently used in studies
is to expose samples in the field followed by assess-
ing their mechanical integrity in laboratory tests. A
somewhat different approach to studying the deg-
radation and fragmentation of plastics in the ocean
was pursued in a recent Clean Sea project (Gerritse
and Vethaak 2015). This involved the use of a marine
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mesocosmexposedtofluorescentlighting. Thedegrada-
tionofvarious ‘compostable’and ‘durable’ plasticpolymer
varieties was monitored using changes in their electrical
resistance, weight loss and generation of microplastic
particles.

Though not experimentally demonstrated as yet, model
calculations suggest that smaller plastic particles
degrade and split into smaller fragments at faster rates
(Gerritse and Vethaak 2015). The larger specific surface
area generated with fragmentation allows improved
contact with water/sediment with faster leaching or
sorption rates for chemicals and additional space for
biofouling. In addition, it exposes a larger area for
chemical, physical and biological degradation reac-
tions (Gewert et al. 2015)

The degradation processes that result in converting
macroplastics or meso-plastics debris into micro-
plastics likely continues beyond this stage to nano-
sized plastics (<100 nm). In fact, if the microplastic is

exposed to solar UV radiation the increased surface
area would accelerate such degradation. For example,
the formation of nanoplastics (mainly in the 100 to 500
nm range) occurs during the degradation of natural rub-
ber latex condoms in outdoor freshwater microcosms
(Lambert et al. 2013). However, nanoplastics have not
been detected as yet in the marine environment (mainly
due to the logistics challenges in analytical procedures)
and the range of marine organisms exposed to them
are unknown (GESAMP 2015; Koelmans et al. 2015).

Two recent studies estimating microplastic abundance
on the ocean surface observed a 100x reduction of
small microplastics (<1 mm) when compared to larger
microplastics (1 to 5 mm) (Cézar et al. 2014; Eriksen
et al. 2014). While we may suppose nanoplastics are
abundant in the marine environment (Andrady 2011;
GESAMP 2015) we may not find them on the sea sur-
face in large quantities if other mechanisms of chemi-
cal and biological degradation, current dynamics and
buoyancy reduce their numbers.

Box 2.1 On bioplastics and biodegradability
Plastics from biomass feedstock

While a great majority of the plastics produced globally are based on non-renewable fossil fuel resources, plastic
resins can be made from biomass feedstock as well. There are basically three categories of plastics from renewable
biomass resources: a) Biopolymers or bioplastics; b) Bio-derived plastics; and, c) Bio-based plastics. The difference
between these categories depends on the role played by the bio-resource in producing the resin.

With biopolymers such as cellulose, chitin or the bacterial copolymer poly hydroxyl butyrate valerate [PHBV], the
polymer is created in the form it is available for human use by the plant or the microorganism. The production involves
the mere extraction of the plastic from biomass. With bio-derived plastics such as rayon or chitosan, however, the
polymer extracted from biomass is chemically converted into a modified polymer that has useful properties in practi-
cal applications. Cellulose that is partially acetylated into cellulose acetate for use in cigarette filters or regenerated as
cellophane or rayon fibre and deamination of chitin from crab shells into chitosan are examples of such conversions.
Bio-based polymers in contrast to the above are man-made polymers using monomers that are derived from bio-
mass. For instance, plant carbohydrates might be fermented into alcohols that can be used to make bio-polyethylene.
The polyethylene produced is similar in structure and properties to polyethylene made from fossil fuel feedstock and
the prefix bio-merely indicates the origin of the monomer. With complex monomers, a part of the monomer might be
bio-based (with the rest derived from fossil fuel) yielding a partially bio-based plastic.

Biodegradable plastics

Biodegradable polymers are able to undergo degradation into small molecules such as CO,, CH, and H,O due to the
action of biota, usually microorganisms at a rate that is much faster than that for common plastics. The bio-prefix in
bio-PE, bio-PET or bio-PA does not suggest that these polymers will therefore also be biodegradable. Some biopoly-
mers, bio-derived plastics and bio-based plastics are indeed biodegradable. However, others in the same categories,
such as the bio-based plastic bio-PE or the bio-derived plastic, fully acetylated cellulose, are not biodegradable.
Knowing the nature of feedstock used to make the plastic does not allow a determination as to the biodegradability
of the material.

Biodegradability and marine environment

The ocean (marine) environment is NOT a disposal environment like composting or anaerobic digestion which are
sound end-of-life options for food and bio-waste components of the solid waste stream along with truly and com-
pletely biodegradable-compostable plastics. These compostable plastics meet the specification requirements of
International Standards and are certified to these standards by independent third party organizations. Several poly-
mer materials are being offered in the marketplace as “marine biodegradable” based on 30°C temperature laboratory
scale experiments (ASTM D6691) demonstrating biodegradability. Another ASTM test method measures biodegrad-
ability in seawater sediment and the test temperature can be as high as 28°C. However, ocean temperatures drop
precipitously as you go down in depth (4°C on reaching 2000 m) and the ocean environment can be much different
and less active than the lab test environment. So these marine biodegradable plastics (which show complete biode-
gradability in a lab test method) could remain in ocean environments for very long periods of time and cause serious
environmental impacts that have been recorded for ocean microplastics.
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2.3 Sources by sector

2.3.1 Sources in brief

Macroplastics and microplastics entering the ocean
come from a wide variety of land- and sea-based
sources. Table 2.2 provides a summary of the main
sectors identified, the types of plastic products or

waste and the typical entry points to the ocean. The
source sectors are categorized by producer/consumer
responsibility during the lifetime of a plastic product
following the flow of plastic through the economy. This
is further detailed in Chapter 6 on socio-economic
aspects (Figure 6.1). There are significant regional
differences in the relative importance of sources and
entry points.

Table 2.2 Sources of plastics and microplastics by usage sectors identified in this chapter

Category Source sector Description Entry points Knowledge
Producers/ Plastic Producers,  Pellets & fragments Rivers, Coastline, High
Converters Fabricators & Atmosphere
Recyclers
Sectoral Agriculture Greenhouse-sheets, pots, Rivers, Coastline, Low
consumers pipes, nutrient prills Atmosphere
Fisheries Fishing gear, packaging Rivers, Coastline Medium
(e.g. ports), Marine
Aquaculture Buoys, lines, nets, PVC pipes Rivers, Coastline, Medium
Marine
Construction EPS, packaging Rivers, Coastline, Low
Atmosphere
Terrestrial Pellets, tyres, tyre dust Rivers, Coastline, Medium
Transportation Atmosphere
Shipping/ Paints, pipes, clothes, Rivers, Marine Medium
Offshore industry miscellaneous,
plastic-blasting, cargo
Tourism industry Consumer goods, packaging, Rivers, Coastline, High
microbeads, textile fibres Marine
Textile industry Fibres Rivers, Coastline, Low
Atmosphere
Sport Synthetic turf Rivers, Coastline, Low
Atmosphere
Individual Food & drink Containers, plastic bags, Rivers, Coastline High
consumers single-use bottles, caps, cups, plates,
packaging straws, spoons, etc.
Cosmetics & Microbeads, packaging, Rivers, Coastline, Medium
personal care toothbrushes, etc. Marine
products
Textiles & clothing Fibres Rivers, Coastline, Medium
Atmosphere, Marine
Waste Solid waste Unmanaged or poorly Rivers, Coastline, Medium
management managed waste disposal Atmosphere
Water & wastewater Microbeads, fragments, Rivers, Coastline Medium

fibres

2.3.2 Producers and converters

Plastic pre-production resin pellets are manufactured
and transported to a converting facility where the plas-
tic is compounded and processed into useful products.
Whenever transportation of resin pellets occurs there is
a potential for accidental losses of pellets, on land and
sea. Use of paved surfaces and catch trays for spillage
during loading/unloading of rail cars or trucks, and the
use of vacuum systems can often help reduce such
losses. Once in the converting facility the best prac-
tices in processing and clean-up of equipment govern
further potential resin loss. The use of storm-drain

filters to contain the pellets and observing strict clean-
up procedures are generally recommended to limit the
loss of pellets at the fabrication facilities.

Although programmes exist to try to prevent loss, pel-
lets are found in freshwater and marine habitats. For
example, in sediment samples analysed from European
rivers, 18% of the detected microplastic consisted of
PS pellets (Karlsson 2015). These pellets showed visual
and spectroscopic resemblance to primary pellets/
powder, which was potentially intended for use in poly-
mer production. All samples were taken in rivers that
flow nearby polymer plants.
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In the manufacture of plastic products and packaging,
fragments remain from trimming and tooling processes
after typical injection moulding. Seams are ground
down, producing microplastics. The tooling of solid
blocks of plastic, using drills and milling tools also
produce shavings. These fragments can be in all sizes,
from the obvious microplastic to nano particles, lost as
dust to the atmosphere.

2.3.3 Land-based sectoral consumers
Agriculture

There are many potential mechanisms whereby agri-
culture can be a source of microplastics. For example,
plastics are used in agriculture for irrigation and as a
mulch. They sit on the field for many months in the sun
and when they are removed or disturbed by harvesting
or watering can readily break down into microplastics.
Runoff from agriculture can transport this material to
the marine environment.

Agriculture occupies large areas around the world, but
the areas with nutrient-poor soils require high levels of
fertilization to maintain this industry. The financial costs
or time expenditure associated with the use of fertil-
izers (nitrogen, phosphate and potassium) have been
prohibitively high for some farming situations. One of
the newest fertilization technologies, controlled-release
fertilizers (CRFs), offers a method for reducing the
quantity of fertilizer needed per unit area of cropland,
as well as reducing time spent in fertilization efforts
(Jacobs 2005). CRFs have advantages for agriculture in
reducing cost and in reducing nutrient runoff levels into
water systems (Landis et al. 2009), but are introducing
a new environmental impact in the form of microplas-
tics contamination.

CRFs encapsulate the N, P, and K nutrient combina-
tions within a coating often composed of a polymer
(e.g. polysulfone, polyacrylonitrile and cellulose ace-
tate; Jarosiewicz and Tomaszewska 2003), called a
nutrient pill (Landis et al. 2009). The fertilizer diffuses
into the soil across this barrier (Gambash et al. 1990)
over predetermined time periods (3 to 18 months),
offering a continuous nutrient supply to the plant roots.
The overall fertilization level required is reduced com-
pared to traditional fertilizers because it reaches the
plants as needed over time (Goertz 2000), eliminating
the need for over-fertilization, a problem for the sur-
rounding aquatic environment (Carpenter et al. 1998).
This should lower the levels of nutrient runoff into water
systems from those crops (Sharpley et al. 1994), thus
lessening eutrophication that often occurs from these
pollution sources (Vollenweider 1968; Vollenweider and
Kerekes 1980).

This benefit is not without cost, however, because
when nutrients are released, the remaining pill does not
degrade. In addition, because the longer release periods
are the more commonly desired, the thickness of this
polymer layer must be increased proportionally to that
intended release duration (Jacobs 2005). Surface run-
off due to rainfall events washes soils from agricultural
areas into aquatic systems. These plastics will be car-
ried along with those soils and enter both river and estu-
arine systems along with surface soils. CRF fertilizers

are applied either by being mixed into the soil or top
dressed (Landis et al. 2009), depending on the particu-
lar crop being grown, with top dressed soils particularly
at risk for microplastics runoff. Because the quantity
of expended pills will increase within soils when these
CREF fertilizers are reapplied every 1 to 2 years, this
risk will increase over time. The volume of CRF in use
in drainage basins and coastal regions, as well as the
relative percentages of mixed and top-dressed usage,
should be used to estimate the quantity of microplas-
tics being released into aquatic ecosystems per year.
Although there are no estimates available to date on
the potential of CRFs to contribute to microplastics
contamination in the ocean, there is an increasing trend
associated with this risk due to the increasing use of
fertilizers in agriculture (Heffner 2009).

Construction

Potential discharges related to construction should
consider three phases used to describe the life cycle
of infrastructure: i) construction, ii) life in service and iii)
decommissioning / demolition. Although little infor-
mation is available on the relative importance of the
various entry points from the construction sector into
the marine environment, it is clear that construction
represents a major use of new plastics, contributing
over 20% of annual production in Europe during 2013
(plus plastics used to package items in the construc-
tion industry) (PlasticsEurope 2014). This plastic will
reach the end of its life and/or become fragmented if
not adequately deposited or recycled. Hence there is
a considerable reservoir of plastic items within existing
constructions and depending on use and management
this plastic may be released as microplastics.

Plastic products used in construction should have a
long life-in-service in comparison to other applications
where products such as single use carrier bags may
have been designed to deteriorate on exposure to heat,
light and oxygen. Still, there is the potential for emis-
sions of microplastics during the construction phase
associated with cleaning, abrasion or grinding. At any
stage in the lifetime of a piece of infrastructure, shot
blasting with microplastics can be used to clean paint
from surfaces prior to further construction or main-
tenance. If the particles are not contained this could
lead to a direct release into the environment either as
airborne dust, or soil or water (natural and sewage)
contamination.

Insulating foam, typically polyurethane, is often used
in construction as a solid board or applied in liquid
form inside walls and between ceiling joists. As the
foam cures, it balloons out from between wall and ceil-
ing timbers, which is usually trimmed manually with
saws. This process produces tremendous amounts of
microplastic residue, which are typically mediated by
sweeping only.

During construction, components may arrive pack-
aged in single use plastic film, pieces or granules, such
as polystyrene. Some of these packaging materials
may have been designed to have enhanced rates of
degradation, and others may be made of conventional
polymer. Unless these packaging items are contained
on site and disposed of appropriately (e.g. via recycling)

GESAMP REPORTS & STUDIES No. 93 - MICROPLASTICS IN THE OCEAN - 21



there is potential for weathering-induced fragmenta-
tion of packaging leading to the release of second-
ary microplastics. The packaging is intended to be a
product with a short lifetime, but in some instances
may be in place for months or years depending on the
duration of the building phase. In addition, the only
available means of disposal may be a large container
open to prevailing weather conditions. While this may
be appropriate to contain heavy construction materials
and debris it may not be effective in retaining lighter
materials such as microplastics, particularly in windy
conditions.

Decommissioning or demolition may also be an emis-
sion-source of plastic to the environment. Plastic
components of all shapes, sizes, colours and polymers
are likely to be distributed throughout a particular
construction. Separation, sorting and recycling could
therefore be problematic. Even during the recycling
process, there is still potential for emissions of micro-
plastics as the result of spillage if products are shred-
ded into small particles. Plastic items and fragments
may be released to the environment or become com-
pacted into the substratum of the site.

An additional source of plastic comes from the use
of materials in informal shelters and shanty towns. In
some regions, such as West Africa, rubbish is used for
land reclamation in areas when the local population are
without land or conventional housing (UNEP 2016).

Despite these diverse potential sources of microplas-
tics either directly (primary) or indirectly (secondary
microplastics) as a consequence of, and at all stages
in, construction there are no published studies estimat-
ing microplastics generation from this source sector.

Transportation on land

Robust statistical analyses can help identify key loss
points and simple, manageable responses to reduce
loss. Analysis from a continent wide survey of the
Australian coastline suggests that isolated areas may
be important sources of plastic pollution through ille-
gal dumping along road networks (Wilcox et al. 2014).
Hence, in addition to focusing on major metropolitan
areas, considering remote and regional sites is key to
understanding loss rates and flows. This can help to
target infrastructure and improve success of incen-
tives and enforcement actions to reduce littering and
improve packaging materials recovery.

The emission of rubber particle dust (mainly <80
micrometre) from tyre wear may be a major source of
microparticles contamination to the sea (NEA 2014;
Verschoor 2014). Part of the dust flies as particulate
matter into the air, the rest lands directly on the road
or adjoining land and from there a proportion will enter
surface waters or drains. An unknown proportion
will be carried to the sea. Car tyres are largely made
of styrene-1.3-butadiene rubber (SBR) and recycled
products made from tyre rubber. Every year, an esti-
mated quantity of 17,000 tonnes of rubber tyre-wear
is released into the Dutch environment (Verschoor et
al. 2014). Annual emission estimates of tyre rubber
dust for Norway, Sweden and Germany are 4,500,
10,000 and 110,000 tonnes respectively (NEA 2014).
Average emissions of car tyre dust for the mentioned

countries range between 1 and 1.4 kg/capita/year.
Further detailed studies are needed to calculate emis-
sions to the sea and to investigate the input from air
transport and atmospheric deposition.

Tourism industry

Tourism is an important economic sector. The World
Coast Conference (1993) identified tourism as the
world’s largest single industry, estimating that it con-
stitutes 5% to 6% of the combined Gross National
Product (GNP) of all nations. In addition, tourism has
increased over recent years into a global industry, with
the World Tourism Organization (WTO) estimating over
one billion tourist arrivals across the globe.*

Since many popular tourist destinations are coastal
(e.g. the Mediterranean is ranked the number one
destination by the World Tourism Organization), it is
reasonable to assume areas of high tourist activity
are important to consider as proxy sources of marine
debris. For example, it could be assumed that areas
of high tourism are areas of high plastic input simply
due to higher concentrations of people. It might be
further argued that plastic input is exacerbated since
tourists, while away from home, might be more likely
to use disposable plastic (e.g. beverage bottles, food
containers, etc.) compared to home where they have
access to non-plastics. In addition, tourists may be
less concerned about environmental impacts in places
where they are not living. Conversely, it may be the
case that some areas that rely on tourism as a major
economic driver, particularly natural environments, are
areas where clean-up efforts are more focused and
numerous. Increasingly, tourism is spreading to less
populated and more ‘pristine’ environments, where the
infrastructure required to deal adequately with waste
may be lacking. This is also the case for many Small
Island Developing States (SIDS).

2.3.4 Sea-based sectoral consumers
Fisheries

Fishing gear may be lost at sea by accident, abandon-
ment or deliberate disposal into the marine environ-
ment. Plastic debris resulting from fishing includes
nets, traps, lines and ropes, floats, buoys, strapping
bands, bait boxes and bags, strings for packaged
baits, rubber gloves, galley wastes and household
trash (Sheavly 2005). According to Brown et al. (2005),
some of the causes related to the disposal of nets at
sea are:

e conflict with other sectors, principally towed
gear operators;

e working in deep water;

e poor weather conditions and/or on very hard
ground;

e very long nets or fleets of nets; and

e using more gear than can be hauled
regularly.

4 http://www.e-unwto.org/doi/pdf/10.18111/9789284416899
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The way in which fishing gears are handled may depend
on several conditions: fishing area/region, type of fish-
eries, type and size of the vessel and crew members.
Deliberate discarding of fishing gear is also associated
with illegal, unreported and unregulated (IUU) fishing.

Artisanal fishers, also known as small scale fishers,
have great diversity, and thus there is no single, agreed
definition for this subsector (FAO 2015). They are par-
ticularly important in developing countries for their
contributions to nutrition, food security, sustainable
livelihoods and poverty alleviation (FAO 2014). In many
populated regions worldwide, besides a poor manage-
ment of plastic litter along the coast or inadequacy/
unavailability of waste disposal/management systems,
artisanal fishing may not be adequately regulated.
This is either because there is no legislation or policy
addressing these issues or the laws or regulations are
not updated or enforced. Consequently, artisanal fish-
eries can be significant sources of ordinary and fishery-
related plastics to the sea at local scales. Old struc-
tures and fishing gears are also of concern because
they easily fragment generating microplastic particles.

According to a FAO report (FAO 2014), the total num-
ber of commercial fishing vessels in the world was
estimated to be about 4.72 million in 2012. The fleet
in Asia was the largest, consisting of 3.23 million ves-
sels accounting for 68% of the global fleet, followed
by Africa (16%), Latin America and the Caribbean (8%),
North America (2.5%) and Europe (2.3%). From packag-
ing items to food containers on fishing vessels, loss
of plastic items overboard may occur. Although there
are laws that support the management of plastic litter
at sea from vessels (MARPOL Annex V and London
Convention and Protocol), there are no known proto-
cols or Standard Operating Procedures (SOPs) to cater
to the day-to-day management of litter.

Fisheries management draws on fisheries science for
the exploitation of the fishery at a sustainable level.
Monitoring, Control and Surveillance (MCS), one of
several tools of fisheries management, aims at man-
aging the activities of fishers rather than fisheries. A
strong MCS programme has fisheries observers and
inspectors who collect data on the activities of vessels
from catches and discards to garbage in an effort to
support the implementation of regulations and policies
to protect the marine environment (Sherif 2014).

Aquaculture

The role of aquaculture in supplying food from the sea
and from inland waters is growing. World aquaculture
production can be categorized into inland aquaculture
and mariculture. Mariculture includes production oper-
ations in the sea and intertidal zones as well as those
operated with land-based (onshore) production facili-
ties and structures (FAO 2014). According to available
statistical information, world food fish production by
inland aquaculture and mariculture occupied 42.2% of
the total 158 million tonnes of production (capture fish-
eries and aquacultures) in 2012, increasing from 13.4%
in 1990 and 25.7% in 2000 (FAO 2014). See Chapter 5
for further information about this sector.

Studies on the environmental impact of mariculture
activities largely focus on eutrophication effects and
dissolved contaminants (Gallardi 2014) and rarely
examine the types and quantities of lost culture gear.
There are some studies reporting on lost or discarded
mariculture gear and the resulting contamination of
areas with extensive aquaculture (Andréfouét et al.
2014; Bendell 2015) but also areas farther afield
(Fujieda and Sasaki 2005; Hinojosa and Thiel 2009;
Gago et al. 2014). No quantitative estimates of plastic
input from mariculture are available even though locally
these inputs can be substantial.

Mariculture structures are either suspended from the
sea surface (generally in waters of 10 m to 50 m depth)
or in intertidal and shallow subtidal zones where they
are placed directly on the bottom. The majority of mari-
culture activities use lines or cages suspended from
buoyant structures, consisting of plastic buoys such
as air-filled polypropylene and EPS (expanded polysty-
rene). These structures also require many lines (mostly
non-buoyant plastics) and cages of various types
(thin and thick filament net plastics, buoyant or non-
buoyant). It is necessary to identify the types of plastics
used in these activities and their potential to become
sources of microplastic to the marine environment.

Aquaculture gear can be lost for the same reasons as
capture fishing gears, e.g. wear and entanglement of
structures. However, few studies have reported the
cause and amount of loss or gear types (Fujieda and
Sasaki 2005; Hinojosa and Thiel 2009; Heo et al. 2013;
Liu et al. 2013; Hong et al. 2014; Rani et al. 2014;
Al-Odaini et al. 2015). Major losses may be caused
by storm events, due to detachment and breakage. In
many cases, unused gear is also stored on the shore
close to aquaculture centres, and as a result of weath-
ering (e.g. of EPS) large quantities of microplastics may
be generated and reach the sea via run-off or wave
action, but this has not been quantified. Highly diverse
species and consequent methods optimized for target
species probably make it difficult to identify sources.

Aquaculture for oysters, mussels and other shellfish
that uses EPS buoys has been considered a significant
source in the Republic of Korea and Japan (Fujieda
and Sasaki 2005; Lee et al. 2013; Jang et al. 2014; Lee
et al. 2015). A single EPS buoy can fragment into many
thousands of pieces. Most of the plastic used in aqua-
culture operations is polypropylene, which has a den-
sity of 0.9 g/cm?® (Hidalgo-Ruz et al. 2012) and will float
in seawater (assuming an average seawater density of
1.02 g/cm?), which may mean that subtidal benthic
organisms are not ingesting much of the plastic used
in the aquaculture infrastructure. However, there is
evidence that over time, low density polymers may
become fouled and sink (Morét-Ferguson, Law et al.
2010) (Andrady 2011; Morét-Ferguson et al. 2010), in
which case these less dense plastics may become
available to benthic species. Organisms may also
cause destruction of aquaculture structures result-
ing in fragmentation and generation of microplastics
(Davidson 2012). The fraying of plastic-based ropes in
close contact with growing mussels may influence the
amount of microplastics released compared to other
methods with fewer plastic structures (e.g. bottom or
rack culture).
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Figure 2.2 Principal types of aquaculture structures (image courtesy of M. Thiel)

Nets and cages fragment as result of wear due to foul-
ing organisms, possibly also generating large amounts
of debris. Currents and water movement may disperse
microplastics and aquaculture gear which would mask
the influence of localized microplastic sources and may
affect ecosystems (Astudillo et al. 2009).

Efforts to manage and reduce marine debris originat-
ing from aquaculture gear have been reported in the
Republic of Korea, Taiwan Province of China, Chile and
other places (Hinojosa and Thiel 2009; Liu et al. 2013;
Lee et al. 2015). However, mariculture methods, gear
types, beach pollution, cause of gear loss, impacts,
behaviour of gears in major countries in production
and consumption should be targeted in the near future.
Further research on managing and controlling this
debris source is needed. See Chapter 5 for further
information.

Shipping and offshore industry

Large shipping vessels with many crew members may
carry supplies for several months. They generate solid
wastes daily which may end up as marine debris if it
is not secured and stored properly (Sheavly 2005). In
accordance with amendments to MARPOL Annex V,
as of 1 January 2013, all shippers have new respon-
sibilities including the ability for crew to discharge
residues and wastewater into the marine environment.
Henceforth, shippers will determine whether disposals
and wastewater are harmful to the marine environment.

Cargo waste from cargo holds (wire straps, packag-
ing materials, i.e. plastic sheets, boxes) and sewage
are among numerous waste items deposited into the
marine environment from merchant ships and cruise

liners. These items are most often disposed acciden-
tally through bad handling or unfavourable weather
conditions. However, waste disposals on many vessels
may be handled inadequately either due to inadequate
storage facilities on board or lack of reception facilities
in ports.

The shipping industry is also regarded as a primary
source of microplastics as routine cleaning of ship hulls
using plastic abrasives results in high levels of micro-
plastics being released directly into the ocean (Song
et al. 2015). Mishandling of cargo or accidental spills
are considered to be the main reason why high levels
of microplastics have been found in some harbour
sediments, particularly resin pellets. Chemical carriers
carry the raw materials for plastics manufacture, such
as in the form of polymers in solution or as stabilized
dimers (a pair of monomers), and it is considered that
these could form microplastics following operational or
accidental discharge, although there is a lack of data to
quantify this source.

Similarly, activities on oil and gas platforms may
generate items which are deliberately or accidentally
released into the marine environment including hard
hats, gloves, storage drums, survey materials and
personal waste (Allsopp et al. 2006). Undersea explora-
tion and resource extraction also contribute to marine
debris (Sheavly 2005).

Single-use plastics are also used by environmen-
tal scientists. Applications include Expendable
Bathythermographs (XBTs) for measuring the vertical
temperature of the upper ocean, meteorological bal-
loons for measuring the structure of the atmosphere,
and passive drifters for measuring water currents.
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2.3.5 Individual consumers
Food and drink packaging

Around 40% of all plastic production is used for pack-
aging (Figure 2.1). A substantial proportion of this is
used to package food and drinks and is abundant as
macro-debris in the marine environment, as evidenced
in many coastal surveys by regional seas organiza-
tions, NGOs and other groups (Table 2.3). Food and
drink packaging is widely used for convenience and
long-term storage. Because fast-food consumption is
often away from home and hence away from domestic
waste management, items of fast-food packaging are
commonly found as litter. These items of macro-debris
are fragmenting in the marine environment and likely a
major source of microplastics. Hence managing end
of life packaging is of fundamental importance when
considering the environment.

Table 2.3 List of top 10 items found by the international
coastal clean-up initiative, a programme involving
nearly 650,000 volunteers in 92 countries and over
5,500 sites (adapted from Ocean-Conservancy 2013)

Items Number of
items

Cigarettes / cigarette filters 2117 931
Food wrappers / containers 1140 222
Beverage bottles (plastic) 1065 171
Plastic bags 1019 902
Caps/ lids 958 893
Cups, plates, forks, knives, spoons | 692 767
Straws, stirrers 611 048
Beverage bottles (glass) 521 730
Beverage cans 339 875
Paper bags 298 332

Cosmetics and personal care products Microplastic
particles are widely used as abrasive agents and fill-
ers in a wide range of cosmetic products such as
facial scrubs and shower gels. These particles will
inevitably be released to wastewater systems upon
washing or directly into aquatic environments via
recreational bathing (Fendall and Sewell 2009). The
total quantities of these microplastics (or microbeads
as they are known commercially) can be substantial.
Napper et al. 2015 estimated that one use of facial
exfoliants per day by the UK population could emit to
the environment 16 to 86 tonnes of PE microbeads to
the environment per year. Since there is no effective
way for users to dispose of these plastic particles via
solid waste management, most will pass directly into
wastewater and potentially the environment. Many of
these particles will be captured by sewage treatment
facilities. Estimates of the likely capture rate vary but
it is considered inevitable that substantial quantities of
microbeads pass through sewage treatment into the
environment. In many developing regions there is no
provision of wastewater treatment (UNEP 2016). Use
of microplastics in cosmetics therefore represents a
significant direct source of microplastics to the envi-
ronment. The total quantity of microplastics by weight

may be small in relation to macroplastic debris and
possibly also in relation to other direct sources of
microplastics such as release from car tyres (see sec-
tion on terrestrial transportation above). However, the
use of microplastics in PCPs is potentially avoidable
since particles other than plastic can be used as alter-
natives. The issue has attracted considerable attention
from NGOs (e.g. Beat the microbead campaign® or
Fauna and Flora good scrub guide®). Some manufac-
turers have announced that they will voluntarily phase
microbeads out of their products and some regions
have introduced legislation to prohibit the use of micro-
beads in products sold within their jurisdiction. The
US passed a federal law in 2015 to ban microbeads in
rinse-off personal care products by 2018.

Textile and clothing

Release of fibres from textiles is recognized as a poten-
tial large source of microplastic-sized particles. Arecent
Dutch study found a total average of 2.09x108 fibres/m?
in washing machine effluent and 62% were synthetic
fibres (Karlsson 2015). Browne et al. (2011) found that
an estimated 1,900 synthetic microfibres were rinsed
out of a single piece of clothing. Industrial launder-
ing facilities and Laundromats likely expel microfibres
to the atmosphere in unknown quantities. Similar to
microbeads from cosmetics, fibres will be carried via
wastewater to sewage treatment facilities where a
proportion will be removed. However, in many parts of
the world, particularly developing countries, the great
majority of communities have no sewage treatment
capability and microplastic contaminated wastewater
is directly discharged in surface waters (Corcoran et
al. 2009). The relatively conspicuous nature of fibres
compared to other natural particulates might bias their
detection in sediment. However, it is still clear that
substantial quantities of fibres are accumulating in the
environment.

2.3.6 Waste management
Solid waste

Unless end-of-life items are managed within a waste
stream, it is inevitable that they will contaminate the
environment. Waste management options can range
from open tips or dumps to landfills, varying levels of
incineration, waste to energy and/or recycling. Still,
within a waste stream, some material escapes to the
environment. For example, when discarded in poorly
managed dumps or land fill sites, waste will likely be
transported away by winds, and may subsequently
enter rivers or the sea. In addition, in some countries,
there are coastal dumps where waste is deposited
directly on the shoreline and then carried away by the
sea (UNEP 1999).

5 http://www.beatthemicrobead.org
5 http://www.fauna-flora.org/initiatives/the-good-scrub-guide/
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Increasing the extent and improving the quality of
waste management is recognized as being one of
the most important immediate steps toward reducing
inputs of debris to the ocean, particularly in develop-
ing countries. This is dependent on having good waste
collection systems and infrastructure. Broadly speak-
ing, steps to reduce the amount of waste escaping
the waste stream require increasing investment. As a
consequence, leaky waste streams are more likely in
emerging economies. Recycling is widely regarded as
a preferred treatment option within the waste hierar-
chy (Hopewell et al. 2009). This will enable end of life
items to have new value rather than becoming waste,
however this will require sophisticated and expensive
separation infrastructure. But, it is far preferable to
reduce the quantity of plastic entering the waste stream
by improved design, reducing useage (especially of
single-use packaging) and re-using more durable items
where practical. These concepts are further developed
in UNEP (2016).

Water and wastewater

Wastewater provides a pathway for solid particles to be
transported into aquatic habitats. This includes mac-
roplastics and microplastics. Large, solid items enter
the wastewater system with sewage via toilets and can
include nappies/diapers, tampons, contraceptives and
cotton buds (Tudor et al. 2002). Theoretically these
should be removed by primary sewage treatment pre-
venting their entry to the environment. However, during
periods of heavy rainfall, the volume of water passing
through sewage systems can overwhelm them allowing
material to escape into the environment (Williams and
Simmons 1997). As a consequence, sewage-related
debris is commonly reported in marine litter surveys.
Once in the environment, these items of macro-debris
have the potential to fragment into smaller pieces and
ultimately into microplastics. Reducing sanitary-related
plastics requires a combination of education, re-design
and infrastructure development (UNEP 2016).

24 Entry points to the ocean
2.4.1  Rivers

Microplastics in freshwater ecosystems are increas-
ingly reported, with some available studies suggesting
large contamination worldwide. Elucidating sources
and pathways of microplastics in freshwater ecosys-
tems will be a major challenge for future research
as this information will be the basis for management
strategies and reduction measures. Reliable data on
concentrations, fluxes and polymer types in conti-
nental aquatic environments, including urban water
systems, are still needed as freshwater ecosystems
have received far less attention despite the fact that the
majority of plastic litter is being produced onshore and
introduced into marine environments by rivers.

Some studies report not only the presence of micro-
plastics in freshwater ecosystems, but show that
contamination is as severe as in the oceans (Dris et
al. 2015). In these continental waters, microplastics
have been observed in both sediments (predominantly
lakeshores but also riverbanks) and water samples
(predominantly surface water of lakes and rivers).

Both primary and secondary microplastics can enter
the continental aquatic environment through several
pathways. The debris enters aquatic systems directly
by water run-off or via storm water and waste-
water treatment plant (WWTP) outlets. For example,
granulated polyethylene (PE), polypropylene (PP) or
polystyrene (PS) particles, used for example in skin
cleaners, can be introduced into wastewater (Gregory
1996). Furthermore, laundry washing machines dis-
charge a large amount of plastic fibres into wastewater
(Browne 2015; Karlsson 2015). Industrial or agricultural
(Rillig 2012) activities also contribute to the amount of
microplastics in freshwater/aquatic ecosystems. High
amounts of microplastic particles and fibres have
also been detected in the vicinity of industrial plants
involved in paper production (Dubaish and Liebezeit
2013). Primary microplastics and synthetic fibres are
also known to contaminate sewage sludge (Zubris and
Richards 2005). These can runoff with storm water and
enter freshwater habitats. Generally, studies indicate
spatial associations between the types of microplas-
tics found and human activities (Eerkes-Medrano et
al. 2015).

The nature, composition or relative abundance of the
microplastic material can sometimes aid in its identifi-
cation. For example, raw plastic (pellets and flakes) was
found in the Danube, a river that has plastic production
sites adjacent to it (Lechner et al. 2014). Moreover, resin
pellets and microbeads were most abundant in the
industrial region of Lake Huron and the densely popu-
lated and industrial Lake Erie (Eriksen et al. 2013). The
lack of primary pellets but an abundance of secondary
fragments on the shores of the sparsely populated
mountain lakes (Garda and Hovsgol) suggested an
origin from the breakdown of household items (Eerkes-
Medrano et al. 2015). Finally, McCormick et al. (2014)
demonstrated increases in concentrations of primary
microplastics, up to 9.2 to 17.93 times, downstream
from a wastewater treatment plant.

Initial freshwater studies are finding that similar physi-
cal, chemical and biological factors to those sug-
gested for marine systems contribute to microplastic
transport and dispersal, including flow velocity, water
depth, substrate type, bottom topography, and sea-
sonal variability of water flows (Eerkes-Medrano et al.
2015). Factors that may have a temporal aspect include
storms, floods, or anthropogenic activity. In estuaries,
however, microplastic abundance has also received
attention (Browne et al. 2010; Sadri and Thompson
2014; Zhao et al. 2014), but given the strong influence
of salinity gradients and tidal movements in these sys-
tems, it remains difficult to understand local partition-
ing, the role played by the freshwater inputs and the
degree to which estuaries may represent ‘hot-spots’ of
accumulation. As rivers have shown to be a significant
pathway of microplastics to the ocean, these relation-
ships are important to further understand source path-
ways and potential remediation that can be taken to
avoid release of microplastics.
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Figure 2.3 Potential sources of microplastics to the marine environment entering via rivers

Concentrations of microplastics reported for rivers
(Table 2.4), are highly variable (up to a factor of 10°%; Dris
et al. 2015), likely due to the different methodologies
used but also because of converging currents, proxim-
ity to sources and the downstream location from cities.
In addition each set of measurements represents a
‘snap-shot’ and the total flux of particles averaged over
a representative time period is very difficult to estimate
by measurements alone.

Lebreton et al. (2012) used an ocean circulation model
coupled to a Lagangian particle-tracking model to sim-
ulate the input, transport and accumulation of marine
debris over a 30-year period. A total of 9.6 million
particles were released with inputs dependent on three
proxies: coastal population density, impervious sur-
face layer and shipping density, using the data layers
estimated by Halpern et al. (2008). A modelled particle
release distribution from riverine inputs is compared to
the surface water data (Table 2.3) in Figure 2.4 (when
reported in particles per cubic metres and when using
similar measuring methods from 333 pm to ~1 mm
neuston net’s mesh size). The modelled riverine input
represents urban development pressure on rivers. Best
fit between measured microplastic particles in the sur-
face water per day and modelled particle release rate
was found for y = 1.8207e%"%%* (R2 = 0.75). Using this
relation, we estimate a discharge of >60 billion par-
ticles entering the ocean from rivers every day. Clearly,
there is significant uncertainty in such estimates but
they can be useful to indicate the relative importance
of different sources and help to direct further research

and possible mitigation measures.

While this assessment shows how proxies can be a
useful tool in providing global estimates for a given
input scenario, caution must be taken with this particu-
lar estimate as it is based on a handful of rivers (n=10),
mainly in Europe and South America. Also, only surface
water data was taken into account and suspended par-
ticles are therefore omitted. In that sense, this estimate
is rather conservative.
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Figure 2.4 Upper panel — comparison between estimated (measured) microplastic densities at the surface waters of
rivers in Europe and South America and modelled global riverine input distribution (Lebreton et al. 2012).
The distribution (bottom) is adapted from proxy data on urban runoff computed from total impervious
surface area per watershed (Halpern et al. 2008)
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Figure 2.5 Potential sources of microplastics to the marine environment entering via coastlines

2.4.2 Coastline

Early estimates from the US National Academy
of Science claim that a total of 5.8 million tonnes
(6.4 million short tons) of waste are released into the
ocean every year and of this 0.7% is plastic, roughly
41,000 metric tons (NAS 1975). A careful reading of
this reference suggests that this number is based on
an extrapolation of values from estimates of wastes
produced by individual households. These inferences
may not be entirely accurate. More recently, a study
calculating the amount of mismanaged plastic waste
generated by coastal populations worldwide estimated
that 4.8 to 12.7 million tonnes can potentially enter
the ocean as marine debris (Jambeck et al. 2015). A
summary of common sources of macro- and micro-
plastics from coastlines is provided in Figure 2.5. An
additional source that is regionally important is ship-
breaking directly on the shoreline, such as in India and
Bangladesh (Reddy et al. 2006).

The framework proposed by Jambeck et al. (2015)
integrates data on solid waste, population density and
economic status for 192 coastal countries. The annual
amount of mismanaged plastic waste generated by
populations living within 50 km of the coast was esti-
mated at 31.9 million metric tons per year. Mismanaged
waste was defined as ‘material that is either littered or
inadequately disposed. Inadequately disposed is not
formally managed and includes disposal in dumps or
open, uncontrolled landfills, where it is not properly

contained’ (Jambeck et al. 2015). It should be noted
that informal waste picking appears to be included
in the mismanaged waste category. However, waste
picking forms an extremely important social and eco-
nomic role in India’ (Sharholy et al. 2008) and parts of
Asia and undoubtedly reduces the quantities of plastic
from reaching the ocean. The study predicts an order
of magnitude increase in marine littering from coastal
population pressure by 2025 if no improvements are
made on waste management infrastructure. The work
also suggests that 83% of the global mismanaged plas-
tic waste in coastal regions for 2010 was generated by
20 countries, a list dominated by Asian countries (11
countries in the top 20) with China ranking first (1.32
to 3.53 million metric tons of annual plastic debris
input) and Indonesia second (0.48 to 1.29 million metric
tons). An unquantified proportion of the plastic waste
encountered in waste in countries in Asia and west
Africa originates from more developed countries, espe-
cially in North America and western Europe. This is as
a result of both the legal and illegal trade in packaging/
construction plastics as well as plastics associated
with electronics goods.

It should be noted, however, that the estimate in
Jambeck et al. (2015) relies on a conversion rate of
15% to 40% from mismanaged plastic waste on land
to potential plastic marine pollution. The conversion

7 http://www.theguardian.com/global-development-profes-
sionals-network/2014/jul/01/india-waste-picking-women-
waste-cities-urban
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rate is based on municipal water quality data from
the San Francisco watershed in California. In order to
refine global input estimates from coastal locations, the
conversion rate from mismanaged plastic on land to
floating marine debris should ideally take into account
regional/local social and economic factors as well as
site-specific coastal environment and contextual data
such as land use, coastal morphology, shoreline sub-
strate, precipitation rates, wind, wave or tidal circula-
tion. It is for instance unknown from the initial estimate
of total input to the ocean, what percentage is actu-
ally washing ashore soon after leaving land. There is a
need for refining the general understanding of coastal
dynamics for marine debris, particularly episodes of
stranding and release.

Extreme events such as storms, storm surges and
tsunamis are also a significant immediate source
of land-based plastic debris (Thiel and Haye 2006).
A well-documented example is the pulse of debris
washed into the North Pacific by the 2011 Tohoku
tsunami (Lebreton and Borrero 2013; Maximenko and
Hafner 2014).

2.4.3 Marine

Plastic litter originating from marine sources is gen-
erated from all types of boats, ships and offshore
platforms by accidental loss, indiscriminate littering or

illegal disposals (Allsopp et al. 2006). The occurrence
of compounded plastics in the open ocean is most
probably due to the routine solid waste disposals by
individual ships (Colton et al. 1974). Fishing and aqua-
culture activities may also add large amounts of plas-
tics into the ocean. The recent increase in population
along the coast globally and the accessibility of nylon
netting, monofilament fragments for fishing and other
purposes, have substantially become a cause of plastic
litter generation (Bourne 1977).

Numerical modelling assessment of marine debris
dispersal originating from shipping activity is reviewed
in Lebreton et al. (2012). The framework uses global
shipping line frequency as a proxy for model particle
release distribution (Figure 2.7). No numerical model-
ling studies investigating the contribution from fish-
ing and aquaculture industries to the marine debris
issue on a global scale have been proposed to date.
Estimated distribution of fishing effort derived from
catch statistics and fleets location (Watson et al. 2013)
could be used for particle model source distribution.
The study on global fishing effort shows that interna-
tional fleets now fish all of the world’s oceans and have
increased in power by an average of 10-fold (25-fold
for Asia) since the 1950s. In regard to fish and shellfish
farming, however, while aquaculture and mariculture
production for individual countries is well documented
no quantitative or qualitative distribution of aquaculture
activity on a global scale has been proposed to date.

Figure 2.6 Potential sources of microplastics directly to the marine environment
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Figure 2.7 Model source distribution for maritime traffic scenario based on major shipping lanes
(image courtesy of L. Lebreton)

2.4.4  Atmosphere

Atmospheric aerosol particles, defined as natural and
anthropogenic solid or liquid droplets suspended in
the atmosphere, may have sizes ranging from a few
nanometres in diameter to several tens of micrometres
(Pryor et al. 2015) and include primary anthropogenic
aerosol particles derived principally from fuel com-
bustion and industrial processes, as well as synthetic
fibres (Dris et al. 2015).

Since plastic fragments are transported by the wind,
this must be also the case for microplastics, and atmo-
spheric inputs of microplastics cannot be ignored. In
Lake Hovsgol, a remote mountain lake in Mongolia, an
average density of 20,264 particles/km? (997 to 44,435
particles/km?, min-max values) was observed (Free et
al. 2014), indicating a significant contamination for a
remote non-densely populated area attributed to aerial
transfer from distant urban sources.

In a recent experiment (Dris et al. 2015, 2016), total
atmospheric fallout (wet and dry) was collected through
a funnel during a 3-month period, at various frequen-
cies, to better understand fluxes of microplastics to
the watershed of the Seine river in Paris (France).
Microplastics were observed with fibres being 90% of
the total number. Half of the fibres were longer than
1000 pm. Microplastic fallout ranged from 29 to 280
(average 118) particles/m?/day. The lowest fallout was
measured during dry periods and the highest fluxes
were measured during periods of daily rainfall.

Micro-particles in the ocean surface can be scavenged
by bubbles and re-suspended in the atmosphere when
the bubbles burst. This allows transport in the atmo-
sphere before being redeposited in the sea.

The atmosphere is an important pathway by which
many natural and anthropogenic materials are trans-
ported from the continent to the ocean and also
because of the low density of some polymers; fallout
of plastic particles directly from the atmosphere or
indirectly through rivers and watersheds seems to be
far from negligible.

2.5 Scale variability

2.5.1 Time-scale-dependency

Most current models and estimates of litter quantities
and distributions in the oceans consider continuous
input of litter into the ocean and meso- to large-scale
oceanographic models distributing plastic litter within
the oceans. However, both entry and dispersal of litter
in the oceans can be highly variable on temporal and
spatial scales, which is important to keep in mind when
evaluating ecological and economic risks and when
designing preventative measures.

32 . GESAMP REPORTS & STUDIES No. 93 - MICROPLASTICS IN THE OCEAN



Figure 2.8 Potential sources of microplastics to the marine environment entering via the atmosphere

Plastic litter from many sources reaches the ocean
on a near-continuous basis. For example, domestic
and riverine litter can be considered chronic sources
(Jambeck et al. 2015), similar to litter from shipping or
fishing (see above). But, in many regions this is an over-
simplification. Riverine flows are highly episodic even in
temperate zones, varying over hours, days, seasonally
and multi-year, and can deliver substantial quantities
of litter to the ocean during high flow events (Moore et
al. 2011; Carson et al. 2013; Rech et al. 2014, 2015). In
tropical and sub-tropical regions, seasonal monsoons
can flush out otherwise stagnant waterways. In subarc-
tic regions river flows will be highest during the spring
thaw. However, there is limited information to quantify
the impact of these variable inputs. During major epi-
sodic (catastrophic) events, such as large-scale river
basin or coastal flooding, major storms (hurricanes,
cyclones, typhoons) and tsunamis, very large amounts
of litter may be delivered to the oceans in a short period
(Thiel and Haye 2006). The recent 2011 tsunami in
Japan is the first catastrophic event that has spurred
systematic research efforts in quantifying and track-
ing plastic (and other) litter introduced to the oceans
(Bagulayan et al. 2012; Lebreton and Borrero 2013;
Calder et al. 2014).

Currently, little information is available about the pro-
portions of plastic litter that enter the oceans via
chronic and catastrophic sources. The frequency,
quantification and impact of litter introduced to the
oceans by these catastrophic events (flood events,
cyclones, tsunamis) deserve more research attention.

As a first step, it would be valuable to map regions in
the world that are subject to catastrophic events (e.g.
tsunamis along the Pacific Rim, cyclones at subtropical
latitudes).

2.5.2  Regional scale dependency

It is important to realize that the quantities of macro-
and microplastics entering the oceans from the sources
described above may vary considerably from location
to location. This may be due to the relative importance
of different sectors, the adequacy of waste collection
and management, and a whole series of environmental,
social and economic factors. These differences persist
despite increasing globalization of trade and movement
of people.

For example, although coastal tourism is now a global
phenomenon there are regions and countries where it
represents a relatively larger contributor to the local
economy and social welfare compared with other sec-
tors. This can result in an increase in both the pressure
from marine litter and the local socio-economic impact.
Such areas include SIDS and developing countries
where a lack of adequate waste collection and man-
agement can exacerbate the problem.

On smaller spatial scales, sources of microplastic can
vary from country to country and even municipality to
municipality. As industry footprints and waste manage-
ment differs, so will the amount and contributions of
different types of microplastic litter. This means that
efforts to mitigate microplastic waste entry into the

GESAMP REPORTS & STUDIES No. 93 - MICROPLASTICS IN THE OCEAN - 33



ocean will need to be tailored to local circumstances,
while recognizing that there will be commonalities in
the types of waste being produced.

Seasonal environmental factors can affect both the
generation of waste (e.g. seasonal fisheries, coastal
tourism) and the transport of plastic to the ocean (sea-
sonal storms and flooding events). These variables also
have a spatial element.

2.6 Conclusions, knowledge gaps and
priorities

2.6.1 Conclusions

This chapter documents a series of studies assess-
ing the magnitude of microplastic contamination in
the marine environment by identified source sectors.
Evidence of the generation of primary or second-
ary microplastics has been reported at every level of
a plastic product’s lifecycle, from both diffuse and
point sources. Plastics enter the ocean via freshwater
systems, wastewater run-offs and littering around the
coastline, losses or discards at sea and atmospheric
transport.

While source sectors can be identified, there is a con-
siderable lack of data quantifying the scale of the issue.
Quantified results are reported for a relatively small
number of case studies across sectors worldwide with
highly varying methods and contexts. Accurately quan-
tifying the various sources of microplastics represents
an important challenge for future research, as it would
require internationally coordinated monitoring cam-
paigns on identified sectors. Understanding the vari-
ability of microplastics inputs into the ocean over space
and time is an additional challenge. Unfortunately,
methods of defining microplastics, sampling, and
interpreting patterns in space or time vary consider-
ably among studies, yet if data could be synthesized
across studies, a global picture of the problem may
be available (see Chapter 7). A thorough mapping
effort quantifying the loss of macro- and microplastics
would help in predicting source estimates at regional or
global scale and would assist in implementing policies
and regulations. Models are very useful at augment-
ing gaps in observations and in running scenarios,
although at some stage they need to be validated and
tested against observations. Further model develop-
ment would be helpful.

2.6.2 Knowledge gaps

On land, despite several identified sources of micro-
plastics in the construction sector, there are no pub-
lished studies estimating microplastics generation
from construction sites. In agriculture, no estimates
are available on the potential of CRFs to contribute
to microplastics contamination in the ocean. More
detailed studies are required to calculate emissions
from terrestrial transportation to the sea. There are very
few large-scale programmes measuring occurrence of
debris around coastline and most peer-reviewed scien-
tific studies describe local patterns.

At sea, studies on the environmental impact of mari-
culture activities largely focus on eutrophication effects

and dissolved contaminants and rarely examine the
types and quantities of lost culture gear. No quantita-
tive estimates of plastic input from fishing and maricul-
ture are available even though locally these inputs can
be substantial.

Reliable data on concentrations, fluxes and polymer
types in continental aquatic environments, including
urban water systems, are still needed as freshwater
ecosystems have received far less attention despite
the majority of plastic litter being produced onshore
and introduced into marine environments by rivers.
This needs to include the total load and not simply that
floating on the surface.

Currently, little information is available about the pro-
portions of plastic litter that enter the oceans via chronic
and catastrophic sources, in particular quantitative
estimates about catastrophic events are lacking.

There is a need to further improve the availability
and reliability of models to cover various aspects of
sources, transport, fate and effects.

A thorough analysis of the informal waste management
activities in developing countries to mitigate plastic
needs to be assessed in order to refine estimates of
plastic waste leaving shorelines globally. The industry
of waste picking, an informal form of waste manage-
ment, is capable of removing a significant volume of
mismanaged plastic from the ground before it enters
the ocean. Waste picking activities also transfer, by
burning or informal dumping, valueless plastics into the
environment.

The behaviour of micro and nanoplastics in sea-
water and the pathway to sedimentation needs further
analysis, in terms of buoyancy relative to sea state,
biofouling and transportation during vertical descent.

2.6.3 Research priorities

e Encourage the effective and open exchange
of best practice (sampling and analysis,
harmonization) and data on the distribution,
fate and effects of marine litter, to encourage
cost-effective and integrated monitoring,
assessment and management strategies.

e Identify leakage points of plastic debris to
the ocean, including the influence of the glo-
balized trade in waste plastic.

e Quantify release from industry (spills during
production, transport, and incidents)

e Quantify the contribution of the sources of
microplastics to oceans (from macro debris
to car tyre dust, textile and netting fibres and
microbeads).

e Better understand the sources and fate of
fibres and nanoplastics.

e Establish accurate estimates of fluxes from
point sources.

e Identify local waste streams before and after
entry points, e.g. wastewater influents vs.
effluents.

e Measure efficiency of interventions at the
source.
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Quantify sources of microplastics from
atmospheric depositions.

Improve hindcasting, i.e. where did plastic
come from?

Develop and implement monitoring systems
in river catchments and wastewater outfalls.

Improve repository statistics.

Understand stakeholder responsibilities for
marine litter and incentives for taking action.
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3 DISTRIBUTION, FATE AND ‘HOT-SPOTS’

Key points

1. Microplastics movement is complex and driven by many factors including winds, buoyancy (plastics
properties), biofouling, polymer type, size and shape, local and large-scale currents and wave action.

2. Microplastics are distributed between the ocean surface, the water column, the seafloor, the shoreline
and in biota. Understanding fluxes of microplastics and hot-spots of microplastics distribution requires
understanding movement between these compartments.

3. Physical, chemical and biological processes acting on the microplastics within each reservoir or com-
partment differ, and in most cases are poorly quantified.

4. Harmonizing the multiple existing approaches to sampling, measuring and quantifying microplastics will
improve local, regional and global understanding and support much-needed, large-scale syntheses.

3.1 Lessons from the first assessment

The first report identified key components about the
complex plastics issue that are needed to make an
accurate assessment of the transport, distribution
and fate of microplastics in the ocean. The report also
identified the need to identify ‘hot-spots’ for micro-
plastics in the ocean and the complex nature of such
assessments. These complexities are due to several
factors. As an example, it is thought that microplastics
are present throughout the ocean and are distributed
both horizontally and vertically in the water column.
Thus, it is very difficult (and may not be possible) to
detect the full size spectra of microplastics in situ on a
large scale, and thus there are very few direct measure-
ments. The first GESAMP report highlighted the utility
of numerical modelling as a tool to predict (or hindcast)
the location of microplastics given an estimated source
(or observed final location). There are several issues
regarding modelling approaches which need to be
considered, including uncertainties around the age
of plastics (how long they are in the water column vs.
on shore, for example), how particles change density
while being transported by ocean currents, how plastic
degrades over time (primary vs. secondary sources),
unknown rates of biological transportation, coupling
coastal and open ocean hydrodynamics, and integrat-
ing 3D circulation (the plastic loop) with temporary
and permanent deposits (e.g. sedimentation and re-
suspension). However, numerical modelling to predict
and hindcast microplastics is a valuable tool which has
strong merit.

In this chapter, we describe further information regard-
ing such topics through discussion of the different
compartments in the ocean where there is contami-
nation from microplastics and the transport and flux
between compartments.

3.2 Microplastics in ocean
compartments

3.2.1 Compartments in brief

Microplastics are distributed between five main ocean
compartments: i) on or near the ocean surface (includ-
ing the upper layers mixed by wave action); ii) in the
water column; iii) on the seafloor; iv) on the shoreline,
including buried in intertidal sediments; and, v) in biota

(Figure 3.1). In addition, microplastics may be found
in the atmosphere-ocean interface. Microplastics are
transferred both between and within these compart-
ments, although the processes involved are poorly
understood. The physical, chemical and biological
processes acting on the microplastics within each res-
ervoir will differ. Consequently, the risks and opportuni-
ties for mitigation might also be different.

With the exception of perhaps the surface ocean, there
is a severe paucity in data on the amount of plastic in
each compartment, and there is even less known about
the fluxes of microplastic between compartments.
Closing the global microplastic budget will require
large-scale, targeted sampling and modelling of all of
the compartments.

3.2.2 Microplastics on the ocean surface

Of the compartments, the surface ocean is prob-
ably the best sampled (see tables 10.1 and 10.3 of
Lusher, 2015). Decades of extensive trawling data
(Law et al. 2010, 2014; Cozar et al. 2014; Eriksen et
al. 2013, 2014) have recently been combined into a
global data set of more than 11,000 trawls (van Sebille
et al. 2015). While coverage of this data set is still
strongly biased towards some regions such as the
North Pacific and North Atlantic, this data set reveals
clear patterns of microplastic abundance. These stud-
ies, while different in their approaches, all come to
a global estimate of the microplastic abundance of
anywhere between 5 and 50 trillion particles, at a
mass of 32,000 to 236,000 metric tonnes (van Sebille
et al. 2015). Microplastics have also been observed in
some of the most remote marine environments, includ-
ing surface waters of the Arctic (Lusher et al. 2015),
Arctic sea ice (Obbard et al. 2014) and in the Southern
Ocean (Barnes et al. 2010).

Approximately half of the floating microplastic in the
open ocean resides in the subtropical gyres of the
North and South Atlantic, North and South Pacific and
the Indian Ocean, where abundances can be a million
times higher than in other regions such as the tropical
Pacific and Southern Oceans. High concentrations of
microplastics are also found in some areas of highly
populated marginal seas such as the Mediterranean
Sea, which is characterized by an anti-estuarine circu-
lation (Cdzar et al. 2014). First order, physical oceano-
graphic understanding, including Ekman theory, can

36 - GESAMP REPORTS & STUDIES No. 93 - MICROPLASTICS IN THE OCEAN



explain these patterns (see Section 3.3) with micro-
plastic accumulating in areas where large-scale winds
cause convergence of the surface flow (van Sebille et
al. 2015). After some time in the gyres, particles may
be exported (or lost) to other oceanic or coastal areas
(Majer et al. 2012) or sink due to physical degradation
of larger items of floating debris and biofouling. It is
very likely that the sea-surface micro-layer (upper 50
to 100 pm) has significantly higher concentrations of

microplastic than the underlying layer (Song et al 2015).
After sinking, microplastics may be re-dispersed by
deep-sea currents to more remote waters and a pro-
portion may accumulate in the water column or on
the ocean floor, depending on the settling rates of
sedimenting particles. High concentrations of floating
macroplastics occur on mid-ocean islands, partly as a
result of direct wind forcing.

Figure 3.1 Overview of compartments and fluxes of marine microplastics. Figure prepared by Erik van Sebille

3.2.3  Microplastics in the water column

Itis less understood how much microplastics reside just
below the ocean surface. Recent modelling (Kukulka et
al. 2012) and observations with vertically stacked trawl
nets (Reisser et al. 2015) show that, depending on sea
state, a significant fraction of microplastics may be
mixed down due to wave breaking and mixing in the
upper few metres of the ocean surface. Since most
‘standard’ trawls only skim the top 10 cm of the ocean
surface, they may miss a considerable fraction of
microplastics, especially in rough seas. There may also
be microplastics deeper in the water column, below
the mixed layer. A proportion of this microplastic debris
will be neutrally buoyant, a proportion may be settling
to the seafloor and a proportion ascending towards
the sea surface following the breakdown of organic or
inorganic (e.g. calcium carbonate dissolution) binding
substances.

3.2.4  Microplastics on the seafloor

Sediments in the deep ocean are suggested to be a
long-term sink for microplastics (Cézar et al. 2014;
Eriksen et al. 2014; Woodall et al. 2014). Microplastics
have been reported in marine sediments worldwide
(Claessens et al. 2013; Van Cauwenberghe et al. 2013;
Woodall et al. 2014) and the first report in subtidal
sediments dates back to 2004 (Thompson et al. 2004).
Deep sea sediments were demonstrated more recently
to also accumulate microplastics (Van Cauwenberghe
et al. 2013; Woodall et al. 2014) with composition that
appears different from surface waters. Fibres were
found at up to four orders of magnitude more abun-

dant in deep-sea sediments from the Atlantic Ocean,
Mediterranean Sea and Indian Ocean than in contami-
nated sea surface waters (Woodall et al. 2014).

Estimating the accumulation of microplastics in sur-
face sediments requires a better understanding of
biogeochemical and physical processes that affect
sinking and accumulation, particularly to identify prob-
able areas of accumulation. In the Lagoon of Venice
for example, Vianello et al. (2013) detected the lowest
microplastic concentrations where water currents are
higher (outer lagoon, >1 m s™) when the inner lagoon,
which is characterized by lower hydrodynamics, had a
higher fine particle (<63 mm) fraction in the sediment.
On the deep sea floor, circulation is not well explained
and pathways are different from surface circulation.
Submarine topographic features may also favour sedi-
mentation and increase the retention of microplastics
at particular locations such as canyons and seeps or
smaller scale structures (e.g. holes, rocks, geological
barriers). As for larger debris, human activities may
also affect composition and repartition, as shown with
the high densities of microplastics found in harbour
sediments (up to 391 microplastics/kg of dry sediment;
Claessens et al., 2011). Similarly, in Slovenia (Laglbauer
et al. 2014), between 3 and 87 particles per 100g were
found, with coastal areas more affected.
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3.2.5  Shoreline/Coastal regions

Although the total amount of microplastics on coast-
lines is not known, there are examples of studies
quantifying microplastics at local and regional scales.
Coastal studies have been carried out in many places
across the globe, including Japan (Kako et al. 2010),
Hawaii (Carson et al. 2011; Ribic et al. 2012; Agustin
et al. 2015), South Africa (Madzena et al. 1997), Brazil
(Santos et al. 2009), Australia (Hardesty et al. 2014),
and Portugal (Antunes et al. 2013). An extensive sum-
mary of plastic studies along coastlines of the Pacific
and Atlantic is given in tables 10.2 and 10.4 of Lusher
et al. (2015).

Plastic on beaches is the most recognized form of vis-
ible marine plastic, and therefore attracts great atten-
tion from the general public. Still, it is not clear what the
ecological impact of plastic on coastlines is. Although
microplastics are hard to readily observe in sand, there
are relevant studies showing microplastics on beaches
and even a study on the significant amount of plastic
buried on a beach in Brazil (Turra et al. 2014).

It is also important to realize that there are coast-
lines other than beaches, and that these can retain
microplastics too. Again, there is very little large-scale
data about the distribution of microplastics on non-
beach coastlines, although mangroves, for example,
are thought to retain large amounts of plastic litter
(Debrot et al. 2013).

3.2.6 Biota

Several studies have reported the ingestion of micro-
plastics by marine organisms from the field (e.g. marine
mammals, birds, fish, bivalves, polychaetes, and crus-
taceans; see Chapter 4, Figure 4.4) and laboratory
experiments (fish, polychaetes, bivalves and plankton;
see Chapter 4, Figure 4.4 ). Active ingestion (filter-
feeding or confusion with prey) and ventilation are
commonly deemed to be the main pathways for inges-
tion of microplastics by marine fauna. Thus, biota may
represent an important sink and potential transport
mechanism for microplastics.

3.3 Transport within compartments

3.3.1 Upper ocean

Microplastics floating on the surface of the ocean can
be considered passive, to a first approximation, and
subject to surface currents. However, the exact depth
at which the microplastics reside has large impacts on
its pathway, as the currents in the upper ocean vary
quite significantly over the top 50 metres or so (in a
spiral-like fashion called the Ekman spiral, where cur-
rents a few tens of metres deep can be in the opposite
direction of those at the surface). The buoyancy of
the microplastics and the amount of wind mixing and
waves breaking make it very difficult to predict where
plastic particles reside. In general, there appears to
be an exponential decay of microplastics with depth
(Kukulka et al. 2012, 2015; Reisser et al. 2015; Brunner
et al. 2015).

Beyond vertical mixing, waves and wind also affect the
horizontal transport of microplastics. Stokes drift within
waves can be a significant factor in the pathway of
plastic, especially in coastal regions. Wind forcing has
an important role in transporting macroplastic debris
that has some part of the debris above the water’s
surface when floating in the ocean, but is less likely to
affect microplastics.

The properties of plastic objects and particles (size,
density, shape etc.) may change as a result of physi-
cal, chemical and biological processes, which will
influence their subsequent behaviour and distribution.
Fragmentation is a physical and mechanical process;
oxidation, mediated by solar UV radiation, breaks
the chemical bonds and facilitates fragmentation.
The same process also occurs in thermal oxidation.
Polyolefins undergoing auto oxidation are believed to
also undergo chain scission as a part of the propaga-
tion reaction step. Where it is facilitated by solar UV
radiation it is reasonable to expect the fragmentation
changes to be localized to a surface layer demarcated
by the depth of penetration of the UV radiation, and
therefore also dependent on biofouling.

Table 3.2 Specific gravity of common plastics and seawater (adapted from Andrady, 2011)

Plastic type Specific gravity
Polypropylene PP 0.83-0.85
Low-density polyethylene LDPE, LLDPE 0.91-0.93
High-density polyethylene HDPE 0.94
Polystyrene PS 1.05
Thermoplastic polyester PET 1.37
Poly(vinyl chloride) PVC 1.38
Seawater 1.03

Fragmentation does not change the density of poly-
mers but alters their sizes (and therefore the specific
surface area), which largely affects the transport and
distribution of the plastics. Higher ambient tempera-
tures on beaches, termed thermal loading, accelerate
this fragmentation process relative to that for plastics in
seawater. However, the rates of fragmentation or half-
lives of plastics on beaches or in seawater surfaces are

not known. The research literature has addressed the
issue of comparative degradation rates on land and sea
surface (as well as ocean sediment), but the investiga-
tions have solely focused on loss in mechanical prop-
erties that occur as a prelude to any fragmentation. A
recent study showed that in the Mediterranean plastic
debris are dominated by millimetre-sized fragments
with higher proportion of large plastic objects than
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the microplastic fragments in oceanic gyres (Cozar et
al. 2014). These observations may reflect the closer
connection of the Mediterranean with pollution sources
or the ‘closed system’ nature of the region. However,
the upper Mediterranean Sea kinetics and rates of frag-
mentation are still unknown.

Finally, disintegration of plastics by interactions with
at-sea vessels may be caused by the mechanical
stresses encountered in collisions, grinding in propel-
lers, or from passage through circulation systems.
Though expected to be a minor process compared to
other disintegration mechanisms, such anthropogenic
processes may be non-negligible, especially for poly-
styrene foam that may comprise as much as 90% of
litter floating in coastal zones (Hinojosa and Thiel 2011)
and 18% of microplastics in the Mediterranean Sea
(Collignon et al. 2012).

The transport of plastic on the surface of the ocean
can also drive the dispersal of marine organisms.
From microbes to invertebrates, many organisms have
always attached to natural floating substrates (macro-
algae, feathers, wood and pumice) and one might
therefore ask why we should be concerned about plas-
tic transporting organisms? One important difference
is the longevity of plastic relative to most of the natural
substrates, allowing more mature communities to form
and persist, perhaps even breed, and thus transport
viable populations further. The distribution of plastic
is different from that of natural substrates, and plastic
has substantially increased the available substrate
in oligotrophic open ocean regions, potentially alter-
ing the distributions of marine organisms (Goldstein
et al. 2012; Majer et al. 2012), including the Southern
Ocean (Barnes et al. 2003). Also, considering the vol-
ume of floating debris that leaves coastlines following
catastrophic events, there is a concern that popula-
tions of organisms, as opposed to individuals, may
survive the long journey from one continent to another.

3.3.2 Water column

Plastics with a density that exceeds that of seawa-
ter (Table 3.2; >1.02 kg/dm?) will eventually sink and
accumulate in the sediment, while lower-density par-
ticles tend to float on the sea surface or in the water
column. It has been suggested that even low-density
plastics can reach the seafloor. Biofouling can lead to
an increase in density resulting in the sinking of micro-
plastics (Andrady 2011). Indeed, analysis of polyethyl-
ene bags submerged in seawater showed a significant
increase in biofilm formation over time, accompanied
by corresponding changes in physicochemical prop-
erties of the plastic, such as a decrease in buoyancy
(Morét-Ferguson et al. 2010; Lobelle and Cunliffe 2011).
These studies suggest that biofouling can contribute to
the sinking and eventual burial in sediments of previ-
ously buoyant plastic. Thus, biomass accumulation
on plastic may help to partly explain the reported dis-
crepancy between observed concentrations of float-
ing microplastics in the open ocean and that quantity
estimated as having been introduced into the marine
environment (Cézar et al. 2014; Eriksen et al. 2014; van
Sebille et al. 2015), but the extent of this effect has not
been quantified. In addition, aggregation with organic
matter (i.e. as faecal pellets or marine snow) has been

suggested as a route of transport for microplastics to
deep-sea sediments (Van Cauwenberghe et al. 2013b).

Although the kinetics of fragmentation and the particle
size spectrum that results remain unknown for even the
most commonly used plastics at sea, many processes
in the marine environment that cause disintegration
have been identified. The mechanical energy required
for disintegration may come from physical, biological
or anthropogenic processes. The wind, sand and wave
action at the sea surface, on sea floor or on beaches
abrade or alter weakened plastics. Some animals also
reduce object size by biting or chewing materials and
marks from large fishes, including sharks, or birds
have been reported, especially on polystyrene debris
(Cadée 2002; Carson 2013). Grinding ingested plas-
tics may also reduce the size of plastic marine debris,
altering hundreds of tons annually for tube-nosed
seabirds only (van Franeker et al. 2011) and even minor
disintegration in fish stomachs could represent a non-
negligible contribution to particle fragmentation.

3.3.3 Deep ocean

Mechanisms influencing the distribution of micro-
plastics on the sea floor are not well understood.
Microplastics are more likely to be influenced by
advection than larger items and, more generally, circu-
lation patterns at all ocean levels (Woodall et al. 2014).
Ocean dynamics could then explain the accumula-
tion of plastics in the deep sea or shallower waters
depending on size and density. Recently, Ryan (2015)
suggested that small items should start sinking sooner
than large items because it requires less biofouling to
make them negatively buoyant.

Deep ocean currents are extremely enigmatic, and it
is not clear at all whether there are circulation patterns
near the ocean floor that could create hot-spots. It
could be hypothesized that microplastics would accu-
mulate in deep canyons, as material might over time be
slowly drawn down by a combination of turbulence and
gravity. However, there is little empirical evidence for
these accumulation patterns. In any case, we currently
know so little of our ocean floor (our maps of the planet
Mars are 25 times more accurate than those of the
ocean floor) and mapping is so expensive that a global
estimate of the amount of plastic in the deep ocean
may be decades away.

Due to non-availability of light, lower temperatures, and
lower oxygen levels at the ocean bottom, plastics there
tend to accumulate close to their original form for long
(as yet undetermined) periods of time.

3.3.4  Coastlines

Microplastics on coastlines are influenced by a num-
ber of physical and chemical processes, including
weathering degradation and transport by waves and
wind. Transport is likely to be greatest during storms,
and particles can be moved farther inshore by ballistic
‘jumps’. Furthermore, microplastics may get buried in
the sand, either through naturally occurring beach ero-
sion and sedimentation, or through beach engineering
work such as replenishment. Turra et al. (2014), for
instance, found large amounts of microplastic pellets
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deeper in the sand on a Brazilian beach, revealing that
sandy beaches may act as permanent or temporary
sinks for microplastics. There is some evidence that the
presence of microplastics can alter the rate at which
beach sands change temperature (Carson et al. 2011).

Coastlines may be a large sink of plastic, as plastic is
deposited on shorelines. Regular shoreline clean-up
activities can remove significant quantities of litter,
though such activities typically remove larger debris
items (Ocean Conservancy 2015), and are restricted
to beach or coastal regions. The coastlines are argu-
ably the most convenient and cost-effective place to
collect marine plastic litter, as no vessels are needed
and working on land is typically easier than working on
the ocean. However, there is a severe lack of globally
standardized data on the amount of plastic removed
from beaches in (volunteer-led or government-led)
clean-ups, in particular for microplastics. This prevents
a holistic large-scale understanding of spatial and tem-
poral trends.

3.3.5 Biota

Biological processes (e.g. fouling, ingestion, aggre-
gation), and their interaction with the above physical
processes, will influence how microplastics are trans-
ported within and between different ocean habitats.
Properties of the microplastic particles themselves
(e.g. type, density) will affect how they interact with
these biological processes. For example, polypropyl-
ene is a common type of plastic used in rope and has
a density of 0.9 g/cm?® (Hidalgo-Ruz et al. 2012). It will
therefore float in seawater (assuming an average sea-
water density of 1.02 g/cm?3), which means that surface-
feeding pelagic organisms are more likely to ingest
it. Heavier microplastics such as those composed of
polyvinyl chloride (PVC) and polyethylene (PET) are
more likely to sink and therefore be ingested by benthic
organisms. It’s also important to note that over time,
low-density polymers may become fouled and sink
(Morét-Ferguson et al. 2010; Long et al. 2015), in which
case these lighter plastics may become available to
benthic organisms.

Phytoplankton communities can have impacts on
microplastic distribution in the water column (Long
et al. 2015 ). Depending on the ballasting properties
and aggregation of phytoplankton communities, the
removal and export of microplastic to the sea floor can
be enhanced. In addition, within the food web, microal-
gae attached to microplastics are assumed to be more
easily captured by filter feeders than free microplastics
in the water column.

Some marine animals are indiscriminate feeders that
will ingest anything in the appropriate size range.
Others use visual, chemical and electrical cues for find-
ing and selecting food, so the probability of a piece of
microplastic being ingested depends not only on size
and encounter rate, but also on a number of other cues
including shape, colour, smell and taste. The smell and
taste of microplastic will be influenced by the microbial
biofilm on the surface, and microbes colonize plastic in
seawater very quickly; within a week most of the sur-
face is covered. This thin layer of living organic matter
and by-products like extracellular polymeric substanc-
es (EPS) “slime” make the plastic smell and presumably

taste like nutritious particles. This increases the likeli-
hood of ingestion by animals that use chemoreception
to select food particles and thus impacts flux from the
water to biota. Likelihood of ingestion and impact on
the organism ingesting it will vary depending on the
composition of microbial community including whether
it includes potential pathogens.

Another challenge is that the microbial community
associated with microplastics also varies regionally
and seasonally (Oberbeckmann et al. 2014), as well
as on larger scales such as between the Atlantic and
Pacific Ocean basins (Amaral-Zettler et al. 2015). This
variability suggests that risk management will have to
vary regionally to be effective.

3.4 Fluxes between compartments

Equally important is understanding how microplas-
tics move between compartments, for example from
the upper ocean to the deep sea sediments. These
mechanisms include various physical (e.g. density),
mechanical (e.g. waves and currents), chemical (e.g.
oxidation) and biological (e.g. bio-transport and bio-
fouling) processes.

It remains an open question how microplastics leave
the ocean surface. From this compartment, it can move
to any of the other four compartments: to the water col-
umn and seafloor by sinking (most likely through den-
sity changes resulting from biofouling; Andrady 2011),
to the shoreline by beaching or stranding (which may
be event-driven as storms wash up large amounts of
microplastics), and into biota through ingestion and
aggregation in organic matrices. However, details of
movement or transport between compartments is
poorly understood.

A number of oceanographic processes could aid in the
transfer of microplastics to depth. As stated in Woodall
et al. (2014), these processes include dense shelf water
cascading, severe coastal storms, offshore convection
and saline subduction. All these induce vertical and
horizontal transfers of large volumes of particle loaded
waters, including grains of various sizes and nature,
as well as litter and contaminants, from shallow ocean
layers and coastal regions to deeper ones. Submarine
canyons act as preferential conduits for larger debris
(Galgani et al. 1996; Pham et al. 2014). Lighter weight
plastics may also find their way onto the seafloor if they
pass through the gut of organisms and are released in
faecal pellets or bound in other excretory materials (e.g.
mucous). The incorporation of plastics into sediments
provides an additional marker to the beginning of the
Anthropocene (Zalasiewicz et al. 2015).

Microplastics reach coastlines by beaching, which in
itself depends on the currents, sea state, wind, tides
and coastal properties. It may very well be that beach-
ing is very intermittent, with low fluxes most of the
time and then some large fluxes in short time windows
associated with storms (Agustin et al. 2015). Even less
is known about how much plastic is recaptured into the
ocean from coastlines.
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3.5 ‘Hot-spots’ and scale-dependency

In this context, the term ‘hot-spots’ is used to help
describe the heterogeneity observed in the distribu-
tion of marine plastic litter; i.e. there are locations of
relatively high abundance. The use of the term should
not be taken to imply an ecological or human health
hazard (as may be the case when considering environ-
mental health guidelines), but to help focus attention
and possible mitigation efforts. The mechanism by
which ‘hot-spots’ form depends to a large degree on
how plastic moves within and between the five different
compartments. Understanding the ocean budget for

microplastics requires knowledge on both the inventory
(stock) and movement (flux). Because it is much harder
to measure fluxes than stock, this is an area where
even less is known.

As discussed above, microplastics accumulate in
open-ocean and coastal areas and can be vectors for
pollutants and pathogens, imposing multiple stressors
on marine biota. However, the risk of such impacts
depends on the type, size and amount of plastic pres-
ent in the environment, the presence of contaminants in
the region and contact with sensitive biota.

Figure 3.2 A map and a photo showing the different scales on which microplastics can accumulate. The map (left) is
from van Sebille et al. (2015) and provides an estimate of the distribution of small (<20 cm) floating plastics in the
global ocean (numbers of particles km; colour scale — from red >1x10° to blue <1x10°). The photo (right) shows

pumice accumulating in a wind row (through NOAA Ocean Explorer) which could be representative for floating
microplastics. Colours range from dark blue to yellow to red in order of increasing plastic accumulations

One of the difficulties in assessing the amount of plas-
tic in the ocean is that the distribution of microplastics
tends to be ‘patchy’ (see Figure 3.2). On many different
scales, from global (in accumulation zones), to regional
to very local (e.g. Langmuir cells), the amount of plas-
tic can vary by orders of magnitude (Law et al. 2014).
For example, wind rows (produced by the so-called
Langmuir circulation, where waves and winds create a
complicated surface circulation) can create very large
density differences within metres.

Models can aid in identifying hot-spots, especially if
their ability to accurately simulate plastic behaviour
and pathways improves. As hot-spots are areas where
the density of microplastics are highest, models might
find it easier to simulate these areas than their lower-
density counterparts.

The existence of hot-spots has implications for impacts
and risk assessment (see Chapter 8), as well as for
monitoring strategies (see also Chapter 7). On the other
hand, the patchiness and existence of hot-spots can
provide an opportunity for strategic and cost-effective
intervention points.

In addition to the variability of plastic sources, sinks,
pathways and movement on different temporal scales,
there is also tremendous spatial variability. It is impor-
tant to consider source hot-spots and how these may
be similar or different from accumulation hot-spots.
On the global scale, surface plastic accumulates in
subtropical gyres (Lebreton et al. 2012; Maximenko et
al. 2012; van Sebille, 2015), demonstrating the hetero-

geneity in accumulation of microplastics. Small-scale
processes such as wave interactions, Langmuir circu-
lation and (sub) mesoscale eddies create a heteroge-
neous, patchy debris field on the surface of the ocean.
Concentrations of floating plastic might therefore vary
considerably on length scales of less than 100 m.
There is relatively little known about the patchiness at
such fine-scale resolution, even though patchiness is
an important concept when interpreting surface trawl
microplastics data. It is entirely conceivable that hit-
ting or missing a high-concentration patch with a trawl
might impact the results of an observational study (Law
et al. 2014). The patchiness in microplastic accumula-
tion on the sea surface requires a less-patchy sampling
effort, meaning more surface trawls over a wider area
may smooth out the count and weight estimates that
are sometimes compromised by random high or low
accumulations.

On slightly larger scales (e.g. 100s of km), the con-
centrations of floating plastic are also heterogeneous.
Local patches of down-welling creates accumula-
tion zones of a few tens of kilometres or less in
size. Importantly, there are large knowledge gaps of
where these mesoscale accumulation regions are
located. While the model results from Maximenko et
al. 2012, Lebreton et al. 2012, and van Sebille et al.
2014 agree roughly on the location of the large-scale
open-ocean accumulation zones in the centres of the
gyres, the three models place these meso-scale accu-
mulation zones at very different locations (van Sebille
et al. 2015). These meso-scale accumulation zones
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might hold a significant amount of floating plastic and,
because they are often located much closer to shore-
lines and biologically productive regions, might have a
disproportionately large impact on marine life (Wilcox
et al. 2015).

3.6 Conclusions, knowledge gaps and
research priorities

3.6.1 Conclusions

This chapter focuses on the distribution, fate and
hot-spots for microplastics in the ocean. In general,
microplastics in oceanic compartments are patchily
distributed and movement and distribution is not well
understood from empirical data. However, recent work
is improving our knowledge in this area, though we are
learning how microplastics reach coastlines and may
be re-suspended. Microplastics move with currents,
wave action, are likely lofted in windy conditions and
are distributed throughout the water column. Because,
however, there is little empirical information about the
distribution of microplastics in most compartments, it
is difficult to understand and identify microplastics hot-
spots, as well as to quantify microplastic distribution
and densities in space and time. Furthermore, because
of these knowledge gaps, it can be challenging to make
meaningful predictions about the relative transport and
exchange of microplastics between compartments.
However, lessons can be taken from recent model-
ling of ocean plastics movement and distribution, and
applying lessons learned from recent work will improve
our understanding here.

3.6.2 Knowledge gaps

There are currently much better data for plastics dis-
tribution of larger (meso, macro) plastic than currently
exists for micro- and nanoplastics. This is due in part to
difficulties in identifying and quantifying smaller parti-
cles, and is partly due to the vastness of the ocean and
the difficulty in applying consistent, robust sampling
techniques at scale. There are more comprehensive
data available on larger plastics (and plastic fragments),
particularly from land-based sources, than there are for
microplastics in the ocean, as macroplastics have been
systematically monitored in some regions for up to
five decades. Systematic monitoring of microplastics,
as distinct from opportunistic sampling on research
cruises, is in its infancy. Making model predictions
based upon best-available information can help to
resolve some of these challenges and will enable us to
better identify geographic target regions and compart-
ments to identify threats and risk posed by microplastic
particles.

How (and how much) microplastics leave the ocean
surface remains an open question. We currently have
little information on the quantities of primary, manufac-
tured microplastics entering our waterways as well as
their fragmentation and breakdown rates. These know-
ledge gaps necessarily restrict our understanding of
the distribution, fate and hot-spots of microplastics in
the marine environment, though there have been recent
studies summarizing the state of knowledge of marine
plastics in general. Applying the knowledge gained
from this recent work will improve our understanding of
the vertical distribution of microplastics in the ocean.

3.6.3  Research priorities

Overall, research should relate small to large-scale
sampling, monitoring and modelling, considering:

e |dentification of plastic sources (amount and
type) in coastal areas;

e Use of circulation and tracking drifters mod-
els to link hot-spots to pathways;

e Improvement of plastic biogeochemical pro-
cesses in models;

e Standardization of modelling techniques,
including time and space resolutions, (e.g.
use particular sites with detailed informa-
tion to inform particular models) and include
evaluation and calibration based on empiri-
cal information as possible;

e Couple ocean circulation with coastal drift
models to improve understanding of move-
ment, transport and fate of microplastics;

e Use of inverse Lagrangean models to detect
potential sources of plastics and evaluate
the influence of changing climate in plastic
dispersion;

e Apply scenario modelling to evaluate poten-
tial environmental, economic and socio-
cultural risks;

e Establish how hot-spots link to ecological
impacts;

e Improve our understanding of how hot-spots
arrive, form and persist (spatially, tempo-
rally and with respect to vertical distribution),
including physical processes;

e |Integration of expertise from several scien-
tific areas (e.g. ecology, chemistry, ecotoxi-
cology) into discussion; and

e Estimate contamination of coastal sites (such
as sandy beaches, estuarine silts and mud-
flats) by Persistent Organic Pollutants (POPs)
and heavy metals due to plastic dispersion.

Some additional research priorities include:

e Developing better methods to age or
date plastics, associated with developing
weathering and fragmentation models to
better understand secondary microplastic
generation;

e Better understanding how microbial
interaction affects the fate and behaviour of
microplastic;

e Predicting dispersal of species on
microplastic;

e Understanding the fate and impacts of
nanoplastics;

e Understanding the fate of and impacts from
biodegradable plastics; and

e  Studying sinking phenomenon to understand
vertical transport of microplastic.
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4  ECOLOGICAL IMPACTS OF MICROPLASTICS

Key points

investigation.

more complex.

1. Microplastics have been documented in a diversity of habitats and in over 100 species.

2. Microplastics can impact an organism at many levels of biological organization, including at the levels of
populations and assemblages. Still, the majority of the evidence is at levels that are sub-organismal (e.g.
changes in gene expression, inflammation, tumour promotion) or affect individual organisms (i.e. death).

3. Microplastics can be a source and sink of hazardous chemicals to organisms, but its relative impor-
tance as a source of chemicals to wildlife relative to others (e.g. water, sediment, diet) remains under

4. Nano-sized plastics are probably as common as micro-sized plastics, yet the hazards may be

5. Microplastics can transport invasive species, including harmful algal blooms and pathogens.

41 Lessons from the first assessment

The GESAMP 2015 report demonstrated that a wide
range of marine organisms across all trophic levels,
including invertebrates, fish and seabirds, are contami-
nated with microplastics. In some cases, the incidence
of ingestion is widespread across populations. Marine
organisms are exposed to microplastics via feeding
(including filtration, active grazing and deposit feeding)
and transport across the gills (ventilation). The uptake,
accumulation and elimination of microplastics by
marine organisms depends on the size of the particle.
The risk of associated impacts following exposure to
microplastics depends on: i) the number of particles; ii)
the type of particles (e.g. polymer type, size, shape and
age; iii) the duration of exposure; iv) the concentrations
and type of contaminants associated with the plastic;
and, v) the physiology and life-history of the organism.

The GESAMP 2015 report laid out the state of the
evidence regarding the impacts of microplastics. It
reported that microplastics can have toxic effects,
including decreasing energy reserves, changes in
feeding behaviour, movement, growth and breeding
success. Moreover, small microplastics can cross
cell membranes into cells and tissues and may cause
particle toxicity (e.g. provoke an immune response
with associated inflammation and cell damage).
Furthermore, chemicals associated with microplastics
can concentrate in tissues. This has been shown in
animals during laboratory experiments. Still, there is
little evidence from the field to demonstrate the extent
that this occurs under natural conditions (and relative
to other sources of anthropogenic chemicals to wildlife)
and thus the relative importance of contaminant-expo-
sure mediated by microplastics as compared to other
sources requires further research.

Lastly, the 2015 report pointed out some areas where
information regarding impacts from microplastics is
lacking. The previous report points out that many of the
demonstrated impacts have only been demonstrated
in the laboratory, often at high exposure levels, for
short time periods and without dose-response mea-
surements. Furthermore, there is concern about the
potential of nano- and micro-sized plastic debris to
translocate non-indigenous species, including patho-
genic organisms. As such, more ecologically relevant
studies and additional observational experiments in
nature are required because we still do not understand
ecological- and ecosystem-level impacts of nano- and
micro-sized plastic debris.

This report aims to fill in some of the gaps pointed out
in the last report by diving deeper into the existing evi-
dence and highlighting some of the new evidence since
publication of the first report and through October
of 2015. This chapter, in particular, reviews some of
our current understanding regarding how microplastic
debris and its associated chemicals and microbiota
impact wildlife. The contents of this chapter are orga-
nized to facilitate risk assessment by outlining what we
know about the exposure and impacts of microplastic
pollution. Specifically, this chapter first discusses
exposure and impacts related to microplastic itself,
followed by the impacts related to microplastic-associ-
ated chemicals. In addition, we discuss the burgeoning
evidence regarding the exposure and impact of nano-
sized plastics and the role of microplastic in transport-
ing microbiota.

4.2 Occurrence of microplastics in biota

4.2.1 Microplastics in the marine environment

The spatial extent and quantity of microplastic particles
in the marine environment are raising concern among
environmental managers and policy-makers regarding
impacts to ecosystems (Eriksen et al. 2014; Thompson
et al. 2004). As a result of widespread contamination,
a diverse array of wildlife is exposed to microplas-
tics. Contamination in the form of ingestion has been
recorded in tens of thousands of individual organisms
and over 100 species (Gall and Thompson 2015; Lusher
et al. 2013, 2015). In some species, ingestion is report-
ed in over 80% of sampled populations (e.g. Murray and
Cowie 2011; Kiihn et al. 2015), which may be an issue if
the exposure causes an impact. The physical particle,
the associated chemicals and/or associated pathogens
can cause adverse effects and are discussed in more
detail in this chapter.

To assess the impacts of microplastic contamination
in wildlife, it is important to know the level and nature
of the exposure. Exposures will vary based upon many
factors, including location, habitat type and life-history
strategies. For example, animals that live in the accu-
mulation zones in subtropical gyres and feed from
the surface are likely to be exposed to relatively large
concentrations of microplastic fragments. The risk of
an impact from exposure will likely depend on many
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factors, including the concentration, type, size and/
or shape of microplastics as previously outlined in the
GESAMP 2015 report.

The quantity and frequency of occurrence help us
understand the dose of microplastics to animals in
nature. Microplastic debris has been reported in multi-
ple oceanic habitats globally. A recent study estimates
that there are more than 5 trillion pieces of plastic
particles (>0.33 mm) floating in pelagic habitats glob-
ally (Eriksen et al. 2014), and other studies reveal the
presence of microplastics in remote habitats such as
on seamounts and coral reefs in the deep sea (Woodall
et al. 2014). It is important to have an understanding
of how much microplastics are in different types of
habitat in the environment, and the types and shapes
that are found. A variety of types and concentrations
of microplastics have been reported in the environ-
ment. See Chapter 2 for more information regarding
quantities and types in different habitats globally. This
information can be used in risk assessment and to
ensure scientists design ecologically relevant labora-
tory experiments measuring the impact of microplas-
tics at realistic exposure scenarios and concentrations
to organisms.

4.2.2  Exposure pathways and concentrations of
microplastics in marine organisms

Globally, marine organisms across many trophic lev-
els interact with microplastics via a number of path-
ways (Figure 4.1). As a consequence, there are many
mechanisms by which an organism can take up this
material. Microplastics can adhere to the body (i.e.
attached to external appendages; Cole et al. 2013)
and/or be absorbed (i.e. taken up by the organisms
into the body through cell membranes). Absorption
of microplastics has been demonstrated in phyto-
plankton (Bhattacharya et al. 2010; Long et al. 2015).
Alternatively, microplastics can be taken up across the
gills through ventilation, which has been demonstrated
in crabs (Watts et al. 2014). Lastly, organisms can
ingest microplastics directly or indirectly. Direct inges-
tion has been demonstrated in over a hundred marine
species (reviewed in Lusher 2015; see Section 4.2.4).
Organisms can ingest microplastics as food, unin-
tentionally capturing it while feeding or intentionally
choosing it and/or mistaking it for prey (Lusher 2015).
Organisms may also indirectly ingest plastic while
ingesting prey containing microplastic, i.e. trophic
transfer (e.g. Farrell and Nelson 2013).

To assess our understanding of how microplastics
may be impacting wildlife, it is important to under-
stand exposure pathways and concentrations used in
laboratory experiments in comparison to those found
in the environment. The following section reviews
existing evidence from laboratory studies and obser-
vational studies in nature published up to the first
quarter of 2016. Laboratory studies allow us to better
understand mechanisms of uptake and consequential
effects. They provide thresholds for toxicity and can
inform risk assessment. In turn, knowing the concen-
trations of microplastic in wildlife also informs risk
assessment and future experiments that are more
environmentally relevant.

4.2.3 Laboratory studies

Historically, laboratory studies with microplastics were
used to document ingestion rates and retention time of
particles to understand feeding behaviour (Hart 1991;
Ward et al. 1998; Bolton and Havenhand 1998; Greiller
and Hammond 2006). More recently, scientists have
used them to demonstrate uptake of microplastic
debris (e.g. Thompson et al. 2004; Browne et al.
2008; Cole et al. 2013; Watts et al. 2014) and begin to
learn about the impacts of microplastics (e.g. Browne
et al. 2008; Teuten et al. 2009; Wright et al. 2013;
Rochman et al. 2013a). To date, many laboratory stud-
ies have demonstrated that uptake of microplastics can
occur in a range of species.

Examples of laboratory studies examining uptake of
microplastics in multiple different taxa are summarized
below. This compilation of studies demonstrates the
exposure scenarios (i.e. range of concentration levels,
exposure duration and species used) for exposures. It
also provides information regarding the type of uptake
that occurred, where relevant. Although some studies
also tested and demonstrated impact, these results
are summarized in a later section. See Table Alll.1
in the appendix for extensive tables that provide
more detailed information about each laboratory study
examined through October 2015.
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Figure 4.1 Microplastics interactions with physical and biological matrices in the marine environment.
Solid arrows represent environmental links (i.e. how microplastic may transfer between sediment and water)
and dashed arrows represent biological links (i.e. how microplastic may transfer among trophic levels).
(Reproduced from Lusher 2015, images and photos of microplastic: A. Lusher)
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Phytoplankton:

Exposure concentrations: 0.000046 to 40 mg/mL,
0.01% (w.w),
9 x 104 particles per mL

Exposure duration: 1 to 96 hr exposure
Interactions with microplastics: adhesion, absorption

References: Bhattacharya et al. 2010; Cedervall et al. 2012;
Long et al. 2015; Davarpanah and Guilhermino 2015;
Sjollema et al. 2016.

Zooplankton:

Exposure concentrations: 635 to 10,000 items per mL
Exposure duration: 1 to 24 hr exposure
Interactions with microplastics: adhesion, ingestion

References: Cedervall et al. 2012; Cole et al. 2013, 2014,
2015; Lee et al. 2013; Setala et al. 2014.

Cnidaria:

Exposure concentrations: 0.395 g microplastic per L
Exposure duration: 48 hr exposure

Interactions with microplastics: ingestion

References: Hall et al. 2015.

Echinoderms:

Exposure concentrations: 1 to 300 particles per mL
10 g to 60 g per 600 ml sand

Exposure duration: 20 hrto 9 d

Interactions with microplastics: ingestion, retention,
egestion

References: Hart 1991; Graham and Thompson 2009;
Kaposi et al. 2014; Nobre et al. 2015.

Annelids:

Exposure concentrations: 1.5 g/L
0 to 5% by weight
0 to 100 particles per L
2000 particles per mL

Exposure duration: 20 min to 28 d
Interactions with microplastics: ingestion

References: Bolton and Haverhand 1998; Thompson et
al. 2004; Besseling et al. 2013; Browne et al. 2013;
Wright et al 2013.

T
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Mollusca:

Exposure concentrations: 1.05 to 3000 particles per mL
0.5t02.59g/L
50 pL in 400 mL
1 to 199 pg/mL

Exposure duration: 45 min to 96 hr
Interactions with microplastics: ingestion

References: Lei et al. 1996; Brilliant and MacDonald 2000,
2002; Browne et al. 2008; Ward et al. 2009; von Moos et
al. 2012; Wegner et al. 2012; Cole et al. 2013; Farrell and
Nelson 2013; Avio 2015; Canesi et al. 2015. See also review
in Ward and Shumway 2004.

Crustacea:

Exposure concentrations: 5.25 x 10° to 9.1 x 10" particles
per mL
40 to 10,000 particles per mL
0.3 to 120 mg/g
108 to 1000 mg per kg

Exposure duration: 15 min to 2 months
Interactions with microplastics: ingestion, ventilation

References: Thompson et al. 2004; Murray and Cowie 2011;
Ugolini et al. 2013; Chua et al. 2014; Hamer et al. 2014;
Watts et al. 2014; Brennecke et al. 2015.

Fish:

Exposure concentrations: 10% of diet
3000 particles per mL;
0.216 mg/L

Exposure duration: 3 min to 2 months
Interactions with microplastics: ingestion

References: dos Santos and Jobling 1991; Cedervall et
al. 2012; Oliviera et al. 2013, 2014 ; Rochman et al. 2013a,
2014a; Mazuras et al. 2014, 2015; De Sa 2015; Luis et

al. 2015.

Sea Turtles: No laboratory studies to report

Seabirds:

Exposure: to contaminated resin pellets resulting in approxi-
mately 100 ng of PCB exposure per chick for 42 d

Exposure duration: 1 day
Interactions with microplastics: Ingestion

References: Reviewed in Teuten et al. 2009.

Marine mammals: No laboratory studies to report.
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The above studies help us understand what animals
may be impacted by microplastics and the mecha-
nisms of uptake. It is noteworthy that many of these
studies suffer from a lack of environmentally relevant
concentrations and exposure scenarios making them
less useful in understanding risks from current environ-
mental concentrations. Below, we describe concentra-
tions of microplastic that have been found in animals
in the wild that we hope can inform future laboratory
studies to measure impacts of microplastic as well as
risk assessments.

4.2.4 Field studies

With numerous studies demonstrating the widespread
distribution of microplastics in the marine environment,
researchers began looking for evidence of microplastic
uptake by wildlife. To date, microplastics have been
found in a diversity of organisms with different feeding
strategies (e.g. suspension feeding, deposit feeding, fil-
ter feeding, grazing, scavenging and predation) and at
different trophic levels (Gall and Thompson 2015). Most
studies have focused on the identification of microplas-
tics in gut contents.

When microplastics are found in an organism, it is gen-
erally assumed that the debris was ingested directly.
There is potential for microplastics to transfer from
prey to predator and move up the food chain. At pres-
ent, there is little evidence of this in natural systems.
There are a few studies demonstrating trophic transfer
of microplastics in laboratory settings (Cedervall et
al. 2012; Farrell and Nelson 2013; Watts et al. 2014)
and potential trophic transfer of microplastics in wild-
caught animals (Eriksson and Burton 2003). Although

research demonstrating the transfer of microplastics
through the food web is limited, several species that
represent key links for trophic transfer are known to
ingest microplastics (e.g. small pelagic fish, cope-
pods) and thus trophic transfer, with the possibility for
increasing concentrations of particles to be found in
higher trophic-level organisms (i.e. biomagnification),
is likely to occur.

Although most of the existing studies have looked
for microplastics inside the gut, microplastic may be
exported into other parts of the body after ingestion or
absorption via translocation. Browne et al. (2008) were
the first to demonstrate that small microplastics have
the potential to translocate from the digestive tract
to the circulatory system of exposed mussels Mytilus
edulis. Within three days after exposure to small poly-
styrene microspheres (3 and 10um; 40 particles.mL"),
microplastics were detected within the haemolymph
of the organisms and persisted there for over 48 days.
Smaller particles seem to undergo translocation more
readily than larger ones (Browne et al. 2008). As such,
more research is necessary to look for microplastic in
wildlife in different parts of the body in addition to the
gut content.

Examples of several of the studies demonstrating
contamination of wildlife by microplastic debris are
summarized below to demonstrate the presence and
amount of microplastics in a range of wild-caught
animals. One thing to note is that there is very limited
information regarding retention time and excretion in
an animal.

More extensive tables providing more detailed informa-
tion from field studies are included in Tables Alll.2 and
Alll.3 of the Appendix.

Phytoplankton: No field studies to report.

Zooplankton:

Microplastic was identified in Neocalanus cristatus and
Euphausia pacificas and other species captured from the
wild (up to 1 particle per 7 zooplankton).

References: Desforges et al. 2015

Porifera:

The sponge Hymeniacidon perlevis was reported to
contain 50 x 10° microplastic particles per kg dry weight.

References: Karlsson 2015

Cnidaria:

The sea anemone Actinia equina contained about
10 x 10® microplastic particles per kg dry weight.

References: Karlsson 2015
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Echinoderms:

The brittlestar Ophiura sp. contained 66 x 10° microplastic
particles per kg dry weight.

References: Karlsson 2015

Annelids:

Lugworms (Arenicola marina) ingested an average
of 1.2 (+ 2.8) microplastic particles per g wet weight.

References: Van Cauwenberghe et al. 2015

Mollusca:

Several studies confirmed contamination of field-collected
bivalves. M. edulis collected in Europe contained on average
0.2 to 0.5 microplastic particles /g wet weight, mussels
sampled in Canada contained 34 to 178 microplastic
particles/mussel, Humboldt squid contained plastic pellets.
Microplastic has also been found in commercially sold
oysters cultured on the eastern Pacific and in several
species of commercial bivalves in China. For more detail on
commercial shellfish, please refer to Chapter 5.

References: Braid et al. 2012; De Witte et al. 2014; Mathalon
and Hill 2014; Van Cauwenberghe and Janssen 2014; Li et
al. 2015; Rochman et al. 2015a; Van Cauwenberghe et al.
2015

Crustaceans:

These do not include copepods, which are discussed
above. Microplastics have been found in Gooseneck
barnacles, Lepas spp, Brown shrimp Crangon crangon and
Norway lobster Nephrops norvegicus. These studies found
up to 30 particles (majority <1 mm) per individuals.

References: Murray and Cowie 2011; Goldstein and
Goodwin 2013; Devriese et al. 2015.

Fish:

A large variety of pelagic, demersal and estuarine fish
species have been documented to ingest microplastics.
The size of microplastics ingested by fish has been
reported from 0.1 mm to 5 mm. Particles reported
include fibres, fragments, films and pellets. For example,
estuarine fish affected include catfish Ariidae, (23% of
individuals examined) and estuarine drums, Scianenidae
(7.9% of individuals examined). Similarly, 13.4% of
Gerreidae contained microplastic in their stomachs. For
more information on commercially targeted species, see
Chapter 5.

References: Carpenter et al. 1972; Karter 1973, 1976;
Boerger et al. 2010; Davison and Ashe 2011; Possatto et al.
2011; Dantas et al. 2012; Ramos et al. 2012; Gassel et al.
2013; Lusher et al. 2013; Choy and Drazen 2013; Foekema
et al. 2013; Kripa et al. 2014; Sulochanan et al. 2014; Collard
et al. 2015; Avio et al. 2015; Lusher et al. 2015a; Neves et al.
2015; Rochman et al. 2015a; Romeo et al. 2015
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Sea turtles:

Juvenile Green turtles (Chelonia mydas) stranded in Rio
Grande do Sul, Brazil were found to contain up to 11 plastic
pellets in their stomachs.

References: Tourinho et al. 2010

Seabirds:

Many species of seabirds are reportedly contaminated
by plastic (see Figure 4.2). Nearly 50 species of
Procellariiformes were found with microplastic in their
stomachs. Ingested microplastic appeared to comprise
primarily of plastic pellets and fragments.

See Table Alll.3 in the appendix for detailed information.

References: Colabuono et al. 2010; Tourinho et al. 2010;
Avery-Gomm et al. 2012, 2013; Kihn and van Franeker 2012;
Lindborg et al. 2012; Rodrigues et al. 2012; Bond et

al. 2013, 2014; Codina-Garcia et al. 2013; Tanaka et al. 2013;
Acampora et al. 2014

Marine mammals:

Microplastic was found in stomachs (11%, n = 100) and
intestines (1%, n = 107) of harbour seals (Phoca vitulina). It
was also found in True’s beaked whale (Mesoplodon mirus)
and in the stomach of a Humpback whale (Megaptera
novaeangliae).

References: Bravo Rebolledo et al. 2013; Besseling et al.
2015; Lusher et al. 2015b ENVIR. POL
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Figure 4.2 Species of seabirds that have ingested microplastic debris. This figure shows a genealogy of seabirds
found with ingested microplastic in their guts shown with both common and Latin names based on cytochrome b
genes inferred using the neighbour-joining distance method in Geneious R8 (Biomatters Ltd., Auckland, New Zealand).
The tree, based on an alignment of 63 different species and 411 homologous nucleotide positions, illustrates circles
proportional to the number of field studies conducted for a given species. The image in the centre is the Northern
Fulmar (Fulmarus glacialis), the most intensively studied seabird to date with respect to microplastic ingestion. For
more quantitative data refer to Table Alll.3 in the Appendix. Photo credit: © 2013 Simon J. Tonge

The above examples show that many marine organisms
are interacting and consequently contaminated with
microplastics. This raises concerns regarding physical
and chemical impacts related to ecologically relevant
amounts and types of microplastics in marine habitats.
Physically, microplastics can perforate the gut, cause
organisms to feel full or even translocate outside the
gut and cause cellular damage (Browne et al. 2008;
Gregory et al. 2009; von Moos et al. 2012). Chemically,
microplastics may be a source of toxins to wildlife at
levels that are harmful. The next section summarizes
what we currently understand about impacts to marine
organisms.

4.3 Impacts of microplastics on marine
organisms

4.3.1 Impacts and the level of biological
organization

The science relevant to the impacts of microplastic
debris in the marine environment is still in its infancy.
While we have been measuring quantities and impacts
of larger plastic debris for decades, we only began
investigating the science of microplastics in depth over
the last decade. As such, we are only beginning to
understand impacts of microplastics on marine organ-
isms.

For several environmental stressors, especially during
the early stages of research, effects are only dem-
onstrated at lower levels of biological organization
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(e.g. molecular, cellular, organism; Underwood and
Peterson 1988; Adams et al. 1989). For microplastic
debris, this is the case in that the majority of current
knowledge remains at these lower levels. Moreover,
many examples of demonstrated impacts are from
laboratory rather than field studies. Although eco-
logical impacts are generally considered those rel-
evant to higher levels of biological organization (e.g.
populations, assemblages, species and ecosystems),
understanding responses at lower levels of biological
organization can provide insight into causal relation-
ships between stressors and their effects at ecological
levels (Adams et al. 1989; Browne et al. 2015b). As
such, they are relevant. Below, we include examples of
impacts that have been demonstrated across several
levels of biological organization from laboratory and
field studies. This information, in addition to the expo-
sure pathways and concentrations of microplastics in
various marine organisms above, can be useful for risk
assessment and to help design ecologically relevant
experiments measuring the impact of microplastic to
organisms in the environment.

4.3.2 Impacts demonstrated in laboratory
experiments

As mentioned above the majority of evidence regard-
ing impacts of microplastics on marine organisms
comes from laboratory studies. These studies have
generally been on bivalves, crustaceans, annelids or
fish with unrealistically high concentrations of micro-
plastics compared to the natural environment. Below,
we summarize some of the experimental work that
has been done for different taxa (Figure 4.3; see
Appendix Table Alll.1 for more detailed information).

At the bottom of the food chain is the plankton. For
phytoplankton, there have been a few studies that
looked for impacts of microplastics. One study found
that the exposure of phytoplankton to microplastic did
not produce adverse effects (Long et al. 2015). Another
study demonstrated that charged PS nano-sized
plastics (0.02 ym) can sorb to microalgae, inhibiting
microalgal photosynthesis and consequently reducing
population growth and chlorophyll concentrations in
the green alga Scenedesmus obliquus (Bhattachyra et
al. 2010). Lastly, one study demonstrated that micro-
algal growth of Dunaliella tertiolecta was negatively
affected by uncharged polystyrene particles (0.05 pym),
but only at high concentrations (250 mg/L), and the
PS beads did not affect microalgal photosynthesis
(Sjollema et al. 2016). For zooplankton, microplastic
can adhere to external and internal body parts, includ-
ing the alimentary canal, furca and urosome, and swim-
ming legs of copepods (Cole et al. 2013). The copepod,
Calanus helgolandicus, ingested and egested micro-
plastics (20 um in size; polystyrene; 75 particles per ml
for 23 h) which caused effects on fecundity, survival
and feeding (Cole et al. 2015). Lee et al. (2013) ran an
experiment using polystyrene microbeads that were
0.05, 0.5 and 6 pm in diameter. They demonstrated
mortality in copepods after exposure to 12.5 pg/mL
and 1.25 pg/mL concentration of 0.05 pm size micro-
plastic. The study also demonstrated a decrease in
fecundity for 0.5 and 6 um PS beads at 25, 12.5 and
1.25 pg/mL.

For other invertebrate taxa, some experimental work
has also been done. In echinoderms, a toxic effect on
the embryonic development of the green sea urchin

(Lytechinus variegatus) was observed as a result
of exposure to PE microplastic particles (Nobre et
al. 2015). However, Kaposi et al. (2014) reported only a
limited threat to the sea urchin Tripneustes gratilla using
more environmentally relevant concentrations of micro-
plastic. For Annelids, some experimental work has
been done with Arenicola marina, an important prey
source for many marine species due to its high lipid
content. A. marina selectively feeds in sediment and
will ingest microplastic particles. Long-term chronic
exposure to environmentally relevant levels of PS (400
to 1300 pm) resulted in a dose dependent reduction
in feeding capacity (Besseling et al. 2013). Increased
microplastic concentration in sediments (0.02%, 0.2%
and 2%) significantly increased the metabolic rate of
individuals. Bioturbation was also affected, smaller
and fewer casts were produced by organisms with
microplastic present in sediment (Green et al. 2016).
Reduced feeding, weight loss and oxidative stress
were also observed (Browne et al. 2013; Besseling et
al. 2013). For crustacea, no negative effects have been
observed, but translocation between tissues was dem-
onstrated. A 2-month exposure resulted in PS micro-
plastic (180 to 240 pm) in the gills stomach, and hepa-
topancreas of crabs (Uca rapax; Brennecke et al. 2015)

A lot of the toxicological work has been done with
molluscs. A number of lab experiments have been
performed to assess the potential adverse effects of
microplastic in Mytilus edulis (see Appendix Table
Alll.1). Wegner et al. (2012) demonstrated increased
production of pseudofaeces and reduced filter-feeding
activity after exposure to 30 nm polystyrene nano-
sized plastic particles (0.1, 0.2 and 0.3 g/L). In other
studies using different sizes and concentrations of
microplastic particles, no significant reduction in feed-
ing activity or decrease in energy budget were dem-
onstrated (Browne et al. 2008; Van Cauwenberghe et
al. 2015). Von Moos et al. (2012) observed significant
effects from exposure to microplastic of a larger size
range (>0 to 80 ym; 2.5 g/L). The microplastic accu-
mulated in epithelial cells of the digestive system (more
specifically the digestive tubules), where they induced a
strong inflammatory response accompanied by notable
histological changes after only 3 hours of exposure.
With increasing exposure times, the measured biologi-
cal effects became more severe.

For vertebrates, laboratory studies assessing effects
have been conducted with different species of fish. de
Sa et al. (2015) observed a significant decrease in the
predatory performance of P. microps (common goby)
after exposure to microplastics. Oliviera et al. (2013)
fed 1 to 5 ym polyethylene microplastics to fish at
concentrations of 18.4 and 184 pg/L and observed an
increase in AChE activity. Cedervall et al. (2012) fed
nano-sized polystyrene (1 to 100 nm; 0.01% w/v) to fish
and observed weight loss, changes in metabolic per-
formance and changes in feeding behaviour. Rochman
et al. (2013a, 2014a) fed polyethylene microplastic
(0.5 mm) to Japanese medaka at 0.001% w/v and
observed changes in gene expression related to endo-
crine disruption and liver toxicity.

Although limited, impacts from microplastics have been
observed in the laboratory (Figure 4.3). The majority
of published effects include sub-lethal responses of
organisms to microplastics. Microplastics can reduce
the health, feeding, growth and survival of organisms
from lower trophic levels.
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Figure 4.3 A summary of laboratory experiments published up to November 2015, in which marine organisms
were exposed to high concentrations of microplastics. Details on the studies included can be found in Table Alll.1
of the Appendix. The x-axis shows the size of the plastic debris in mm on a log-scale. The severity of the
effect is rated from blue to red, where: blue = no observed effect, interaction occurs but organism is unaffected
(or interaction ends following egestion); green = minor effect, interaction occurs for short or long period of time,
some energy loss associated with interaction; yellow = marginal effect, interaction causes reduction in function,
or transfer between tissues; orange = critical effect, interaction causes reduction in function and subsequent
biological effect; red = major effect, biological processes affected leading to mortality. Where more than one
interaction was observed per study, the most severe effect is reported. Where no minimum size range was
reported, arrows pointing to the lowest size range is displayed
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Figure 4.4 Eukaryotic Tree of Life with major phyla represented that have been the targets of laboratory (RED)
and/or field (BLUE) microplastic exposure/ingestion studies published as of November 2015. Relative proportions
of studies are indicated by the size of the spheres directly to right of the relevant taxonomic level. The tree is based
on a pruned version of the Silva-ARB version 123 small subunit ribosomal RNA (rRNA) gene reference tree
(http://www.arb-silva.de/). If a given species used for a study did not possess a sequenced rRNA gene, then the
next higher taxonomic level was chosen to illustrate the study. The tree highlights the need for additional fieldwork
on microbial species (occupying the branches on the lower portion of the tree) and also illustrates that the largest field
efforts to date have focused on bony fishes (Teleostei) and mussels (Mytiloida). Fish (Teleostei) field studies were too
numerous and thus not shown to scale in the figure. Please refer to Figure 5.4 for an expanded view of field studies
employing fishes including sharks and rays (not included on the tree). Likewise, bird field studies were not included
in this figure but they were highlighted earlier in Figure 4.2

4.3.3 Evidence from the field

Compared to evidence from laboratories, there is very
little direct evidence for physical impacts of microplas-
tic in nature. More is understood about the impact of
macroplastic debris on organisms than microplastic
debris in the marine environment. The only study
that we are aware of testing impacts from microplas-
tic specifically in nature showed that in the North
Pacific Subtropical Gyre, the increasing population
of Halobates sericeus, a marine insect, was linked to
the increasing concentrations of microplastics in the

region (Goldstein et al. 2012). Future field research is
thus imperative to truly understand impacts to wildlife.

4.3.4 Summary of taxa included in recent
research

This section described several studies that have dem-
onstrated impacts from microplastics across a range
of taxa and levels of biological organization. Below
we highlight the taxa that have been included in new
research, as well as how the evidence informs ecologi-
cal impacts from microplastic debris.
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Diversity of taxa studied

The majority of studies conducted in the laboratory
are with molluscs, crustaceans (including copepods)
and fish. This is likely due to ease of experimentation
with these animals in a laboratory. For field studies,
the taxa are more diverse and include many species
of vertebrates and invertebrates. Moreover, the num-
ber of studies that measure interactions and impacts
from microplastics with eukaryotic single-celled spe-
cies (microbial eukaryotes) are far fewer than those
that have targeted multicellular species, regardless of
size. Most of the laboratory studies targeting microbial
eukaryotes targeted photosynthetic eukaryotes (chlo-
rophytes, haptophytes, photosynthetic dinoflagellates
(formerly referred to as dinophytes), and diatoms) with
the exception of a few studies that looked at particle
ingestion by the dinoflagellate Oxyrrhis marina and cili-
ates Strombidium sulcatum and Tintinnopsis lobiancoi.
As nano-sized particles continue to raise concerns with
respect to environmental impacts, it will be important
for research to begin focusing on a broader spectrum
of the microbial members that constitute the majority of
the biomass in the ocean and impact the microbial food
web and base of the food web. No studies to date have
looked at microbial ingestion of microplastic/nanoplas-
tics in the field.

Ecological impacts

It is clear from above that there remains little dem-
onstrated evidence regarding ecological impacts of
microplastic debris. In this report, we did not have
the capacity to systematically review the existing
peer-reviewed literature so we discuss the results of a
recent review that did, but for marine debris in general.
To evaluate the weight of evidence regarding the eco-
logical impacts of marine debris (including both plastic
and non-plastic debris), a recent study (Rochman et
al. 2015b) systematically and critically reviewed rel-
evant literature regarding effects of microdebris (plastic
and other) at several levels of biological organization,
spanning the fields of medicine, biological oceanogra-
phy, conservation biology, toxicology and ecology, ask-
ing the question: What are the demonstrated impacts
of microdebris including microplastics? For each study,
they recorded the size classes of debris, the level of
biological organization, whether an impact was demon-
strated and the nature of the impact. For many papers,
impacts were discussed at multiple levels of biological
organization and sizes of debris. Overall, the study
found evidence of 175 demonstrated impacts from
microdebris, 78% of which were caused by microplas-
tic debris. In total, the study found numerous impacts
at suborganismal levels, several at the organismal
level demonstrating clear evidence that marine debris
can be the cause of death in individual organisms and
little at the ecological levels demonstrating that marine
debris can alter assemblages. Thus, their findings do
demonstrate impacts from microplastic debris, but
mostly highlight the need for an improved understand-
ing of ecological impacts of microplastic before any
clear general ecological conclusions could be reached.
A large reason for this is because researchers are not
designing experiments that truly measure ecological
impacts from microplastic debris.

In addition to physical impacts of the microplastic
particles themselves, microplastic is associated with a
complex mixture of chemicals that may transfer to an
animal upon exposure. Many of these chemicals are
considered as priority contaminants by governments
because they are persistent, bioaccumulative and/or
toxic (Rochman et al. 2013b). As such, it is important to
also discuss impacts related to the mixture of chemi-
cals associated with microplastic debris.

4.4 Impact of plastic-related chemicals

4.41 Concentration of chemicals associated with
microplastic in the environment

A complex mixture of chemicals is associated with
microplastic debris. Chemicals in this mixture include
those that are ingredients of plastic materials (e.g.
monomers and additives), byproducts of manufactur-
ing (e.g. chemicals released during the combustion of
the raw material petroleum) and/or chemical contami-
nants in the ocean that accumulate on plastic from sur-
rounding environmental media (e.g. persistent organic
pollutants (POPs) and metals in ambient water or air).
Two recent non-targeted screening analyses looking at
the chemicals associated with plastic debris, detected
a total of 231 to 251 organic compounds on plastics,
including hydrocarbons, UV-stabilizers, anti-oxidants,
plasticizers, flame retardants, lubricants, intermediates
and compounds for dyes and inks (Gauquie et al. 2015;
Rani et al. 2015).

Since Carpenter et al. (1972) first reported PCB con-
tamination on polystyrene microplastics in the early
1970s, there has been a series of studies monitor-
ing the mixture of chemicals in floating, beached or
ingested plastic particles. The reported concentra-
tion ranges of target chemicals are summarized with
other information in Table 4.1 (see Table for reference).
These studies report concentrations of targeted chemi-
cals including persistent organic pollutants (POPs),
polychlorinated biphenyls (PCBs), dichlorodiphenyltri-
chloroethane (DDT), polycyclic aromatic hydrocarbons
(PAHSs), organochlorine pesticides (hexachlorocyclo-
hexanes (HCHSs), hexachlorobenzene (HCB), chlor-
danes and mirex), brominated or fluorinated flame-
retardants (polybrominated diphenylethers (PBDEs),
hexabromocyclodecanes (HBCDs) and perfluoroalkyl
acids (PFAAs)) and additive ingredients (bisphenol A
(BPA), nonylphenol (NP) and octylphenol (OP)). A few
studies also targeted metals. The plastic particles
analysed were generally pre-production resin pellets in
the size range of 1 to 5 mm or plastic fragments with
a size range of up to tens of millimetres. Most stud-
ies analysed polyethylene (PE) and (or) polypropylene
(PP) plastics and a few studies analysed other types of
plastics (Table 4.1).

The concentration of this mixture of chemicals in and
on microplastic is governed by many factors, including
whether the chemical was added during manufactur-
ing or sorbed from the environment, physicochemi-
cal properties of plastics and chemicals, the size of
plastics, concentration in the surrounding water, and
other environmental factors (e.g. pH, temperature).
For example, a recent study compared concentrations
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of PCBs and PBDEs in small (0.3 to 1 mm) and large
(1 to 5 mm) microplastic from Tokyo Bay, Japan and
the pelagic waters of the Pacific Ocean (H. Takada,
unpublished results). PCB concentrations in smaller
polyethylene microplastic from Tokyo Bay were on
the order of hundreds of ng/g, while those in the open
ocean were a few ng/g. The concentration ranges
and spatial patterns (i.e. urban coast >> open ocean)
were similar to those observed in previous International
Pellet Watch (http:/www.pelletwatch.org/). Moreover,
no PBDE congener 209 (BDE-209) was detected in
smaller sized microplastic in the open ocean, whereas
BDE-209 was detected in this same size range from the
estuary of Tokyo Bay. This suggests that the increase
in surface area on smaller microplastic could facilitate

the leaching and photodegradation of BDE-209 faster
than in larger sized microplastic. Still, additive chemi-
cals (e.g. PBDEs and NP) have been found at large
concentrations on some particles of plastic in pristine
and open oceans, suggesting there may be a greater
risk of plastic being a source of chemical additives
(e.g. PBDEs, NP) in pristine and remote areas than the
absorbed chemicals (e.g. PCBs, DDT).

Ranges of concentrations found from various studies
are listed below in Table 4.1. The concentration ranges
provided can be used in risk assessment and to help
design ecologically relevant laboratory experiments
for measuring the chemical impact of microplastic
to organisms. Note, congener-specific data can be
extracted from the cited literature.

Table 4.1 Summary of chemical concentrations in plastic particles collected from marine environments

Chemicals® Polymer Size Concentration Concentration Reference
type (mm) Min - Max Median of maximum?®
(ng/g plastics) (ng/g plastics)
PCBs PE, PP, PS 0.1-35 NDe-5,000 240 14, 2,3,4,5,6,7 8,9, 10, 11,
12, 13, 14, 15, 16
DDTs PE, PP, PS - ND-7,100 88 1,3,5,12,13, 14,15
HCHs PE 1-5 0.14-112 20 10, 12, 13
Chlordanes PE, PP - 4.29-14.2 - 3
HCB PE, PP - 12.4-17.5 - 3
Mirex PE, PP - 6.48-14.6 - 3
PBDEs PE, PP ~35 ND-16,444 412 8, 16, 17, 18
HBCDs PS 1-5 0.06-512 - 19
PFAAs - 2-6 0.01-0.18 - 20
PAHs PE, PP, PS 1-35 ND-12,000 1,335 1,5, 6, 8, 10, 12, 14, 16, 21
BPA PE, PP ~35 ND-729.7 284 8,16
NP PE, PP 1-35 ND-16,000 2,660 8,11, 16
OoP PE, PP ~10 ND-154 40 8

2 See text for abbreviations

® Median of the maximum values reported in the each study from the literature

¢ Not detected

4 Numbers refer to: 1=Antunes et al. (2013); 2=Carpenter et al. (1972); 3=Colabuono et al. (2010); 4=Endo et al. (2005); 5=Frias et
al. (2010); 6=Gauquie et al. (2015); 7=Gregory (1978); 8=Hirai et al. (2011); 9=Hosada et al. (2014); 10=Karapanagioti et al. (2011);
11=Mato et al. (2001); 12=Mizukawa (2013); 13=0gata et al. (2009); 14=Rios et al. (2007); 15=Ryan et al. (2012); 16=Teuten et al
(2009); 17=Tanaka et al. (2013); 18=Tanaka et al. (2015); 19=Al-Odaini (2015); 20=Llorca et al (2014); 21=Karapanagioti et al. (2010)

4.4.2  Transfer of chemicals from microplastic to
marine organisms

One question often asked by policy makers is whether
or not these chemicals can transfer from plastic to
marine organisms. This section describes the processes
by which transfer may occur and the current state of the
evidence through 2015 from laboratory, field and theo-
retical studies addressing bioaccumulation. Lastly, this
section discusses the parameters we need to include
to further understand plastics as a source of chemicals
to the environment and some examples of how current
information can be used to guide estimates of chemical
transfer for risk assessment.

Processes of transfer

There are several processes by which microplastics
can act as a source of chemicals to marine organisms.
It is important to note that here we are discussing more
than via the ingestion of plastic. These chemicals may
be transported directly via ingestion of plastic. They
may also be transferred indirectly if chemicals leach
from microplastics into water and are taken up by an
organism via indirect bioaccumulation, also called bio-
concentration, or if a predator eats a prey item that is
contaminated with plastic (Figure 4.5).
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Figure 4.5 Mechanisms for the bioaccumulation of chemicals from plastic debris. The diagram depicts different
pathways for how chemicals may transfer from plastic to biota in aquatic habitats. Bioaccumulation may occur directly
via ingestion of plastic (left) or indirectly via desorption of chemicals from plastic into other environmental media
followed by bio-concentration from the water (middle) or trophic transfer via a prey item that is contaminated with
plastic which may lead to biomagnification, i.e. increasing levels in predators (right). Note, this figure does not include
the many other sources of industrial chemicals to wildlife and only shows how microplastic may contribute to the
transfer of chemicals in aquatic systems

There is no doubt that these processes can occur, but
there is uncertainty about the extent that they do occur
in nature. There is a separate discussion regarding the
“importance” of plastic as a source of chemicals to
organisms, i.e. the relative contribution of microplastic
as a source of chemicals compared to other sources
such as surrounding water and/or prey. This discus-
sion is based on fugacity gradients, which according
to first principles in environmental chemistry will drive
the direction that the chemical moves, i.e. from plastic
to animal or vice versa. The various matrices, including
water, biota, sediment and plastic, will strive to reach
equilibrium and thus chemicals in the environment will
move in the direction toward equilibrium. Thus, you
can imagine a piece of plastic, a fish and the water
column that have been in the ocean for 1 year will be at
or near equilibrium. Thus, if the fish ingests the plastic,
the PCBs may not transfer at all. In other words, the
ocean is already contaminated with chemicals that
come from a number of different sources. As such,
animals can accumulate hazardous chemicals via
several processes, including uptake from surround-
ing water, air or sediment and ingestion of particles in
the water and/or their diet (Van der Oost et al. 2003).
The introduction of microplastic to the ocean intro-
duces another potential source of additive chemicals
and sorbed contaminants from the environment to
wildlife (Farrington and Takada 2014). Thus, an animal
exposed to microplastic is likely already contaminated
with chemicals from other sources and the plastic may
not act as a significant additional source of chemical
contamination.

Modelling studies are useful to conceptualize these
ideas regarding how plastic may be an important

source and sink for chemicals in the environment
relevant to other media (e.g. diet, sediment, water).
Published studies using such models conclude that
whether plastic acts as a source of chemicals to ani-
mals via ingestion depends on the fugacity gradient
between the chemical contaminant concentration in
the plastic vs. in the lipid stores of the animal (Koelmans
2015; Koelmans et al. 2013). Thus, when an organism is
relatively clean of contaminants, model studies (based
upon fugacity gradients) predict that chemicals will
transfer from the plastic into the lipid (Figure 4.6¢). This
may occur when microplastics in the ocean are not in
equilibrium and have sporadically large concentrations
of additives or sorbed contaminants. Alternatively, if an
organism has a greater body burden of chemicals than
the introduced plastic debris, the model studies predict
(based on fugacity) that the plastic debris will “clean”
the lipid (Figure 4.6a). This may occur if an organism in
the ocean for example ingests a raw or relatively clean
plastic pellet. Lastly, when an animal and plastic have
a similar level of contamination, any change in con-
taminant levels between the organism and the plastic
may be negligible in comparison to other sources
(Figure 4.6b; Gouin et al. 2011; Koelmans et al. 2013,
2014; Koelmans 2015). Thus, modelling exercises con-
clude that chemicals from plastic can transfer to ani-
mals upon ingestion or the other way around, depen-
dent on fugacity gradients, but generally the transfer is
only measurable when (a) plastic is a larger source of
chemicals than other media, and (b) there is sufficient
fugacity gradient for transfer, and (c) the effect is larger
than measurement error and biological variation (Gouin
et al. 2011; Koelmans 2015).

Figure 4.6 The figure above is a simplified depiction describing the scenarios discussed above. The image on the left

(a) depicts a scenario where a contaminated fish eats a relatively clean piece of plastic and the chemical moves from

the fish to the plastic. The image in the middle (b) depicts a scenario where a contaminated fish eats a contaminated

piece of plastic and no transfer occurs. The image on the right (c) depicts a scenario where a relatively clean fish eats
a contaminated piece of plastic and the chemicals transfer to the fish
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Evidence of transfer from the laboratory

Laboratory observations suggest that chemicals from
plastic can transfer to aquatic animals. Such trends
have been described in a number of species includ-
ing lugworms (Browne et al. 2013), amphipods (Chua
et al. 2014) and fish (Rochman et al. 2013a). Some
researchers have suggested that chemicals can trans-
fer from plastic to biota using simulated gastric condi-
tions (Bakir et al. 2014; Tanaka et al. 2015) and other
studies have demonstrated transfer by exposing lab
animals to plastic with different sorbed chemicals,
including PBDEs, nonylphenol, phenanthrene and tri-
closan.

Some studies measured plastic as a source of chemi-
cals relative to other media (i.e. water, sediment and/
or food). One study asked if microplastic particles
mediated greater transfer of PBDEs to amphipods
than seawater. Similar to what theory predicts, animals
that were exposed to PBDEs in the presence of clean
microplastics had a smaller body burden of PBDEs
than those exposed to PBDEs dissolved in seawater
alone (Chua et al. 2014). Similarly, a study measured
the relative difference in bioaccumulation between
sand and microplastic by exposing clean lugworms
to microplastic or sand spiked with phenanthrene
and nonylphenol. They found that lugworms exposed
to chemicals via sand bioaccumulated >250% more
phenanthrene and nonylphenol than animals exposed
to plastic (Browne et al. 2013).

Other studies aimed to measure the importance of
plastic as a source of chemicals in the presence of a
contaminated system (i.e. to try to better understand
scenarios in nature). One study exposed contaminated
amphipods to microplastic spiked with PBDEs (Chua et
al. 2014). They found no significant difference between
concentrations of PBDEs in animals exposed to clean
plastics (i.e. the microplastics did not “clean” the
organisms of PBDEs) versus those exposed to micro-
plastics with environmentally relevant levels of PBDEs,
and an increase in PBDEs in amphipods exposed to
microplastic with concentrations of PBDEs greater
than their starting concentrations (Chua et al. 2013). In
another study, fish that were already contaminated with
PAHs, PCBs and PBDEs were exposed to plastic with
environmentally relevant concentrations of the same
chemicals and at concentrations of microplastic rele-
vant to what is found in the subtropical gyres. For PAHs
and PCBs, significant transfer of chemicals to fish was
not observed. In contrast, the transfer of PBDEs was
significantly greater (Rochman et al. 2013a). Another
study consisted of tanks with plastic, sediment and
worms with concentrations of PCBs all at equilibrium
(Besseling et al. 2013). Lugworms exposed to smaller
concentrations of plastic had greater concentration of
PCBs in their tissues, but lugworms exposed to larger
amounts of plastic accumulated similar concentrations
of PCBs as lugworms that were not exposed to plastic
(Besseling et al. 2013). Differences in conclusions high-
light that further research is necessary to determine the
importance of plastic debris as a source of chemicals
in nature.

Evidence of transfer in the natural environment

In nature, animals are exposed to chemical contami-
nation via multiple sources, and thus it is difficult to
demonstrate that plastics are the source of bioaccu-
mulation in wildlife. Still, some researchers who have
conducted observational experiments in nature have
suggested that burdens of chemical contaminants in
wildlife were introduced by plastic debris. Recent stud-
ies have looked for associations between pl