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Preparation of this document

One of the recommendations of the GLOBAL OCEANS ACTION SUMMIT FOR
FOOD SECURITY AND BLUE GROWTH, 22 to 25 APRIL 2014 (http://www.
globaloceansactionsummit.com/) requested that the Food and Agriculture Organization
of the United Nations (FAO), The International Maritime Organization (IMO) and the
United Nations Environment Programme (UNEP) work together with the Group of
Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP') to
improve the knowledge base on microplastics in the marine environment and provide
policy advice on this topic.

As a result, UNEP approached GESAMP, FAO and other partners with a proposal
to contribute to the global assessment on sources, fate and impacts of microplastics on
the marine environment and resources with funding provided by the Government of
Norway.

FAO was requested to contribute specifically on fisheries and aquaculture; the two
main concerns were to assess the potential impact of microplastics on consumers’
health and perception, and understand the potential consequences on fish productivity
as physiological processes are likely to be affected by microplastics (because of their
occurrence and of the presence of additives and contaminants contained in the plastic).
Samples collected so far and scientific literature increasingly and clearly show occurrence
of microplastics in fish and shellfish as well as in fisheries and aquaculture products. This
report is meant to contribute to take stock of the scientific knowledge available, provide
information on the most likely pathways in terms of sources, transport and distribution
in both marine food chains and seafood value chains, and provide a framework to assess
the risks that may (or not) affect commercial fish stocks and consumers. In addition,
the report looks into the current practices and limitations of microplastic sampling
techniques.

The report is based on scientific literature published in international journals, as well
as expert knowledge. Amy Lusher, Peter Hollman and Jeremy Mendoza-Hill produced
the first draft of the report, with the support of Natalie Welden. The draft was then
discussed by a group of invited experts during a workshop held in Rome from 5 to
8 December 2016. The experts reviewed the initial draft and provided additional sections
and references to produce an advanced draft that was submitted to reviewers.

It is to be noted that given the high and rapid production of literature, taking stock
of current knowledge on microplastics is challenging. Therefore, this report needs to be
considered as a work in progress and might require periodic updates; however, in the
time being, the publication will contribute to raise awareness and outreach to fisheries
and aquaculture operators, scientists and policy makers to sensitize them to the issue of
microplastics.

! Joint IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Group of Experts

on the Scientific Aspects of Marine Environmental Protection. http://www.gesamp.org/



Abstract

Plastic production has increased exponentially since the early 1950s and reached
322 million tonnes in 2015, this figure does not include synthetic fibres which accounted
for an additional 61 million tonnes in 2015. It is expected that production of plastics will
continue to increase in the foreseeable future and production levels are likely to double
by 2025. Inadequate management of plastic waste has led to increased contamination
of freshwater, estuarine and marine environments. It has been estimated that in
2010 between 4.8 million to 12.7 million tonnes of plastic waste entered the oceans.
Abandoned, lost or otherwise discarded fishing gears (ALDFG) are considered the
main source of plastic waste by the fisheries and aquaculture sectors, but their relative
contribution is not well known at regional and global levels.

Microplastics are usually defined as plastic items which measure less than 5 mm
in their longest dimension, this definition includes also nanoplastics which are
particles less than 100 nanometres (nm) in their longest dimension. Plastic items may
be manufactured within this size range (primary micro- and nanoplastics) or result
from the degradation and fragmentation of larger plastic items (secondary micro- and
nanoplastics). Microplastics may enter aquatic environments through different pathways
and they have been reported in all environmental matrices (beaches, sediments, surface
waters and water column).

Ingestion of microplastics by aquatic organisms, including species of commercial
importance for fisheries and aquaculture, has been documented in laboratory and field
studies. In certain field studies it has been possible to source ingested microplastics to
fisheries and aquaculture activities.

Microplastics contain a mixture of chemicals added during manufacture, the so-called
additives, and efficiently sorb (adsorb or absorb) persistent, bioaccumulative and toxic
contaminants (PBTs) from the environment. The ingestion of microplastics by aquatic
organisms and the accumulation of PBTs have been central to the perceived hazard and
risk of microplastics in the marine environment.

Adverse effects of microplastics ingestion have only been observed in aquatic
organisms under laboratory conditions, usually at very high exposure concentrations
that exceed present environmental concentrations by several orders of magnitude. In
wild aquatic organisms microplastics have only been observed within the gastrointestinal
tract, usually in small numbers, and at present there is no evidence that microplastics
ingestion has negative effects on populations of wild and farmed aquatic organisms.

In humans the risk of microplastic ingestion is reduced by the removal of the
gastrointestinal tract in most species of seafood consumed. However, most species
of bivalves and several species of small fish are consumed whole, which may lead
to microplastic exposure. A worst case estimate of exposure to microplastics after
consumption of a portion of mussels (225 g) would lead to ingestion of 7 micrograms
(pg) of plastic, which would have a negligible effect (less than 0.1 percent of total dietary
intake) on chemical exposure to certain PBTs and plastic additives.



Microplastic contamination of aquatic environments will continue to increase in the
foreseeable future and at present there are significant knowledge gaps on the occurrence
in aquatic environments and organisms of the smaller sized microplastics (less than
150 pm), and their possible effects on seafood safety. Currently there are no methods
available for the observation and quantification of nanoplastics in aquatic environments
and organisms.

Lusher, A.L.; Hollman, P.C.H.; Mendoza-Hill, J.J. 2017.

Microplastics in fisheries and aquaculture: status of knowledge on their occurrence and
implications for aquatic organisms and food safety.

FAO Fisheries and Aquaculture Technical Paper. No. 615. Rome, Italy.
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Executive summary

This report focuses on the present state of knowledge on the occurrence and effects
of microplastics (i.e. plastic particles less than 5 mm in their longest dimension) on
aquatic organisms, especially commercially important species, as well as the possible
implications for seafood safety and security. The widespread use of plastic materials in
the fisheries and aquaculture sectors, and the sources of microplastic contamination,
particularly those derived from fisheries and aquaculture activities, are also covered.
The report is intended for a wide audience including fisheries scientists and managers,
health authorities, fisheries and aquaculture associations, environmental and fisheries
ministries, regional fisheries bodies and regional seas organizations.

Production of fishery and aquaculture has increased approximately eightfold since
FAO started to compile data from member countries in 1950. Production of fishery
and aquaculture products has outpaced human population growth during the last five
decades. In 2015, production reached a record high of around 170 million tonnes of
animal products, without considering an addition of approximately 29 million tonnes
from farmed aquatic plants. Since the 1980s, most of this growth in production has
been achieved from aquaculture activities. The increased production of fisheries and
aquaculture products has resulted in greater global per capita consumption. In 2013,
these products represented around 17 percent of animal protein intake by the world’s
population. Consumption of fish and fisheries products have well established health
benefits due to their unique nutritional composition, but in some cases fish accumulate
significant levels of contaminants from the environment, resulting in some fish products
being potentially harmful depending on the amount consumed. Emerging concerns such
as the potential human health impacts of microplastics in seafood should not be seen in
isolation, but in the context of the health benefits derived from seafood consumption.

Plastic production has been increasing exponentially since the early 1950s and it
reached 322 million tonnes in 2015. Market demand for plastic products is expected
to continue to increase and projections indicate production levels may reach around
600 million tonnes by 2025 and to exceed one billion tonnes by 2050. Plastic is a catch-
all term used to describe a range of polymer materials that are moulded under specific
temperature and pressure, and have different properties depending on the requirements
of the end product. Plastic polymers are highly diversified with around twenty distinct
groups, as product requirements and applications evolve so will the types of plastic
materials. Depending on the desired properties of the final product, the polymers can
be mixed with different additives to enhance their performance, such as plasticizers,
antioxidants, flame retardants, ultraviolet stabilizers, lubricants and colourants. The
most common additives used in the fabrication processes are phthalates, bisphenol A
(BPA), nonylphenol (NP) and flame retardants (FRs).

The development of fisheries and aquaculture has relied heavily on plastic use
and is likely to continue doing so in the foreseeable future. Ropes and netting made
from synthetic fibres offer greater strength and durability at a lesser weight when
compared to natural fibres. Plastic materials are used in boat construction (including
painting and anti-fouling coats), boat maintenance, fishing gears (gill nets, trawl nets,
dredge nets, traps, floats, lures, hook and lines), fish hold insulation and fish crates.
In aquaculture plastic materials are used for seafood packaging and transportation,
ropes, floats, fish crates and boxes, fish cages, pond lining, fish feeders and fish tanks.
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Mariculture structures (primarily made of plastics) are kept afloat by buoyant plastics
(often Expanded polystyrene (EPS) or plastic buoys) and held in place with lines and
ropes (mostly non-buoyant plastic lines). In the fisheries and aquaculture sector it is
considered that abandoned, lost or otherwise discarded fishing gears (ALDFG) are the
main source of plastic waste into the marine environment, but there is substantial spatial
variability in their distribution and abundance. At present there are no current global
estimates of the contribution of fisheries and aquaculture to total plastic waste in aquatic
environments.

As stated above, the most widely used definition is that microplastics are particles
less than 5 mm in their longest dimension. Plastic particles are manufactured within
this size range for industrial purposes (primary microplastics) or are generated by the
degradation and fragmentation of plastic products and items (secondary microplastics).
The size range defined has been adopted in practical terms as it is considered the size
under which ingestion by many species of biota occurs. On the other hand, nanoplastics,
which are captured under the traditional definition of microplastics, are defined as
plastic particles ranging from 0.001 micrometres (pm) to 0.1 pm.

Microplastics have been documented in many aquatic habitats of inland waters, the
open-ocean and enclosed seas, including beaches, surface waters, the water column and
the deep seafloor. In oceans, the small size and low density of microplastics contributes
to their widespread transport across large distances particularly by ocean currents.
Oceanic transport can move buoyant microplastics to distant shorelines or entrained
particles can accumulate in central ocean regions. In areas of coastal mariculture and
fishing, these activities may be responsible for the presence of microplastics, whereas the
sources of microplastics in offshore fishing grounds may be harder to interpret because
of the influence of oceanic distribution.

Microplastics and larger macroplastic items are associated with a mixture of chemicals
added during manufacturing (such as, plasticizers, antioxidants, flame retardants,
ultraviolet stabilizers, lubricants and colourants) or accumulated from the surrounding
environment (such as, persistent, bioaccumulative and toxic substances (PBTs), including
Persistent Organic Pollutants (POPs) as defined under the Stockholm Convention).

The ubiquitous presence of microplastics raises concerns regarding interaction with
biota and potential contamination of the human food supply. This concern has led to a
number of exposure and toxicological studies under laboratory conditions. These studies
have confirmed that a diverse array of aquatic organisms, across trophic levels, can
ingest microplastics. This includes protists, annelids, echinoderms, cnidaria, amphipods,
decapods, isopods, molluscs and fish. Also, trophic transfer of microplastics has been
observed in several studies under laboratory conditions. However, it is not likely that
trophic transfer of microplastics will lead to accumulation, because most microplastics
will not translocate into the tissues of their hosts. Metabolic and negative physiological
responses from microplastic ingestion in aquatic organisms have only been observed
under laboratory conditions after exposure to very high levels.

Observations of microplastic uptake by wildlife have been reported in a range
of habitats, including the sea surface, water column, benthos, estuaries, beaches and
aquaculture. Over 220 different species have been found to ingest microplastic debris
in natura. Excluding birds, turtles and mammals, 55 percent are species (invertebrates
to fish) of commercial importance, such as: mussels, oysters, clams, common shrimp
(Crangon crangon), Norway lobster (Nephrops norvegicus), anchovies, sardines,
Atlantic herring (Clupea harengus), Atlantic and chub mackerels, scads, Blue whiting
(Micromesistius poutassou), Atlantic cod (Gadus morbua), common carp (Cyprinus
carpio) and Acoupa weakfish (Cynoscion acoupa), among others. At present there is no
direct evidence of trophic transfer of microplastics in wild populations. Additionally,
field observations show no evidence of negative effects from microplastic ingestion at
the population or community levels in aquatic organisms.
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Microplastics have been found in various types of human food (e.g. in beer, honey,
sugar and table salt) and the majority of the reports have studied their occurrence in
seafood. Thus, seafood appears to be the most understood source of microplastics to
humans. At present, there are no data on the occurrence of nanoplastics in foods because
analytical methods to identify nanoplastics remain to be developed.

Adverse human health effects from micro- and nanoplastics in seafood may be caused
by the plastic particles themselves, or by additives and sorbed contaminants, such as
persistent, bioaccumulative, and toxic substances (PBTs). Human intake of microplastics
from seafood (i.e. mussels) has been estimated to equal anywhere from 1 particle per
day to 30 particles per day depending on seafood consumption habits and exposure of
organisms to microplastics. In microplastic exposed aquatic organisms the digestive tract
contains the largest quantities of microplastics. However, seafood innards are normally
discarded before human consumption, except for bivalves, echinoderms and some
species of small fish. As an example, a worst case estimate of exposure to microplastics
after consumption of a portion of mussels (225 g) would be 7 pg of plastics. Based on
this estimate and considering the highest concentrations of additives or contaminants
reported in microplastics, and complete release from the microplastics upon ingestion,
the microplastics will have a negligible effect on the exposure to PBTs and additives,
as this contaminant burden is equivalent to less than 0.1 percent of the total dietary
exposure of humans to these compounds.

Plastic contamination of aquatic environments will continue to increase, resulting in
growing amounts of micro- and nanoplastics in these environments. There is some basic
knowledge on the occurrence of microplastics in aquatic environments, organisms and
seafood, but details are still lacking. Gaps in the occurrence of microplastics include
details on entry rates and global distribution in aquatic environments and organisms,
their distribution in the water column, and the specific contribution of the fisheries and
aquaculture sectors to microplastic contamination. Trophic transfer of microplastics
will not lead to accumulation in seafood, and associated PBTs and additives have a
negligible effect on the total human dietary intake of these compounds. In contrast, basic
knowledge on nanoplastics is still lacking. Data on nanoplastics are essential, because
there is concern that nanoplastics may have a high biological impact.






1. General introduction

1.1 CONTEXT

1.1.1 Fisheries and aquaculture production

Production of fishery and aquaculture has increased approximately eightfold since
FAO started to compile data from member countries in 1950. This increased
production has outpaced human population growth during the last five decades
(FAO, 2016b). In 2015, production reached a record high of around 170 million
tonnes of animal products, without considering an additional of approximately
29 million tonnes from farmed aquatic plants. Since the 1980s, most of this growth
has been achieved from aquaculture activities. Additionally, approximately 57 million
persons were engaged in the primary sector of fisheries and aquaculture, and the
proportion working in the primary aquaculture sector has increased from 17 percent
in 1990 to 33 percent in 2014 (FAO, 2016b). Moreover, the international trade of
fishery and aquaculture plays a significant role in employment, food supply, income,
and contributes to economic growth and development. International trade of seafood
represents around 9 percent of total agricultural exports and about 1 percent of total
world trade in value terms (FAO, 2016b).

Marine capture fisheries

Marine capture fisheries reached a maximum of approximately 88 million tonnes in
1996 and have since fluctuated around a mean value of 82 million tonnes, reaching
82.3 million tonnes in 2015. In comparison, inland capture fisheries have been
increasing steadily for most of the time series available and showed a maximum value
of approximately 11.5 million tonnes in 2015 (Figure 1.1). It has been estimated that
around 260 million people are involved in global marine capture fisheries, including
full-time and part-time jobs in the direct (primary) and indirect (secondary and
ancillary) sectors (Teh & Sumaila, 2013).

In marine fisheries, the most productive areas are the Northwest Pacific, the Central
Western Pacific and the Northeast Atlantic accounting for 27.2 percent, 15.3 percent
and 11.4 percent of total catches in 2015, respectively. Major fishing nations in 2015
are represented by China (15.6 million tonnes), Indonesia (6.1 million tonnes), United
States of America (5.0 million tonnes), Peru (4.8 million metric tonnes), Russian
Federation (4.2 million tonnes), India (3.5 million tonnes) and Japan (3.5 million
tonnes). These seven nations accounted for approximately 52 percent of global marine
fisheries landings in 2015.
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FIGURE 1.1
Marine and inland capture fisheries landings from 1950 to 2015
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Source: FAO.

In 2015, finfishes dominated marine capture fisheries with 67.4 million tonnes,
followed by crustaceans (6 million tonnes), cephalopods (4.7 million tonnes) and other
molluscs (2.4 million tonnes). There are presently 2 033 species records in the FAO
database for capture fisheries, however, 25 major species and genera account for about
41 percent of global marine capture fisheries production (FAO, 2016b). Among pelagic
fishes the most important species or genera in 2015 FAO statistics were anchoveta
(Engraulis ringens), skipjack tuna (Katsuwonus pelamis), Sardinella spp., chub
mackerel (Scomber japonicus) and Atlantic herring (Clupea harengus). Main demersal
fish species were represented by Alaska pollock (Theragra chalcogramma) and Atlantic
cod (Gadus morbhua). The two most important fisheries for crustacean species in 2015
were for Gazami crab (Portunus trituberculatus) and Akiami shrimp (Acetes japonicus).
Cephalopod catches consisted mainly of jumbo flying squid (Dosidicus gigas) and
Argentine shortfin squid (Illex argentinus).

Aquaculture

Aquaculture animal production increased from around 0.6 million tonnes in 1950
to 4.7 million tonnes in 1980, since then increases in demand and investments have
resulted in significant growth of this sector which reached around 77 million tonnes of
aquatic animals in 2015 (Figure 1.2). It is estimated that around 18.7 million people are
employed in the primary sector of aquaculture, of which approximately 84 percent are
in Asian countries. The aquaculture sector is highly diverse and fragmented, ranging
from small ponds in the developing world to international companies with an annual
turnover in excess of US$ 1 billion (Bostock ez al, 2010). A total of 543 species or
species groups of animals are present in the FAO aquaculture database, including
362 finfish, 104 molluscs, 62 crustaceans, 6 species of amphibians and reptiles, and
9 aquatic invertebrates (FAO, 2016b). The top 25 aquaculture producing countries
accounted for about 96 percent of total world production in 2014, of which the first
major 5 producers were Asian countries (China, Indonesia, India, Viet Nam and
Bangladesh) and accounted for 81 percent of total production (FAO, 2016b).

Inland aquaculture production amounted to about 48 million tonnes in 2015, which
represented around 63 percent of total aquaculture production. Inland aquaculture
production is dominated by several species of finfish, especially carps and tilapias. On
the other hand, marine and coastal aquaculture produced about 28 million tonnes,
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of which molluscs represented around 65 percent, crustaceans 28 percent and finfish
7 percent. Main molluscan species are oysters, clams and mussels, while penaeid
shrimps are the most important crustacean taxonomic group.

FIGURE 1.2
Aquaculture production of animals (marine and inland waters) and aquatic
plants from 1950 to 2015
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Source: FAO.

1.1.2 Plastics and microplastics

Plastic production has increased substantially since large scale industrial manufacture
started in the early 1950s. Almost all aspects of daily life involve plastics. In the
European Union (PlasticsEurope, 2016), for example, the main applications of
plastics include: packaging (39.9 percent, much of which is single-use), building and
construction (19.7 percent), automotive industry (8.9 percent), electrical and electronic
(5.8 percent), agriculture (3.3 percent) and other (22.4 percent) applications (including
consumer and home appliances, furniture, sport, health and safety).

One of the most appreciated qualities of plastic products is their durability. However,
this quality when combined with improper waste management leads to environmental
contamination on land, in freshwater and in marine environments. Plastic products will
degrade slowly over time, particularly when exposed to sunlight (ultraviolet radiation)
and high temperatures. This degradation will lead to the breakdown of the material
into smaller sizes ranging from the macroscopic to the microscopic and eventually to
presently undetectable dimensions, the nanoplastics.

Small plastic particles known as microplastics, commonly defined as being 5 mm or
less in their longest dimension (Box 1.1), have been found in different environmental
matrices (atmosphere, soils, freshwater and marine). In freshwater and marine
environments microplastics have been found in beaches, shelf and deepwater sediments,
and in surface and subsurface waters. Additionally, ingestion of microplastics has been
observed in many species of aquatic organisms, including commercially important fish
and invertebrates (GESAMP, 2016; Lusher, 2015).

Microplastic contamination is certainly not a new phenomenon and the first
observations of their occurrence date back to the 1960s (Carpenter and Smith, 1972;
GESAMP, 2015). However, it is only in the last decade that increased attention has
been given to the problem by the scientific community, international organizations,
governments and public media. This rise in interest has primarily been driven by
environmental and human health concerns (UNEP, 2016). There are concerns that
fish and fishery products may be contaminated with microplastics and their associated



Microplastics in fisheries and agquaculture

contaminants. These concerns are based on potential implications for food safety and
human health, marketability as well as potential impacts on food security in local
contexts.

It is reasonable to suspect that contamination by plastics and microplastics began
immediately in the first half of the 20th century with the onset of high-volume
production of diverse plastic polymers and products. Initially, microplastics were likely
derived solely from abrasion, degradation, and physical breakdown. More recently,
manufacturing of plastics at the micro- and nano-scale have further exacerbated
environmental occurrence and potential risks. First reports of plastic contamination
from debris of various sizes occurred as early as the 1960s (Rothstein, 1973; Ryan,
2015). Publication trends (GESAMP, 2015) suggest that the topic will gain further
attention and is projected to peak in the 2020s (Halden, 2015).

BOX 1.1
Definitions

In this report we refer to different sizes of marine plastic debris. All possible shapes of
plastic particles are considered, namely fragments, fibres/filaments, beads/spheres, films/
sheets and pellets. The size definitions used in this report are:

Macroplastics: large items of marine plastic litter which are greater than 5mm in size.

Microplastics: plastic particles in the size range between 0.1 micrometres to 5 000
micrometres (pm) in their longest dimension.

Nanoplastics: plastic particles of size ranging from 1 to 100 nanometres (nm) (0.001
pm-0.1 pm).

1.2 GLOBAL TRENDS

Large scale plastic production started in the early 1950s, when production levels
were about two million tonnes per year, and by 2015 production of plastics reached
322 million tonnes (PlasticsEurope, 2016). Projections based on present growth rates
indicate that plastic production should double by 2025 and more than triple by 2050.
Synthetic fibres constitute another large part of synthetic polymer production, their
worldwide production was about 61 million tonnes in 2015. Synthetic fibres have
replaced natural fibres such as cotton, wool and silk because of their low price, mass
production and customization (Figure 1.3).

Mass production and mass consumption of plastics have led to the accumulation
of plastics in natural habitats, and adverse impacts on biota and the economy.
Environmental impacts include habitat damage, entanglement and ingestion of marine
litter by biota, and the introduction of non-native species, mainly microorganisms,
seaweeds and invertebrates, through rafting on floating litter (Barnes and Milner,
2005; Calder er al., 2014; Kiessling, Gutow and Thiel, 2015; Kithn, Rebolledo and
van Franeker, 2015). The Secretariat of the Convention on Biological Diversity and
the Scientific and Technical Advisory Panel-GEF (2012) reported that 373 species of
wildlife had been affected through entanglement and ingestion of marine litter, among
which 15 percent of species are on the International Union for Conservation of Nature
(IUCN) red list. In the most recent review an additional 156 species were affected by
entanglement and ingestion raising the total number to 529 species (Secretariat of the
Convention on Biological Diversity, 2016). Economic impacts of marine litter include
loss of income, cost of cleanup, reduced fisheries stock or reduced tourism (UNEP,
2016). Marine litter can also cause navigational hazards for fisheries and shipping.
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FIGURE 1.3
Global fibre production and projections until the year 2025
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Plastic production and its waste generation are related to human population growth.
The human population has increased from approximately 3.1 billion in 1961 to around
7.3 billion in 2015 (Figure 1.4) and is expected to exceed 9 billion by 2050. The needs
of this growing population will drive the plastics commodities market, as well as
the demand for safe fishery and aquaculture products. Among the approximately
2.5 billion tonnes of solid waste produced globally in 2010, about 275 million tonnes
was mismanaged plastic waste generated from coastal countries, and it is estimated
that between 4.8 million tonnes to 12.7 million tonnes of this plastic waste entered the
oceans (Jambeck et al., 2015). Appropriate waste management strategies are necessary
in order to mitigate the effects and impacts of plastic and microplastic pollution in
coastal and aquatic habitats. Microplastic contamination is very likely to increase in
the foreseeable future as a result of environmental breakdown and fragmentation of
present stocks and future production of plastic items.

FIGURE 1.4
Growth in human population and the growth in plastic production. Trend lines are second
degree polynomials
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Plastic production contributes to the generation of greenhouse gases that drive
climate change. For example, in Europe between four and six percent of gas and oil
consumption is used to manufacture plastic materials and, in 2014, 39.5 percent of post-
consumer plastic waste was used for energy recovery (PlasticsEurope, 2016). Also, it
is expected that increased temperatures will modify the partitioning of environmental
contaminants into different matrices (i.e. air, soil, water, bottom sediments and plastic
debris) and may enhance the toxicity of certain compounds such as Persistent Organic
Pollutants (POPs), but will also likely increase their rates of chemical degradation
(Noyes et al., 2009). As the degradation and fragmentation of plastic debris is
temperature dependent increased temperatures will likely affect the generation rate
of microplastic and nanoplastic particles. Additionally, global warming is expected to
liberate microplastic particles presently frozen in Arctic Sea ice (Obbard et al., 2014).
Changes in stratification patterns of the water column due to ocean warming (Seggel,
De Young and Soto, 2016) will likely affect vertical distribution of microplastics in
marine environments. Furthermore, changes in precipitation patterns and increases
in the intensity and frequency of storm events linked to climate change will likely
influence spatial patterns and rates at which plastic debris and associated chemicals
enter aquatic environments (Welden and Lusher, 2017).

13 PURPOSE AND TARGET AUDIENCE OF THE REPORT

Microplastics are widespread in the marine environment and have been observed in
seawater, lakes, rivers, estuaries, sediments and many species of biota. Small numbers
of microplastics have been reported in commercial species of finfish and shellfish from
field observations, and in fishery and aquaculture products. Concerns have been raised
that the presence of microplastics, and their associated chemicals, represents a risk for
fish productivity, fisheries resources (and potentially adverse effects on food security)
and may result in contamination of foodstuffs (i.e. implications for seafood safety).
The presence of microplastics in the environment and in foodstuffs, including fishery
and aquaculture products, creates a need for assessing environmental, ecological and
human health risks.

This report summarizes the current state of knowledge on the occurrence and
impacts of microplastics in commercial species of finfish and shellfish, in prey
species, and in products of fisheries and aquaculture. It provides an assessment of
potential risks to fisheries, aquaculture and human health due to the presence of
microplastics and nanoplastics in the marine environment. The aim is to provide a
more reliable evidence base for a wide range of organizations and stakeholders to be
used in developing appropriate advice and possible measures to reduce exposure to
microplastics of fish resources and consumers, if this is justified. The target audience
of this report includes fisheries scientists and managers, health authorities, fisheries
and aquaculture associations, environmental and fisheries ministries, regional fisheries
bodies and regional seas organizations.

1.4 STRUCTURE AND SCOPE OF THE REPORT

This report presents an overview of plastic production, the types of plastics and their
chemical constituents, as well as the contribution of plastics to marine litter and,
particularly, the contribution of fisheries and aquaculture activities to the generation
of marine litter. Additionally, the origin, characteristics and known occurrence of
microplastics in aquatic environments is presented and their affinity for contaminants
in aquatic environments is discussed, including how fisheries and aquaculture activities
may contribute to the generation of microplastic particles. The report also covers what
is known on intake and ingestion of microplastics by aquatic organisms, including
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commercially important species. The report briefly presents the human health benefits
associated with the consumption of fishery and aquaculture products. Furthermore,
the human health issues related to the presence of microplastics and nanoplastics in
fishery and aquaculture products is discussed, and the risk associated with the ingestion
of microplastics and nanoplastics is assessed. Key reference documents on the subject
of microplastic contamination are presented in Box 1.2.

BOX 1.2
Key reference documents

AMAP, 1998. AMAP Assessment Report: Arctic Pollution Issues. Arctic Monitoring
and Assessment Programme (AMAP), Oslo, Norway. xii+859 pp.

EFSA, 2016. Presence of microplastics and nanoplastics in food, with particular
focus on Seafood. EFSA Journal, 14(6), 4501. 30 pp.

GESAMP, 2015. Sources, fate and effects of microplastics in the marine environment:
a global assessment (Kershaw, P. J., ed.). Joint IMO/FAO/UNESCO-IOC/UNIDO/
WMO/IAEA/UN/UNEP/UNDP Joint Group of Experts on the Scientific Aspects of
Marine Environmental Protection). Rep. Stud. GESAMP No. 90, 96 p.

GESAMP, 2016. Sources, fate and effects of microplastics in the marine environment:
part two of a global assessment. (Kershaw, P.J. & Rochman, C.M., eds). IMO/FAO/
UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint Group of Experts
on the Scientific Aspects of Marine Environmental Protection). Rep. Stud. GESAMP
No. 93, 220 pp.

UNEDP, 2016. Marine plastic debris and microplastics — Global lessons and research

to inspire action and guide policy change. United Nations Environment Programme,
Nairobi.
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2. Plastics: production, utilization
and waste

2.1 WHAT ARE PLASTICS?

Since their first development in the 1800s, plastics have advanced to benefit every
manufacturing sector from health and goods preservation, to transportation and
enhancing the digital age, and are now an indispensable component of day-to-day
life. At less than 100 years old, plastics are a relatively modern material compared
to the traditional materials of wood, metal, stone and glass. Plastics are utilized
in almost every aspect of society including: packaging, building and construction,
transportation, medicine and health, sport and leisure, electronics, agriculture, design
and manufacturing, and currency. Plastics have enabled technological advances,
design solutions, eco-performance enhancements and monetary savings. Due to their
functional properties, (such as low face-value cost disregarding external costs, strength,
durability, resistance to corrosion, thermal and electric insulation), plastics have helped
to make our lives easier, safer and more enjoyable.

Derived from the Greek words, TAaotwkdg, plastikos (meaning fit for moulding)
and MAaotdg, plastos (moulded), the term plastic refers to a material’s ductility during
manufacture. This property allows the material to be cast or shaped into numerous
forms for a variety of uses. Plastics evolved through the chemical modification of
natural materials to the manufacture of completely synthetic molecules. The earliest
plastics were derived from organic polymers and biological materials. During the
Industrial Revolution in the 1800s, the necessity for progression and advancements
in production encouraged research into the manufacture of mouldable materials.
Possibly the first man-made plastic was Parkesine, patented by Alexander Parkes
in Birmingham, United Kingdom of Great Britain and Northern Ireland, in 1856,
however, the first fully synthetic plastic, Bakelite, was created in the early 1900s; these
first thermoplastics were unstable and unsuitable for many applications. After the First
World War, material shortages, a need for enhanced technologies and improvements
in chemical engineering, led to an expansion in the variety of plastics being produced.
Mass production began fully after the Second World War, and during the 1960s and
1970s the onset of consumerism encouraged a breakaway from traditional materials to
plastics (Barnes er al., 2009). Plastics have displaced traditional materials because they
are cheap, versatile and easy to manufacture into a variety of forms.

2.2 TYPES

Plastic is a catch-all term used to describe a range of polymer materials that are moulded
under specific temperature and pressure, and have different properties depending on
the requirements of the end-product. Plastics are a broad family of synthetic and
semisynthetic polymers derived from fossil resources (coal, natural gas, crude oil) and
organic products including cellulose, salt and renewable compounds (grains, corn,
potatoes, palm, sugar beet and cane, starch, seaweed and vegetable oils). In a move
to break away from conventional fossil fuels, advances in technology have led to the
development of hydrocarbon based plastics using renewable resources. There have also
been advances in the development of bioplastics. Both sources (fossil fuel and biomass)
can be used to produce either non-biodegradable or biodegradable plastics (Box 2.1).
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There are three broad categories of plastics: thermoplastics, thermosets and
elastomers. Thermoplastics soften on heating and harden on cooling (e.g. polyethylene
(PE),polypropylene (PP), polytetrafluoro-ethylene (Teflon), polyethylene terephthalate
(PET), polyamide (PA), polyvinyl chloride (PVC) and polystyrene (PS)); whereas,
thermosets never soften once they have been moulded (e.g. Epoxy resins, polyurethane
(PU), polyester resins and Bakelite). Elastomers are polymers which are elastic in
character: the material can return to its original shape after stretching (e.g. rubber and
neoprene). Plastic polymers are highly diversified with around twenty distinct groups.
Besides the well-established polymers (PE, PP, PS, PET, PVC, PU, PA), a wide variety
of polymers and co-polymers (corresponding to a mixture of two or more polymers)
with specific physical and chemical properties are produced (Annex 2, Table A2.1).
Indeed, as product requirements and applications evolve so will the types of plastic
materials. This adds a layer of complexity to their application and can complicate
recycling as well as their impact on the environment.

BOX 2.1
Bioplastics and some misconceptions

Bioplastics which include biodegradable, oxo-biodegradable and bio-based plastics are a
recent development in plastic production:
* Biodegradable plastics can be broken down by microorganisms into water and carbon
dioxide (or methane) under specific conditions (i.e. temperature)
® Oxo-biodegradable plastics are conventional polyolefin plastics that contain small
amounts of metal salts which catalyse the degradation process under favourable
conditions.
® Bio-based plastics are made from biological and renewable sources, and may be more
susceptible to biodegradation due to their weaker polymer construction.

These special plastics are more easily degraded than ordinary plastics and results from
oxidative and cell-mediated phenomena, either simultaneously or successively; however,
caution must be taken when considering bio-based plastics, as those containing variable
proportions of both renewable and petrochemical carbons can also be labelled as “bio-based
plastics”, but are not easily biodegradable (Tokiwa et al., 2009; Sekiguchi ez al., 2011).

Full degradation of a plastic item implies complete breakdown and decomposition into
water, carbon dioxide, methane and other non-synthetic molecules. For the large majority
of plastic items, even if they disintegrate by breaking down into smaller and smaller plastic
debris under the influence of weathering, the polymer itself may not necessarily fully
degrade into natural chemical compounds or chemical elements under marine conditions.

In addition, it is important to note that once the polymer is synthesized, the material
properties will be the same, regardless of the type of raw material used. That is why some
biodegradable plastics are made from fossil fuels, and some non-biodegradable plastics are
made from biomass, and vice-versa (see Annex 2, Table A2.1) (UNEP, 2015).

2.3 PLASTIC PRODUCTION

Plastics can be produced in different sizes depending on their applications. Throughout
this document we will refer to macro-, micro- and nanoplastics. These size classifications
(Box 1.1) have emerged in parallel to their identification as a form of marine litter (see
Section 2.6). Large plastic items are formed from the melting and moulding of pre-
production resin pellets, or from fibre manipulation, and have a host of applications
from clothing to industrial structures. Plastics produced in the microscale include
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those used to form larger plastic products (pre-production resin pellets), microbeads
used in cosmetics and abrasive scrubbers, and microplastic powders. Plastics which are
produced in the nano scale include, biomedical products, pharmaceutical drug delivery
systems and medical diagnostics (Koelmans, Besseling and Shim, 2015).

2.3.1 Fabrication processes

Monomer polymerization

Monomers, such as styrene, ethylene and propylene, are the building blocks of
polymers. Plastics are manufactured using a variety of different monomers and
polymers depending on the requirements of the final product (McKeen, 2008). Plastic
production can be complex and requires several steps before achieving the final
product (BPF, 2016). The final steps are polymerization and polycondensation. In the
polymerization reaction monomers, such as ethylene and propylene, are linked to form
polymer chains using a catalyst. Whereas, polycondensation is the elimination of a
small molecule, such as water, to form a polymer by chemical condensation (McKeen,
2008). The polymerization resulting polymers are differentiated by their own individual
properties, size and structure. The most common functional groups found in the bonds
of polymers include esters, amides, ethers, imides, sulphones and urethanes.

Additive incorporation

Depending on the requirements of the final product, the polymers can be mixed with
different additives to enhance their performance, such as plasticizers, antioxidants,
flame retardants, ultraviolet stabilizers, lubricants and colourants in order to customize
the characteristics of plastics (e.g. flexibility, strength, resistance to heat, electrical
isolation, etc.) (Lithner, Larsson and Dave, 2011). The most common additives used
in the fabrication processes and reported in macro- and microplastic debris collected
in environmental surveys are phthalates, bisphenol A (BPA), flame retardants (FRs),
among which polybrominated diphenyl ethers (PBDEs) represent the main group, and
to a lesser extent nonylphenols (NP).

Phthalates

Phthalates are used as additives to make plastics more flexible and resistant to
unwanted breakage (Oehlmann et al., 2009). The most commonly used phthalates are
Di-(2-ethylhexyl)phthalate (DEHP), Dibutyl phthalate (DBP) and Diethyl phthalate
(DEP), and they are mainly used in PVC production leading to a high proportion (from
10 percent to 60 percent) of phthalates by weight (Net et al., 2015). These molecules
cause concern as some have the capability to act as endocrine disruptors (EDs). Indeed,
phthalates are not chemically bound to plastics, so they leach from consumer products
into the environment during manufacturing, use and disposal (Talsness ez al., 2009; Net
et al., 2015). As a consequence, phthalates are bioavailable to marine organisms (Cheng
et al., 2013; Fossi et al., 2012, 2014; Gobas et al., 2003; Hermabessiere et al., 2017;
Huang et al., 2008; Oehlmann ez al., 2009) entering the aquatic food web (Mackintosh
et al., 2004) with a potential for impact.

Bisphenol A

Bisphenol A (BPA) is one of the most produced chemicals, with a worldwide
production capacity of approximately 5.2 million tonnes in 2008 (Arnold ez al., 2013).
It is primarily used as the monomeric building block of polycarbonate plastics and
epoxy resin (Erickson, 2008) but it can also be used as additive in other polymers
(PE, PP, PVC) (PlasticsEurope, 2016). Leaching of BPA in the aquatic environment
can occur from food and drink packaging debris (Sajiki and Yonekubo, 2003) or via
untreated wastewater entering the environment (Guerra et al., 2015). There is some
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concern that BPA may act as an endocrine disrupting compound (Michatowicz, 2014;
Perez-Lobato er al., 2016), because it binds to the estrogen receptors a (ERa) and B
(ERB), although with an affinity four orders of magnitude lower than that of estradiol
(Kuiper et al., 1998) Its use is still permitted for food contact material in the European
Union as the European Food Safety Authority (EFSA) considers that “BPA poses
no health risk to consumers of any age group (including unborn children, infants and
adolescents) at current exposure levels” (EFSA, 2015a). Other bisphenol compounds
are used in plastics manufacturing (bisphenol F (BPF) and bisphenol S (BPS)) but their
toxicity is unknown (Chen et al., 2016).

Flame retardants

Flame retardants (FRs) are used as a safety feature in electronic devices, isolation
foams furniture, fabrics and many other plastic items to reduce their flammability.
FRs include a wide range of chemicals among which polybrominated diphenyl ethers
(PBDEs) and hexabromocyclododecane (HBCD) are two of the most commonly used
compounds in plastic manufacture. PBDEs and HBCD are associated with endocrine
disrupting effects, teratogenicity (i.e. congenital and developmental anomalies) and/
or liver and kidney toxicity (Muirhead et al., 2006; Yogui and Sericano, 2009), and
are listed by the Stockholm Convention as Persistent Organic Pollutants (POPs). The
amount of PBDEs in some plastic products is quite high (e.g. 50 percent by weight) and
they can leach to the surrounding environment as they are not chemically bound to the
polymer (Engler, 2012). As a result, some microplastics debris sampled from the ocean
have sporadically shown high concentrations of PBDEs (Hirai et al., 2011). HBCD
is an additive chemical mainly applied to polystyrene products including expanded
polystyrene (EPS), extruded polystyrene foam (XPS), extruded polystyrene products,
especially construction materials, and electronic housings (Rani er al., 2015). A wide
range of HBCDs were found in various polystyrene based consumer products, in EPS
buoys used for fisheries and their marine debris (Rani ez al., 2014; Al-Odaini et al.,
2015).

Nonylphenols

Nonylphenol ethoxylate (NPE) and its precursor and degradation product nonylphenol
(NP) are organic compounds that are widely used in detergents, paints, pesticides,
personal care products, and in plastics as a stabilizer in food packaging, and as an
antioxidant in polymers such as rubber, vinyl, polyolefins, polystyrenes and PVC
(USEPA, 2010). Major sources of NP and NPE in the environment are the effluents
from wastewater treatment plants (Soares et al., 2008). NPs are alleged to be endocrine
disruptors and several studies showed that additive or synergistic effects can be
observed from co-occurrence with other compounds such as plasticizers, BPA and
PBDEs (Vethaak et al., 2005; Soares et al., 2008). NPs were measured in microplastics
collected in remote or urban beaches and in the open ocean suggesting the ubiquitous
nature of this contaminant in association with plastic debris (Hirai er al., 2011).

2.3.2 Production data

Worldwide plastic production was estimated to have reached 322 million tonnes
in 2015 (Figure 2.1). This value only includes plastic materials (thermoplastics and
polyurethanes) and other plastics (thermosets, adhesives, coatings and sealants) but
not fibres (e.g. polyacryl-fibres and polyamides). The largest producers of plastic
materials (thermoplastics and polyurethane) are China, the European Union and
North America, contributing to 27.8 percent, 18.5 percent and 18.5 percent of the total
production, respectively (PlasticsEurope, 2016). In the last four years, global plastic
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production has been estimated to have increased around 3.7 percent per year. Within
Europe, the total plastic demand (49 million tonnes) is dominated by six countries:
Germany (24.6 percent), Italy (14.3 percent), France (9.6 percent), Spain (7.7 percent),
United Kingdom (7.5 percent) and Poland (6.3 percent). It is estimated that by 2025
plastic demand will double present production levels and that by 2050 the demand will
exceed three times the present levels (WEF, 2016).

FIGURE 2.1
Trends in global plastic production. The projected exponential increase is the
result of predictions based on increasing population and resulting demand and
forecasting from the known curve
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Petrochemical fibres, namely PET, PA, PP and polyacrylic fibres, are not generally
included in the key published data on plastics production, as it is the case for the
PlasticsEurope data, even though they are widely used in the fisheries (ropes, nets) and
textile industries (clothes, linen, curtains, etc.) (Dris, 2017). For instance, 66.8 million
tonnes of fibres were produced worldwide in 2015, of which 60.7 million tonnes
(91 percent) were synthetic fibres and 6.1 million tonnes (9 percent) were artificial
cellulosic fibres (Industrievereinigung Chemiefaser, 2016). By comparing these figures
with the data published by PlasticsEurope, it appears that the exclusion of fibres actually
causes an underestimation of 15 percent to 20 percent of the total plastics production
depending on the year (Figure 2.2; PlasticsEurope, 2016; Industrievereinigung
Chemiefaser, 2016). In terms of volume, the market worldwide is dominated by a
limited number of well-established polymers (PE, PP, PS, PET, PVC, PU).
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FIGURE 2.2
Worldwide production of plastics in millions tonnes, including plastic materials
(thermoplastics, thermosets, polyurethanes, adhesives, coatings and sealants) and
synthetic fibers (PA, PE, PP, PU, PET, acrylic and polyester fibers)
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24 USE OF PLASTICS IN FISHERIES AND AQUACULTURE

2.4.1 Use of plastics in fisheries

The plastic industry has greatly influenced the development of fisheries and aquaculture.
Fisheries techniques have advanced with the industrial manufacture of plastics and
equipment is now primarily made from synthetic or semisynthetic materials. When
they were first introduced synthetic fibres offered greater strength and durability than
natural fibre ropes, they also decreased the overall weight of the net (Valdemarsen,
2001). Synthetic fibres are cheap, durable and easier to handle than their natural
counterparts. Most fisheries activities use lines, cages or nets suspended from buoyant
structures. Plastic materials are used in boat construction (including painting and anti-
fouling coats), boat maintenance, fishing gears (nets, trawls, dredges, traps, floats, lures,
hook and lines), fish hold insulation and fish crates (FAO, 2016a). Nets and floats are
made from a range of plastics, including PP, PE, PVC, PS and PA, and the choice of
tishing method or gear type is critical for both its use in fishing and its impact on the
environment (UNEP, 2016). Once fish are caught, plastic fish boxes and industrial
packing crates are used on vessels for transportation and distribution of fish. Plastics
are also used to make avoidance devices, such as pingers and streamer lines, to reduce
the interactions of non-target species (e.g. seabirds and marine mammals) with the
fishing gear (Dietrich, Melvin and Conquest, 2008; Gazo, Gonzalvo and Aguilar, 2008).

Trawl and dredge nets

Trawling and dredging are common worldwide fishing methods used to collect
organisms from a variety of estuarine and marine habitats. Fundamentally, trawling
is the process of towing a net to catch fish and invertebrates; the type and size of
gear used is scaled to match the available horsepower of the fishing vessel. Nets can
be towed on the seabed or at any depth in the midwater, by one or multiple vessels.
Most nets are funnel shaped with a cod end, made of plastic (primarily PA, PP, PE),
with floats (either spherical plastic or aluminium) on the headrope, and weights on the
footrope. Dredging utilizes a scoop shaped metal frame with a holding bag. The frame
is covered with a heavy chain mesh and polymer netting laced to the frame to retain
the catch. Dredges are designed to be towed, or dragged, along the seabed to collect
bottom dwelling species. Examples of species captured by dredging include benthic
fish, scallops, oysters, clams and crabs.
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Gill and seine nets

Gillnetting is a common fishing method for commercial and artisanal fisheries in
oceanic, freshwater and estuarine areas. Gillnetting usually involves vertical panels
of netting set in a straight line. Nets are strung between a headrope with plastic
floats attached and a weighted footrope. Originally, the nets would have been made
from natural fibres, but in the 1960s synthetic fibres were introduced to the fishing
gear industry which led to the expansion of commercial gill net production. The
synthetic fibres are cheap, durable and easier to handle than their natural counterparts.
Monofilament lines are almost invisible in water and have a high tensile strength. Gill
nets can be used to target pelagic, demersal and benthic species worldwide. There are
several different forms of gillnets such as:

Set gill nets: a single netting wall (made primarily of plastic monofilament) kept
vertical by a floating headrope and a weighted footrope. The net is set on the bottom
and kept stationary by anchors or weights at both ends.

Driftnets: a string of gillnets that are kept vertical by floats (plastic or cork) on the
headrope and weights on the ground-rope. They are set adrift to float on currents,
either near the surface or in midwater.

Trammel nets: nets made of two/three layers of netting with a slack small mesh
between the outer layers of netting in which fish entangle. They are kept vertical by
floats on the headrope and weights on the ground-rope. The floats on the headrope are
usually cylindrical or egg-shaped plastics.

Fixed (staked) gillnets: nets stretched between stakes that are driven into the seabed
usually in coastal zones in the intertidal area.

Seine netting involves a very long net set from the shore or from boats. The length
of the seine and hauling lines determines the size of the catch. A synthetic rope is used
for hauling and the net is commonly made from PA and PE. This fishing method is
primarily used to catch demersal species in coastal areas, lakes, rivers and in the open
ocean for pelagic species (purse seines).

Traps and pots

Traps and pots are gears in which fish can enter voluntarily and will be prevented
from escaping by a non-return device. They are frequently utilized to catch bottom-
dwelling organisms such as crustaceans and fish. There are many different forms that
were originally made from wood, bamboo and natural netting, although it is now more
common for them to be produced from synthetic plastics. Traps will usually be hauled
by hand on synthetic lines, but pot haulers are commonly used in deep water. Stalls,
barrages or nets can be used for migrating fish species whereas pots are primarily for
lobsters, crabs, shrimp, octopus and eels. These fishing methods are used worldwide in
different depths of water: traps are usually set in coastal areas whereas pots can be set
to a few hundred metres depth in the open ocean. There are several different forms of
traps including:

Aerial traps: designed to catch jumping or gliding fish. Nets can be set from small
boats and fish can be frightened by fishers into the traps.

Fyke nets: are usually cylindrical or cone shaped net bags mounted on rings or rigid
structures. They can be fixed to the bottom by anchors, ballasts or stakes.
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Stow nets: stationary gear, made from nets in the form of a cone or a pyramid. Usually
used in areas with strong currents, they can be fixed to the seabed using anchors or
stakes.

Barriers/fences/weirs/corrals, etc: usually made of a variety of material, and installed
in tidal waters. They have a narrow opening leading to an enclosed catching chamber.

Pots were originally made from natural cane, but are now constructed with plastic
piping frames with synthetic netting covering a plastic bucket at the entrance and a
plastic base which is protected by rope or car tyres (Galbraith, Rice and Strange, 2004).
In addition, creels are a type of pot used mainly for catching invertebrate species (crabs,
lobsters, octopus, etc.) They are made with a steel rod frame dipped in plastics for
corrosion protection and covered in synthetic netting. The apex of the net contains a
funnel which is either held open with plastic rings (hard eye) or synthetic netting (soft
eye). There is a hinge attached to the frame by rubber and hooks, and usually ropes and
old tyres are attached to the base and sides to prevent damage.

Line gears

Longlines, handlines and pole and lines are methods of fishing in which fish are
attracted to natural or artificial bait (lures) on hooks. These diverse methods can be
deployed from a boat or from the shore. Depending on the scale of the fishery, the size
of the handling equipment varies. Longlines consist of several strings, on a main line
with baited hooks and marker buoys at each end and may be anchored on the seabed.
The larger, commercial longline fisheries employ heavier main lines, often in deep water
to target large demersal and pelagic species. Plastic floats are often used to support the
fishing gear (Watson and Kerstetter, 2006). The different forms of line gears include:

Set longlines: baited or unbaited mainlines and snoods set on or near the bottom. The
number of hooks and set distance depend on the target species and gear used.

Drifting longlines: the mainline is kept near the surface by means of regularly spaced
floats with long snoods and baited hooks. Some drifting longlines are set vertically with
each line hanging from a float at the surface.

Trolling line: a single line with natural or artificial baited hooks can be trailed behind
a vessel. Rubber is often attached to each line to act as a shock absorber.

Handlines: can be used with or without a pole and fishing in deep water usually
involves reels.

Pole and lines: a hooked line attached to a pole, common in sport fisheries and some
commercial fisheries. Poles are made of wood and more recently fibreglass. The fishing
line is usually a monofilament or PA.

Fish aggregating devices

In the open water, fish naturally gather under flotsam. Fish Aggregating Devices, or
FADs, are permanent, semi-permanent or temporary structures, which attract and
aggregate pelagic fish. These artificial objects can either be anchored or set adrift on
ocean currents. The earliest FADs were natural driftwood and trees, but are now
commonly constructed from synthetic materials. Usually the surface floats are made
of bamboo poles, synthetic material and buoys with subsurface netting that can reach
from 10 m to 300 m below the surface. To capitalize on fish aggregations, circular nets
or purse seines are set.
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2.4.2 Use of plastics in aquaculture

As the world’s population continues to grow, demand for seafood has been increasing
proportionally. Aquaculture was developed to support consumer demand for fish and
shellfish, and the methods of production have continued to expand with the growing
consumer market. World animal aquaculture production reached 73.8 million tonnes
live weight with an estimated first-sale value of 160.2 billion US$ in 2014 (FAO, 2016Db).
Although shellfish have always been cultured in mariculture systems in the intertidal
or semi-enclosed coastal areas, the development of the fish mariculture industry is
relatively recent. Mariculture developed to move away from land-based aquaculture
systems as the demand for space intensified. Originally, land based facilities were used
for fish, but a lack of suitable sites inland saw an expansion into open water bodies
including rivers, lakes, brackish coastal bodies and marine offshore waters. Systems for
aquaculture are changing rapidly as consumer demand increases and technologies for
production facilities advance: this includes structures to contain cultured organisms
in open waters. The expansion of the industry and the diversity of materials used to
build and maintain the culture systems have paralleled the development of synthetic
polymers over the last 50 years.

Fish and bivalves can be cultured in several different ways from traditional rope
cultures to intensive cage farming. Plastic materials are used for seafood packaging and
transportation, ropes, floats, fish crates and boxes, fish cages, pond lining, fish feeders
and fish tanks. Mariculture structures (primarily made of plastics) are kept afloat by
buoyant plastics (often EPS or plastic buoys) and held in place with lines and ropes
(mostly non-buoyant plastic lines). Plastics are used for cages, nets, ropes, lines and
buoys: this includes from small domestic facilities to highly technical systems. Plastics
are used because they are a cheap and durable material, and can be easily sourced
and maintained. Aquaculture practices and systems vary widely around the world
according to the species and environment.

Bivalves

Mariculture of bivalve molluscs is increasing globally, particularly in the culture of
oysters, clams, scallops, mussels and cockles. The requirements of these species restrict
such facilities to coastal areas, within several kilometres of the shoreline; and locations
are usually chosen based on the presence of suitable conditions for spat collection and
cultivation. Plastics are used in all stages of bivalve mariculture including PA ropes
for line culture, and plastic crates and frames for bottom culture. Spat are collected
using oyster shells or similar materials for settlement, as well as plastic collectors, and
then strung on synthetic twine or monofilament PA attached to trays of bamboo or
wood (Baluyut, 1989). A wide variety of materials are used for scallop spat collection
including PE mesh bags, and PA or PP rope (Lovatelli, 1988). It is more common for
natural rope to be used as it attracts more larvae than PE or PP, but because they break
down quickly, a hybrid mixture of natural and synthetic material is often used. The
nursery and on-growing of bivalves can be carried out in either suspended subtidal
cultures (e.g. ropes), tressil cultures in the intertidal and by way of on/in- ground
cultivation.

Bivalve mariculture in estuarine conditions involves several methods. Some species
are stake and line grown (mussels and oysters), grown in plastic trays (oysters) or
bottom grown (cockles and clams). The stake method is used in soft sediment and
shallow waters (<1m at low tide); bamboo trunks or mangrove branches are spaced
apart and used as a substrate for spat attachment. Bivalves can be set directly on rope,
in bags or in plastic trays, or in the intertidal culture where shellfish are maintained
in mesh bags or other plastic enclosures. Plastic mesh screens protect organisms from
predators (e.g. crabs and birds) and also protect them in areas subjected to extreme
heatwaves. Bottom growth can occur in the intertidal and offshore marine environment
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(scallops and oysters) along with deep water longline culture. Several configurations
can be used for shellfish longlines, but they usually consist of lines hanging from
floats, rafts or a line strung between floats. EPS floats are commonly used in East Asia
to support flotation in shellfish cultures. Other buoys are made from acrylonitrile
butadiene styrene (ABS). For some species, PE trays will be hung from longlines in
a similar way to the hanging method for oyster culture. Baskets and collectors for
shellfish at harvest are usually made of plastics (such as loops of black flat PP, knitted
onto a 30 cm PE monofilament line) (Andrefouét, Thomas and Lo, 2014).

Crustaceans

As with bivalve culture, crustaceans can be cultured in ponds and intertidal
environments. Crustaceans are usually maintained in plastic mesh bags or plastic lined
enclosures (ponds) in estuaries. Crustaceans can be cultured on the seafloor in deep or
shallow water and can include fencing and/or anti-predator nets or mesh screens made
from a variety of polymers including PE and PP. Plastics are also used for nursery cages
for smaller life history stages including PVC pipes for water drainage and flow, pond
liners (often made of high density polyethylene (HDPE)) and mesh screens to prevent
undesirable organisms entering the ponds (Park and Kim, 2013).

Fishes

The production of fish from cages is increasing globally, and technologies are now
well developed in Europe, parts of South America (predominantly Chile) and Asia
(predominantly China) (FAO, 2016a; Funge-Smith and Phillips, 2001). Traditionally,
fish were cultured in ponds or other closed water bodies on land, or penned in
estuaries. As the demand for fish and aquaculture has increased, it has stimulated
the development and expansion of mariculture facilities in coastal and open water
locations to compensate for the demand for space. Modern marine cages can be either
floating or submersible (Cardia and Lovatelli, 2015). Fish cages and pens are generally
comprised of a net stretched over a framework structure. Tanks, pens, nets, floats and
pontoons are primarily made of plastic material (Kumar and Karnatak, 2014). Nets
are often made from PE and PA monofilament twine and several methods can be used
for flotation of cage structure including PVC and HDPE pipes and containers, plastic
drums and PS floats. HDPE pipes are widely used for cage structures because of their
versatility, resistance to UV degradation and cost-effectiveness. The pipes are filled
with PS cylinders to increase buoyancy. Pipes can be formed in various shapes, colours
and sizes and the frame held together with plastic brackets, and these frames form the
main structure for the fish net pen to be secured. Gravity cages (nets) attached to the
frame are held in place with weights on the bottom of the net. Nets must be maintained
and controlled for chemical degradation, biofouling and corrosion, and are regularly
inspected to ensure strength and stability. Cage structures may break away or be lost
at sea; therefore, it is paramount that the broken or damaged nets are repaired and
replaced, and that the broken item is removed from the environment before it becomes
marine debris. Other plastic materials on culture cages include:

e Ropes: used for mooring lines, the grid system and the netting frame. They
are primarily made of polysteel which is a blend of PP and PE, which has a
25 percent higher tensile strength than PP. Although, polyester and PA can be
used, they are more expensive and more elastic than polysteel.

e Nets: common polymers for nets and ropes include PA, PP, PET and PP. PE and
PP can be braided together for netting on the cage. The most common plastic
rope is usually PA with UV stabilizer to reduce degradation. Without stabilizers
exposure to UV will cause depolymerization, brittlement and subsequent
breakages. The colour of the net can depend on the species of fish being cultured
in the facilities.
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®  Marker buoys: made of moulded PE and filled with PU or PS for additional
buoyancy.

2.5 PLASTIC WASTE AND MANAGEMENT

The production and use of plastics necessitates waste management. Many countries
have developed sophisticated waste management schemes; however, the waste problem
is acute in developing countries (Hoornweg, Bhada-Tata and Kennedy, 2013). Thus, in
this context the persistence of plastics and the short life of many disposal products pose
serious problems for waste management.

Nowadays, plastics make up at least 10 percent of solid waste by mass in 58 percent
(61 out of 105) of countries with available data (Hoornweg and Bhada-Tata, 2012).
Plastics may be buried in landfills, recycled, incinerated (with or without energy
generation), accidentally lost or deliberately littered. Except for the incinerated
component of waste, it is estimated that all plastics produced since the beginning of
mass plastic production remain in the environment in whole or in fragmented forms
(Figure 2.3). If inappropriately handled plastic waste may escape waste streams, enter
the environment and eventually reach the sea. The percentage of recycled plastics has
increased every year since at least 1990, but it is far behind other materials including
paper (58 percent) and iron and steel (between 70 percent and 90 percent) (WEF, 2016).

FIGURE 2.3
Lifespan of plastic items
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Several management options have been implemented to manage the waste stream
of large plastic items. Current management plans for solid waste include: open dumps
or tips into landfill, incineration, waste to energy and recycling (Bernardo, Simdes
and Pinto, 2016). However, not all plastics are recyclable or recycled which can be the
result of insufficient waste streams. In Europe in 2014, 25.8 million tonnes of post-
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consumer waste ended up in official waste streams, 69.2 percent was recovered through
recycling and energy recovery process (29.7 percent and 39.5 percent, respectively)
and 30.8 percent ended up in landfill. With specific reference to plastic packaging
materials (78 million tonnes in 2013), 14 percent was recycled, 14 percent incinerated,
40 percent landfilled and 32 percent reached the environment globally (WEF, 2016). Of
the available waste streams, recycling is widely regarded as the preferential treatment
option. It allows end of life items to have a value rather than becoming waste.
Treatment of waste is different by country, some rely heavily on landfill, whereas other
focus on recycling and energy production (in the form of heat, steam and electricity).
However, this requires sophisticated and expensive separation infrastructure which
is less available in developing countries. According to estimations, 5 of 192 countries
contribute more than 50 percent to the mismanaged plastic waste (Jambeck ez al., 2015).
These are mainly developing countries, experiencing rapid economic growth, but not
yet having efficient waste-management infrastructures.

Mismanaged plastic waste is either littered or inadequately disposed and could
eventually enter the ocean via inland waterways, wastewater outflows and transport
by wind or tides. Additionally, even if plastic litter is retained at sewage treatment
plants, in conditions of heavy rainfall, sewage systems can become overwhelmed and
the volume of water passing through them can force plastic items into water courses.
This results in items of sewage related debris entering the waterways and reaching the
ocean, evidenced by the large number of sewage related and domestic items commonly
reported in marine litter surveys (e.g. Duhec et al., 2015). Current estimates suggest
that between 4.8 million tonnes to 12.7 million tonnes of plastics entered the ocean in
2010 (Jambeck ez al., 2015). The authors further evaluated that if no waste management
infrastructure improvements are made in the next decade, the estimated quantity of
mismanaged plastic waste entering the marine environment is predicted to be multiplied
by ten. It must be noted that all these estimations are based on rough calculations and
several assumptions whose accuracy is difficult to evaluate (Figure 2.4).

FIGURE 2.4
Worldwide Input of plastics from solid municipal waste and wastewater
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2.6 THE MARINE LITTER PROBLEM

Defining the marine litter problem is complex as there are many different sources
and forms of litter that can enter the oceans. Plastic items are consistently the most
abundant type of marine debris identified around the globe, and can amount to more
than 80 percent of reported debris (e.g. UNEP, 2016). Both sea and land-based activities
are responsible for the continued input of plastic, making it a ubiquitous pollutant as
it has been reported globally. Land-based sources include unprotected landfills and
dumps located near the coast or to riverine systems, general public litter in shorelines,
accidental loss, harbour activities, overflow of sewage systems, and extreme events (i.e.
storms). Oceanic based plastic litter can be generated from all types of boats, ships
and offshore platforms in the ocean. This can be through accidental loss, indiscriminate
disposal or illegal dumping (Allsopp, Santillo and Johnston, 2006). Prior to the 1980s,
the occurrence of compounded plastics in the open ocean was most probably due
to the routine solid waste disposals by individual ships. However, MARPOL, the
International Convention for the Prevention of Pollution from Ships, now prohibits
the disposal of waste from vessels. Even with international regulation, deliberate waste
emission to the ocean may still be occurring but it is almost impossible to monitor
and regulate. Domestic litter, riverine litter and litter from shipping and fishing are
generally considered as chronic sources, as they represent an almost continuous input.
Chronic sources of mismanaged waste as well as extreme weather events contribute to
a large amount of plastic waste entering the marine environment. Events can include
floods, storms (high winds), cyclones, high rainfall and tsunamis (e.g. Calder et al.,
2014; da Silva et al., 2016; Goto and Shibata, 2015; Lebreton and Borrero, 2013; Moore,
Lattin and Zellers, 2011; Rech et al., 2014; Swanson et al., 2016).

As mentioned earlier in this report, one of the primary properties of plastics is their
durability; unfortunately, this supports their persistence in the marine environment
long after they have been introduced. Depending on physical properties as well as
environmental conditions plastics can be found in the five different compartments
of the marine environment: coastlines, water surface, the water column, the seafloor
and biota. Plastic marine debris has been reported in surveys of shore based litter and
oceanic litter worldwide. Movement of plastic debris items within the environment
can be facilitated by their physical properties as well as environmental variables. The
properties of plastic materials also influence their distribution in the environment. The
density of an item in relation to that of the surrounding water can influence whether
it is positively, neutrally or negatively buoyant. There are many other factors which
can affect an item’s buoyancy, such as entrapped water, water currents, turbulence,
encrusting biota and microbial growth; often originally buoyant plastics may sink over
time to be deposited on the seabed.

Coastal waters and shorelines often contain a considerable amount of plastics debris.
They are subjected to anthropogenic pressures including: land based input of debris,
tourism, aquaculture, shipping, fisheries and high coastal population. Beach surveys,
while by far the most numerous, are often difficult to compare due to differences
in surveying and recording protocols (Cole ez al., 2011). Most studies demonstrate
densities in the 1 item per m? range, except for those with very high concentrations
as a result of local conditions, after storms or flooding events (Browne ez al., 2015a;
Galgani, Hanke and Maes, 2015; Liu, Wang and Chen, 2013; Topgu et al., 2013).

Open ocean surface waters have persistent ocean currents which passively transport
floating items. Buoyant plastics are also moved by winds and generally items
accumulate in convergence zones, washed far from their point of entry. Floating marine
debris can reach densities over 600 items per km? (Galgani, Hanke and Maes, 2015 and
references therein). Using observations onboard vessels to calculate the abundance,
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composition and distribution of floating debris, Hinojosa and Thiel (2009), identified
that 80 percent of the debris was composed of plastics items (PS, plastic bags and
plastic fragments). Items may also wash up onto shorelines of mid-ocean islands which
tend to lie on the boundaries of accumulation zones (e.g. the Hawaiian Islands and the
Equatorial Atlantic Archipelago of Saint Peter and Saint Paul, Ivar do Sul ez al., 2013).

Water column transport of plastics appears to be a transitional zone, items are usually
present if they are sinking to the benthos, or returning to the surface. Turbidity can
cause items to sink forcing plastics below the water surface into the water column.
Sinking could be facilitated by encrusting biota or microorganisms which affect the
buoyancy of a plastic item, and rising through the water column could be through the
release of plastic items from the benthos because of disturbance events.

Seabed deposition of plastic is very dependent on location and densities range from 0
items to more than 7 700 items per km?(Galgani, Hanke and Maes, 2015 and references
therein). Items usually sink to the sea bed if they have a density greater than that of the
water or through biofouling.

2.7 CONTRIBUTION OF FISHERIES AND AQUACULTURE TO MARINE LITTER
As already discussed, plastics are a significant component of fisheries and aquaculture.
Unfortunately, a proportion of the materials used in fisheries and aquaculture may
become marine debris. As with all user products and plastic items, when they reach
their end of life they must be removed from the environment and either reclaimed,
recycled or disposed in the correct waste streams. Through continued use plastic
materials are exposed to direct UV light, wave action, abrasion and temperature
changes. These factors can contribute to embrittlement and fragmentation. When they
break, the items will no longer be fit for purpose. Additionally, plastics were adopted
because of their advantages over traditional natural fibres which would readily degrade
in the environment; however, the currently used synthetic polymers do not readily
degrade and will take a long time to breakdown. Therefore, losses from fisheries and
aquaculture are regularly reported in surveys of marine debris on beaches (Browne et
al., 2015a; Nelms et al., 2017; Slip and Burton, 1991), floating on surface waters (Cézar
et al., 2014; Thiel et al., 2003) and located on the seafloor (Ifiiguez, Conesa and Fullana,
2016).

There are no global estimates of the amount of plastic waste generated by the fisheries
and aquaculture sector. The first national estimate of fisheries and aquaculture debris
input to marine environments has been estimated for the Republic of Korea (Jang er
al., 2014b), where annual input from lost fishing gears was estimated at 44 081 tonnes,
2 374 tonnes of garbage thrown overboard from fishing vessels, and 4 382 tonnes of
EPS floats lost from aquaculture facilities. Debris collected from North Sea coastlines
such as Belgium, Denmark, France, Germany, the Netherlands, Norway, and the
United Kingdom, has been largely attributed to shipping and fishing activity (Galgani
et al., 2000; Vauck and Schrey, 1987; Unger and Harrison, 2016; Williams, Tudor and
Randerson, 2003). Similarly, fisheries litter are a major component of oceanic litter in
the Australian Bight (Edyvane ez al., 2004), Korean waters (Hong et al., 2014; Jang et
al., 2014a) and in the Celtic Sea (Moriarty et al., 2016). Some items of marine debris can
be directly sourced to trawling and commercial netting operations, and in some cases
labelled pots and bait boxes can identify specific fisheries and home ports.

2.7.1 Abandoned, lost or otherwise discarded fishing gears

In the fisheries and aquaculture sector it is considered that abandoned, lost or otherwise
discarded fishing gears (ALDFG) are the main source of plastic waste into the marine
environment (FAO, 2016b) but there is substantial variability in its distribution and
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abundance. Depending on the fishing system used, some methods regularly catch
species close to the seafloor which can present problems for fishing gears due to
irregularities such as rocks, cracks and crevices which might ensnare fishing gear and
lead to breakages and loss. Trawls, dredges and pots will most commonly be affected
by irregularities on the seafloor. Gears such as gillnets, trawls, handlines and longlines
are a significant component of ALDFG. Loss of fishing gears can be a result of:
enforcement on fishers to abandon gears (e.g. illegal fishing or illegal gears), operational
pressure (e.g. use of too much gear in restricted time periods) and environmental
conditions (e.g. weather, seabed irregularities), lack of/inaccessible/expensive onshore
gear and waste disposal facilities (Macfadyen, Huntington and Cappell, 2009; Gilman
et al., 2016).

FIGURE 2.5
Crabs caught in an abandoned, lost or otherwise discarded fishing gear
(ALDFG), in this case a gill net

-

Source: FAO.

ALDFG may continue to fish or become entangled in other fishing equipment.
Most fishing debris will float because the density of plastics (such as HDPE and PS)
are less than that of seawater, whereas, entangled and ensnared gears are more likely
to continue fishing on the seafloor until they are removed. Derelict fishing gears
dominate the seabed, for example, Pham er al. (2014) estimated that overall debris on
the seabed of the Mediterranean Sea and Northeast Atlantic was composed mainly of
plastics (41 percent) and ALDFG (34 percent), but in some locations, such as north of
the Faroe Islands, the Norwegian continental shelf, and several seamounts and ocean
ridges, ALDFG represented more than 75 percent of marine debris. A comprehensive
analysis of floating macro-debris (> 200 mm diameter) revealed that 20 percent by
number and 70 percent by weight was fishing—related, principally floats and buoys
(Eriksen et al., 2014). ALDFG is a major issue for fisheries and marine conservation,
its presence in the marine environment can have a significant impact on commercial
fishing and shellfish industry. ALDFG can lead to ghost fishing, stock depletion,
capture of non-target species, conservation concerns, hazards to other vessels and it is
costly to remove (Arthur et al., 2014; Bilkovic et al., 2016; Derraik, 2002; Laist, 1987;
Wilcox et al., 2015). One example is the derelict crab pots in Chesapeake Bay, Virginia,
United States of America. In four consecutive winters (2008-2012) marine debris was
removed during a collection programme and blue crab pots were the most abundant
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form of derelict gear recovered. Bycatch and animal mortality because of derelict pots
was estimated to represent an annual potential economic loss of US$ 300 000 (Bilkovic
et al., 2014).

2.7.2 Plastic debris from aquaculture

As with ALDFG, plastics may be released from aquaculture and mariculture facilities
and become marine debris. Aquaculture structures are lost due to wear and tear of
anchor ropes, storms, and accidents or conflicts with other maritime users. Severe
weather conditions can cause widespread damage to aquaculture structures, at times
generating large quantities of marine debris (Lee et al., 2015). The shellfish culture
industry appears to be a major contributor to shoreline debris including EPS floats,
plastic net sheets, bags, ropes and baskets (e.g. Hinojosa & Thiel, 2009; Jang et al.,
2014a,b; Lee et al., 2013, 2015; Liu, Kao and Chen, 2015). Other concerns are the loss
of antipredator nets from the shellfish industry (Bendell, 2015) and the continuous
removal of biofouling organisms from aquaculture facilities, as this cleaning could
release net and rope fibres in the form of microplastics to the environment (Floerl,
Sunde and Bloecher, 2016).

Two examples of plastics debris from aquaculture include derelict gear from the
pearl oyster aquaculture in French Polynesia (Andréfouét, Thomas and Lo, 2014)
and the pollution of Puget Sound by shellfish aquaculture (Bendell, 2015). Lost or
discarded materials from these two aquaculture facilities have been reported on the
seafloor and beaches near the operations. PVC tubes, net caps, plastic bands, zip ties,
oyster bags and nets on shellfish beds have been recorded. The extent and ecological
impact is unknown and ongoing concern has highlighted that impacts could include,
navigation hazards, ecological disturbances, hazards for animals and hazards for boat
traffic and fishers. Finally, the breakdown of these items can lead to the formation of
microplastics which could have further impacts on the environment.
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3. Microplastics

3.1 DEFINITIONS

There is an ongoing debate about the appropriate definition of microplastics. So
far, the most widely used definition is that microplastics are particles less than
5 mm in their longest dimensions. This definition has been adopted in practical terms
as it is considered the size under which ingestion by many species of aquatic biota
occurs (GESAMP, 2015). This loose definition has been accepted by the National
Oceanographic and Atmospheric Administration (NOAA) of the United States of
America and the Marine Strategy Framework Directive (MSFD) of the European
Union for monitoring and the implementation of directives. Thus, this document will
follow the definition that microplastics are particles consisting of a heterogeneous
mixture of differently shaped materials referred to as fragments, fibres/filaments,
beads/spheres, films/sheets and pellets in the range from 0.1 pm to 5 000 pm in their
longest dimensions (Lusher et al., 2017; EFSA, 2016), while nanoplastics are defined as
plastic particles ranging from 0.001 pm to 0.1 pm (Klaine et al., 2012).

Microplastics are largely classified by their morphological characteristics: size, shape
and colour. Size is an important factor when studying microplastics as it dictates the
range of organisms it may affect. The high surface area to volume ratio of small particles
gives them a high potential for leaching and uptaking of chemicals (Velzeboer, Kwadijk
and Koelmans, 2014). When reporting microplastic shape, researchers tend to use
five main categories, although the nomenclature used varies between research groups
(Table 3.1). Colours are often reported across a wide spectrum; colour differentiation
is subjective and visual identification of microplastics cannot be based on colour
alone. Caution should be given to categorizing microplastics suffering embrittlement,
fragmentation or bleaching, or encrusted with biota, as this may skew results.

TABLE 3.1
Categories used when classifying microplastics by shape (adapted from Lusher et al., 2017)
Shape classification Other terms used
Fragments 1Icr_lregular shaped particles, crystals, fluff, powder, granules, shavings, flakes,
ilms
Fibres Filaments, microfibres, strands, threads
Beads Grains, spherical microbeads, microspheres
Foams Polystyrene, Expanded Polystyrene
Pellets Resin Pellets, nurdles, pre-production pellets, nibs

Once released into the ocean, the environmental fate of microplastics primarily
depends on the polymer density (Table 3.2) which influences buoyancy, position in the
water column and the consequent possible interaction with biota (Wright ez al., 2013).
Polymers denser than seawater (> 1.027 g/cm’, e.g. polyvinyl chloride (PVC)) will
sink, while those with lower density (e.g. polyethylene (PE) and polypropylene (PP))
will tend to float in the water column. Processes like biofouling and the colonization
of organisms onto the plastic surface increase the weight of particles, thus accelerating
their sinking to bottom sediments (Lobelle and Cunliffe, 2011); also degradation,
fragmentation and the leaching of additives can change the density of objects and their
distribution within the water column.
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TABLE 3.2
Specific gravity of plastics and different water types, and common applications of plastics
found in the marine environment

Plastic type Common applications Specific gravity”
Polyethylene Plastic bags, storage containers 0.91-0.95
Polypropylene Rope, bottle caps, fishing gears, strapping 0.90-0.92
Polystyrene (expanded) Cool boxes, floats, cups 1.01-1.05
Polystyrene Utensils, containers 1.04-1.09
Polyvinyl chloride Film, pipe, containers 1.16-1.30
Polyamide or Nylon Fishing nets, rope 1.13-1.15
Poly(ethylene terephthalate) Bottles, strapping, textiles 1.34-1.39
Polyester resin + glass fibre Textiles, boats >1.35
Cellulose Acetate Cigarette filters 1.22-1.24
Pure water 1.000
Sea water 1.027
Brackish water 1.005-1.012

Source: GESAMP, 2015
* Specific gravity is the ratio of the density of a material to that of pure water at 4°C

3.1.1 Primary and secondary microplastics

Primary microplastics are plastic particles which are manufactured in a size range
below 5 mm (GESAMP, 2015). They include: (1) pre-production resin pellets, often
3-5mmin diameter, which are used as raw material in plastic manufacture; (2) microbeads
incorporated in cosmetic products; and (3) beads used for abrasive blasting of surfaces.
The route of entry for primary microplastics into the environment will depend on their
application: particles from cosmetic products will usually enter through wastewater;
microplastics from abrasive blasting will enter through the atmosphere and wastewater,
while primary microplastics used for raw materials may enter the environment
through accidental loss during transportation and transshipment, or through runoff
from processing plants. When too small for retention by wastewater treatment
plants, primary microplastics may be passed directly into the oceans or pass through
freshwater watercourses to subsequently enter the marine environment.

Secondary microplastics are the by-product of fragmentation and weathering of
larger plastics in the environment (GESAMP, 2015). The generation of secondary
microplastics may occur during use of plastic products (for example, textiles, paints and
tyres) or once plastics have been disposed of in the environment. There are multiple
pathways for the entry of secondary microplastics to the environment, which include
(1) particles from textiles may enter through wastewater following washing or through
air when drying (Browne et al., 2011; Napper and Thompson, 2016); (2) weathering
of plastics used in agricultural applications may enter the environment through surface
runoff from soil; (3) abrasion of tyres during use generates microplastics that enter the
environment through air and surface runoff; (4) fragmentation and weathering of items
in landfills by UV light which may introduce microplastics into the atmosphere, rivers
and the ocean by wind and surface runoff and (5), weathering of plastic litter in coastal
areas and beaches which may remain in coastal sediments or be transported further
offshore. The main environmental factors related to secondary microplastic generation
are UV light exposure, temperature and abrasion. In aquatic environments areas with
reduced UV exposure and low temperature (such as the deep sea) will slow down the
process of secondary microplastic generation (Andrady, 2015).
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3.1.2 Primary and secondary nanoplastics

Based on the internationally recognized definition of nanomaterials, nanoplastics
can be defined as a material with at least one external dimension in the nanoscale,
approximately in the region from 1 nanometre (nm) to 100 nm (EFSA, 2016). As with
microplastics, they can be either primary or secondary. The former are engineered
within this size range for a variety of industrial applications and, as with smaller primary
microplastics, will not be retained by wastewater treatment plants and enter the aquatic
environment (GESAMP, 2015). There is little doubt that secondary nanoplastics will
be produced during fragmentation or weathering of microplastic debris (Andrady,
2011; Koelmans, Besseling and Shim, 2015; Mattsson, Hansson and Cedervall, 2015).
Laboratory experiments showed degradation of polystyrene (PS) disposable coffee cup
lids with formation of nanoplastics over time (Lambert and Wagner, 2016). Possibly,
microbial degradation could also play a role, because several hydrocarbon degrading
microorganisms have been identified to thrive on plastic debris in the oceans (Zettler,
Mincer and Amaral-Zettler, 2013). Current methods of microplastic detection do not
extend to particles in the nano size range. Thus, little is known about the occurrence
and distribution of nanoplastics in the environment (Mattsson, Hansson and Cedervall,
2015). Table 3.3 summarizes information on particle sizes, their sources and examples.

TABLE 3.3
Summary of size definitions of marine plastic litter and common sources

Size category Longest dimension

of marine
litter Nano < 0.1 pm Micro < 5 mm Meso < 2.5 cm Macro<1m Mega >1 m
Source Primary nanoplastics Primary Direct and Direct: lost items Direct:
Secondary microplastics indirect: including | from maritime abandoned gears
fragmentation of Secondary fragmentation activities Indirect: land
microplastics fragmentation based waste
of larger plastic
items
Examples PRIMARY: Industrial Primary: Resin Bottle caps, Plastic bags, Abandoned

applications including | pellets
pharmac_euticals_ and Secondary:
the medical device fragments and floats, buoys,
industry fibres balloons

SECONDARY:
microplastic fragments

plastic fragments | food and other

fishing nets and
packaging, fishing | traps, ropes, boat
hulls, plastic films
from agriculture

3.2 FISHERIES AND AQUACULTURE AS A SOURCE OF MICROPLASTICS

As discussed in section 2.7, both recreational and commercial fisheries, and aquaculture
facilities directly introduce plastics into the marine environment. The cost implications
is such that equipment loss is kept to a minimum through maintenance and gear
recovery where possible, and most producers are resolved to appropriately dispose
of materials that reach the end of their usable life span (Jensen and Zajicek, 2008). In
many cases, best practices and working standards have been produced by governmental
bodies, industrial organizations and researchers (e.g. National Research Council, 1995;
BCSGA, 2013); unfortunately, environmental weathering, biodegradation, and the
wear and tear of in-use plastics still result in the loss of large plastics and the formation
of microplastics. It is pertinent, however, to reiterate that it is difficult to estimate the
percentage of marine litter that originates from maritime sources, and only a proportion
of this will result from the fisheries and aquaculture industry (Jambeck ez al., 2015).

3.2.1 Fishing gear contributing to microplastics in the field

The commercial gears which have the potential for greatest contribution to microplastic
loads are the nettings used in benthic dredges and trawls and in particular the ground
ropes. This rope is dragged in contact with the sea bed for many miles, subject to
abrasion from benthic sediments, or snagging and total loss. The use of sacrificial ropes
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protects the integrity of the net; however, these ropes are often of plastic construction
and must be monitored and replaced as they wear away over time. In addition to the
in-use degradation of fishing gears, and despite careful maintenance, analysis of the
abundance of ALDFG have shown that many kilometres of netting are lost to the
marine environment each year (Macfadyen, Huntington and Cappell, 2009). Thus,
plastics from the fishing industry are apparent in numerous studies of environmental
plastic contamination (e.g. Edyvane et al., 2004; Macfadyen, Huntington and Cappell,
2009; Choy and Drazen, 2013; Peters and Braton, 2016). For example, ingested
synthetic fibres are similar to those commonly used in fishing gears (Lusher et al.,
2013), and the forms of microplastic debris (fibres, fragmented debris) have been linked
to local fisheries sources (Dantas, Barletta and Costa, 2012; 2015; De Witte et al., 2014;
Mathalon and Hill, 2014). Trawling activities in the enclosed Clyde Sea have been
linked to elevated levels of microplastic fibres in Norway lobster (Nephrops norvegicus)
populations (Murray and Cowie, 2011). Expanded polystyrene (EPS) particles were
found inside mussels inhabiting on EPS buoys and their debris (Jang er al., 2016).
Finally, in the Goiana estuary, Brazil, 12 percent of Mojarras (family Gerreidae),
23 percent of catfish (family Ariidae) and 64 percent of Acoupa weakfish (Cynoscion
acoupa) were seen to contain microplastics which were of a similar description to local
artisanal and commercial fishing practices (Possatto er al., 2011; Dantas, Barletta and
Costa, 2012; Ramos, Barletta and Costa, 2012; Ferreira et al., 2016).

It is not the case that fishing activities are the sole source of fisheries and aquaculture
related microplastics. Examination of microplastic loads in Jurujuba Cove, Brazil
showed high levels of synthetic fibres believed to originate from local mussel farming
(Castro et al., 2016), and Mathalon and Hill (2014) revealed elevated levels of
microplastic fibres in farmed mussels when compared to wild gathered counterparts,
indicating increased uptake from aquaculture sources. Observations of microplastic
releases have also been recorded from aquaculture structures. For instance, boring
isopods (Sphaeroma spp.) burrow in PS floats used in aquaculture facilities and docks.
As these small crustaceans burrow into the plastic, they may release thousands of
microplastic particles to the marine environment (Davidson, 2012).

3.2.2 Possible indirect pathways

In addition to acting as a local source of marine debris, commercial seafood production
may aggregate and disperse microplastics in several ways. One possible route for
plastic dispersal is discards. Worldwide discard totals were estimated at approximately
10 million tonnes per year between the years 2000 and 2010 (Pauly and Zeller, 2016),
much of which was probably consumed by scavenging benthic species. In the Clyde
Sea Area, where benthic trawling for Norway lobster is the primary fishing type,
much of the Norway lobster population feeds to some extent on discards. Studies
of microplastic contamination in the stomach content of Clyde Sea Norway lobster,
revealed both a high abundance of conspecifics (animals of the same species) and other
discarded species (Welden and Cowie, 2016a). In this way, animals which contain plastic
may be directly fed to the remaining population, increasing the microplastic load per
individual. A similar effect may occur in aquaculture if microplastic is accidentally
aggregated in the production of feeds from already contaminated individuals. Large
numbers of small pelagic fishes, at risk of direct uptake of microplastics mistaken
for food items, are converted into fishmeal and fish oil each year (FAO, 2016b), a
proportion of which is used in the aquaculture industry as feed. The homogenization
and dehydration of these feeds results in a feedstock preloaded with microplastic
contaminants, but no data are available about this possible indirect pathway. In
addition to the use of contaminated feeds in aquaculture, fisheries may also influence
the availability of environmental plastics. Regular trawling also results in a plume



Microplastics

29

of contaminated sediments (Churchill, 1989), which makes previously entrained
plastics available to filter feeding organisms, and alters the distribution of sediment
microplastics in line with the tidal conditions and currents (Lattin et al., 2004). In pole
and line and other baited fisheries, contaminated bait may result in either introduction
of microplastic to the target organisms upon capture or to the environment as bait is
discarded or lost. Offal may be another source of microplastics as many fish species are
gutted onboard during fishing activities and the remains are thrown overboard. This
offal is scavenged upon by seabirds, fish and benthic organisms, and it is possible that
any microplastics present within the remains may thus re-enter the food web.

3.3 DISTRIBUTION OF MICROPLASTICS IN THE AQUATIC ENVIRONMENT
Although first identified as a potential hazard as early as the 1970s (Carpenter and
Smith, 1972), only reports from the early 2000s gained a sufficient following that
research into microplastic contamination became a priority (Thompson et al., 2004).
Moreover, only in the last 10 years has the subject received increased attention from
the research community, mainly as a subset of the more general problem of marine
plastic litter, but increasingly as an environmental contaminant in their own right.
In recent years, governments and non-govermental organizations (NGOs) started to
fund research into standardized and harmonized protocols for the identification and
understanding of microplastic impacts (Lusher ez al., 2017) and cleanup (Rochman,
2016; Sherman and van Sebille, 2016).

Microplastics represent an increasing proportion of marine debris and to date
several modelling studies have attempted to identify numerous sources, distribution
and accumulation areas (Clark et al., 2016; Cézar et al., 2014; Eriksen et al., 2014;
van Sebille ez al., 2015). Microplastics may enter aquatic environments from different
sources and follow diverse pathways. Sources on land are related to many activities
such as primary microplastic production, terrestrial transportation (i.e. microplastics
generated from tyre wear), agricultural activities, wastewater plants, degradation of
plastic litter on beaches, and may enter aquatic environments through the atmosphere,
coastline or runoff. On the other hand, as has been discussed in more detail in section
2.7, maritime sources are related to shipping, offshore industrial activities, and fisheries
and aquaculture (mainly from the degradation of lost gears) (GESAMP, 2016).

3.3.1 Freshwater and estuarine environments

Until recently, the distribution of microplastics in freshwater systems was unknown.
There are relatively few studies addressing the presence of microplastics in freshwater
environments including lakes, rivers and estuaries. Nevertheless, several recent
publications have reviewed current knowledge on occurrence of microplastics in
freshwater environments (Dris et al., 2015a; Driedger er al., 2015; Eerkes-Medrano,
Thompson and Aldridge, 2015; Horton et al., 2017b; Wagner et al., 2014) and addressed
the fate of micro and nanoplastics in freshwater systems (Besseling et al., 2017).
Table A2.2 in Annex 2 presents data on the abundances of microplastics in freshwater
and estuarine environments. There is large spatial variability in the distribution of
microplastics in freshwater environments, with results showing differences of several
orders of magnitude within and between studies. In general, sediments show higher
concentrations than water samples, and results are comparable to those obtained in
coastal marine habitats. On the other hand, in lacustrine environments, microplastics
tend to show higher abundance close to urban and industrial centres, but in some
riverine systems this relation does not hold and may be a result of river flow dynamics
and flooding (Klein, Worch and Knepper, 2015). Inadequate waste management and
windblown microplastics could contribute to pollution of relatively isolated freshwater
environments (Free et al., 2014).
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3.3.2 Marine environments

Microplastics have been documented in every habitat of the open ocean and enclosed
seas, including beaches, surface waters, the water column and the deep seafloor (Lusher,
2015; Table A2.3 in Annex 2). In oceans, the small size and low density of microplastics
contribute to their widespread transport across large distances (Figure 3.1) by ocean
currents (Cole et al., 2011; Eriksen er al., 2013b). Oceanic transport can move buoyant
microplastics to distant shorelines or entrained particles can accumulate in central ocean
regions (e.g. Law er al., 2010). Microplastic distribution is further influenced by wind
that can cause the vertical movement of particles within the water column (Kukulka
et al., 2012). Wind, surface currents and geostrophic circulation drive the dispersal
patterns of microplastics at large scales (Law et al., 2010). Otherwise, at smaller scales,
such as turbulent flows, from tides or waves, high-energy oceanographic events, like
sea storms, as well as dredging processes to remove heavy depositions of sediment can
all lead to the resuspension of benthic particles from sediments (Ballent et al., 2012,
2013). As mentioned earlier, particles which have a greater density than seawater and
those which are biofouled will readily sink to the seafloor. The most recent estimate
of microplastic abundance in surface oceanic and neritic waters yields a concentration
of 51.2 x 10" particles and a mass of 260 000 tonnes (van Sebille et al., 2015). Per this
model, the highest concentrations and masses occur in the Mediterranean Sea and
the North Pacific Ocean. A recent study on the Mediterranean Sea provides further
evidence that microplastic abundances are relatively high compared to other water
basins (Suaria et al., 2016).

Most studies on occurrence and abundance of microplastics have been conducted
on beaches and coastal surface waters of enclosed or semi-enclosed seas, such as the
North Sea, Caribbean Sea, Mediterranean Sea and China Sea. Microplastics have been
reported along coastlines of all continents, in remote locations such as the mid-Atlantic
archipelago islands (Ivar do Sul et al, 2013; Lima, Barletta and Costa, 2016), the
Arctic (Lusher et al., 2015b; Obbard et al., 2014) and Antarctic (Waller et al., 2017).

FIGURE 3.1
Marine global distribution of microplastics in surface oceanic and neritic waters from
model by van Sebille et al. 2015. The lower left rectangle shows observed sample points
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In general, microplastics are more abundant in beaches and infralittoral sediments and
near highly populated areas. Also, the accumulation of microplastics in oceanic gyres
and accumulation zones, especially in the North Pacific and the North Atlantic has
received much attention (Eriksen ez al., 2013b; Law et al., 2010; 2014). Microplastics
have also been located in deep sea habitats (Fischer er al., 2015; Van Cauwenberghe et
al., 2013a; Woodall et al., 2014).

3.3.3 Relation of microplastics in aquatic environments with fisheries and
aquaculture

Areas of coastal mariculture and fishing may be responsible for the presence of
microplastics, whereas the sources of microplastics in offshore fishing grounds may be
harder to interpret because of the influence of oceanic distribution. However, sources
of secondary microplastics from fisheries and aquaculture can include the routine wear
and tear of fishing gears and other equipment. For example, ground ropes on bottom
trawls will fragment through use and mechanical abrasion against bottom substrata. In
addition, it is likely that fisheries play an important role in the resuspension and spatial
redistribution of microplastics in marine environments, particularly through bottom
trawling and dredges. Plastic cages, floats and buoys that are exposed to air and UV
light can become embrittled and fragment forming microplastics. Furthermore, the
cleaning of facilities in aquaculture (i.e. rope used in shellfish culture), can generate
microplastic fibres during the removal of biofouling organisms.

It can be extremely complicated to directly source microplastics to fisheries
and aquaculture operations unless microplastics have the same visual and chemical
characteristics as the gears used. Possibly the most obvious microplastics related to
fisheries and mariculture is the breakdown of EPS floats; EPS fragments originating
from aquaculture buoy debris are found as a dominant item (above 90 percent) of
microplastics on beaches of the Republic of Korea (Heo er al., 2013; Lee et al., 2013).
Davidson (2012) reported that boring isopods (Sphaeroma spp.) may form colonies in
EPS floats, which potentially generated millions of PS microplastics per colony. In Lake
Hovsgol, Mongolia, Free et al. (2014) associated some of the microplastics present in
the water column with fragmentation of plastic fishing debris encountered in shoreline
surveys. Fragmented ropes and fishing lines may be responsible for the microplastics
described as “lines” which were found in the Yangtze River, China (Zhang er al.,
2015). Similarly, high densities of microplastics were reported in sediment in the port
of Chioggia in the Venice Lagoon, which is the main fishing port on the Adriatic Sea
(Vianello et al., 2013).

34 CHEMICAL AND BIOLOGICAL INTERACTIONS OF MICROPLASTICS IN
THE ENVIRONMENT
Microplastics (and macroplastics) contain a mixture of chemicals added during
manufacture, butalso sorb (either adsorb or absorb) contaminants from the surrounding
environment (Rochman, 2015). These added chemicals include monomers, oligomers,
plasticizers, and flame retardants, whereas contaminants sorbed from the environment
include polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs),
chlorinated pesticides, collectively included within the group of persistent organic
pollutants (POPs), trace metals, and bacteria. POPs are also classed as persistent
bioaccumulative toxic substances (PBTs). The term PBTs will be used throughout
the report because it reflects a major concern of these compounds: their ability to
accumulate in organisms. PBTs also include, for example, flame retardants added to
plastics such as polybrominated diphenyl ethers (PBDEs). This section provides a
brief description of some of the major chemicals as well as information on microbes
associated with microplastics.
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Monomers and oligomers
Polyethylene (PE) is used in large volumes in the production of high-density
polyethylene (HDPE) and low-density polyethylene (LDPE). The release of monomers
and oligomers from PE are currently not recognized to represent a significant human
health threat (Halden, 2010).

Polyethylene terephthalate (PET) is produced by esterification of terephthalate
or dimethyl terephthalate, monomeric building blocks that are distinct in structure
and toxicity from other, more problematic phthalates. Reports on the release of
intermediary monomers, e.g., bis(2-hydroxyethyl)terephthalate, from PET are rare
(Bach et al., 2013). Extraction of commercial PET products with saline yielded rather
weak estrogenic activity displaying compounds in 76 percent of products tested
(Yang et al., 2011). Similar to PE, toxicity concerns regarding PET mostly centre on
secondary contaminants acquired from the environment.

Studies on polypropylene (PP), used in the manufacture of packaging, plastic
containers and bottle tops, suggest limited risk to human health from this polymer.
Again, similar to PE, migration of PP monomers is not a recognized concern and
leaching of additives into surrounding media also appears to be limited (Dopico-
Garcia, Lopez-Vilariiié and Gonzélez-Rodriguez, 2007). Eighty-one percent of 16
unstressed (i.e. not submitted to environmental stressors, such as UV radiation and
high temperatures) commercial PP products tested displayed limited estrogenic activity
from unidentified leachable chemicals (Yang et al., 2011).

Polystyrene (PS) articles such as packaging, dairy containers, and utensils are known
to release styrene monomers and oligomers, which can bind to the oestrogen receptor
and exhibit oestrogen-like activity (Klirner et al., 1998; Ohyama, Nagai and Tsuchiya,
2001; Park er al., 2006). Thirty-eight percent of 16 unstressed commercial PS products
tested displayed limited estrogenic activity (Yang et al., 2011). However, the potency
and importance of endocrine disruptors leachable from PS articles are subject to debate
(Halden, 2010).

Polyvinyl chloride (PVC) is manufactured from vinyl chloride monomers. Although
vinyl chloride is recognized as a genotoxic and mutagenic toxicant, polymerization of
vinyl chloride in PVC removes these adverse properties. Toxicity concerns about
chemicals given off by weathered PVC tend to focus not on its monomeric building
block but instead on phthalates, specifically di-(2-ethylhexyl) phthalate (DEHP;
Halden, 2010).

Plasticizers

In the case of plasticizers, their ease of migration from polymers has classed them
as hazardous because they have environmental impacts and are the subject of health
concerns (Murphy, 2001; Oehlmann et al., 2009; Teuten et al., 2009). Bisphenol A
(BPA) is best known as the monomeric building block of polycarbonate plastics but
it also finds uses as an additive to other plastic polymers (PE, PP, PVC). Potential
adverse effects of BPA have already been addressed in section 2.3.1. BPA contents of
microplastics in the marine environment are given in section 5.6.1.

Flame retardants

Flame retardants may be mixed in (e.g. polyurethane foams) or reacted into the polymer
(e.g. epoxy resins). Brominated flame retardants (BFRs) are of particular concern as
they are mixed into plastic resins and are more available to leach out of the plastic.
BFRs include polybrominated diphenyl ethers (PBDEs), tetrabromobisphenol A
(TBBPA), hexabromocyclododecane (HBCD), and brominated polystyrene. Exposure
pathways to BFRs, include household dust, food and breast milk as major sources.
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In the marine environment BFRs may leach directly from plastics or be transported
from land-based sources. PBDEs are highly persistent and accumulate in aquatic
environments (Hermabessiere et al., 2017), but to a lesser degree than PCBs (Engler,
2012). PBDEs measured in microplastics in the marine environment are presented in
section 5.6.1.

Other persistent bioaccumulative and toxic substances (PBTs)

Of the environmental chemicals that are present in seawater, common compounds
include dichlorodiphenyltrichloroethane (DDT), PAHs and PCBs. PBTs may enter
aquatic environments through several pathways: dispersion, industrial releases, or
release from objects like plastics. PBTs are hydrophobic chemicals which have a long
life in the environment as they are resistant to environmental degradation and may
persist for several years. Their hydrophobicity drives the partitioning to microplastics
and organic particles. As plastics also have hydrophobic properties, microplastics act
as a sink for these pollutants present in aquatic environments (Gouin et al., 2011;
Rochman, 2015). Sorption processes can be influenced by weathering and biofouling.
Microplastics collected from around the world contained PBTs (Ogata ez al., 2009)
with amount of sorbed contaminants varying by geographic origin and by polymer
type (Endo er al., 2005; Mato et al., 2001). Published data are available only for a
limited number of PBTs in microplastics. Section 5.6.3 presents measured contents of
some PBTs in microplastics in the marine environment.

Trace metals

Other chemicals associated with plastics are trace or heavy metals. Some heavy metals
are incorporated into plastics during manufacture to act as stabilizers, anti-oxidants
and dyes (Murphy, 2001). Metals are also incorporated into antifouling paints which
are a source of heavy metal contamination in harbours and marinas through paint
deterioration (Almeida, Diamantino and de Sousa, 2007). Metals can adsorb to
microplastics under marine (Ashton, Holmes and Turner, 2010; Holmes, Turner and
Thompson, 2012), estuarine (Holmes, Turner and Thompson, 2014) and freshwater
(Turner and Holmes 2015) conditions. For example, virgin PE pellets absorbed heavy
metals (aluminium (Al), iron (Fe), manganese (Mn), copper (Cu), lead (Pb), zinc (Zn),
silver (Ag)) from seawater during experimental exposure (Ashton, Holmes and Turner,
2010). Although fragmented plastics accumulated metals better than virgin plastics
(Brennecke et al. 2016), the degree of accumulation was moderate as compared to
PBTs. Theoretically, desorption of metals is possible, but data on this are lacking.
Finally, the presence of metals in microplastics has been seldomly studied.

Bacteria and viruses

The opportunities presented for settlement of biota on microplastics provide a unique
surface for colonization as is evidenced by biofilms which contain a diverse community
of microbes (Carson et al., 2013; Caruso, 2015; Osborn and Stojkovic, 2014). This
phenomenon, known as rafting, enables the transport of organisms attached to
natural or man-made materials; the durability of plastic results in these rafts being
transported for much greater distances than their natural counterparts. However,
colonization of plastic materials is restricted to a smaller number of organisms. Unlike
natural rafting materials, plastic may continue to transport biota for decades, and the
extent of plastic pollution in worldwide oceans provides a continuously increasing
colonization surface and promotes the odds of microbe-polymer encounters, binding
and colonization. Fortunately, plastic debris has been seen to transport a lower number
of species due to the difficulties posed by initial colonization, and due to its size, the
number of species that may be transported by microplastic debris is reduced. However
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microplastic debris may facilitate the transport of microorganisms that bind to its
surface causing migration over long distances. Microplastics have previously been seen
to transport bacteria including Vibrio (Amaral-Zettler et al., 2015; Harrison et al., 2014;
Zettler, Mincer and Amaral-Zettler, 2013) and more specifically pathogenic strains
(V. corallilyticus, V. harveyi, V. splendidus, V. parahaemolyticus, V. alginolyticus and
V. fluvialis) (Kirstein et al., 2016), as well as harmful micro-organisms such as toxic
dinoflagellates (Ostreopsis spp., Coolia spp., Alexandrium spp.) (Masé et al., 2003).
To date, no data are available on the potential presence of viruses on plastic debris
although it is well known that viruses, like other microbes, attach to particles in the
environment through complex reversible and irreversible interactions, and so their fate
and transport is associated with that of the particles (Tufenkji, 2007, Dang ez al., 2008).

3.4.1 Sorption and release of PBTs and additives by microplastics

The hydrophobicity of PBTs drives their partitioning to hydrophobic microplastics and
organic particles, which act as a sink for these pollutants present in aquatic environments
(Gouin et al., 2011; Rochman, 2015). Sorption is enhanced by the large surface area
to volume ratio of microplastics, which increases by ongoing fragmentation of the
particles. For a spherical particle, this ratio is inversely proportional to its diameter.
Under artificial laboratory conditions, microplastics have been shown to readily
accumulate waterborne PBTs (Bakir, Rowland and Thompson, 2104; Bakir et al., 2016;
Napper et al. 2015; Rochman 2015; Wardrop et al., 2016). Indeed, high concentrations
of PBTs have been measured in microplastics in the marine environment (see
section 5.6). Furthermore, as mentioned above, plastics also moderately accumulate
metals although their presence on microplastics has been less studied (Ashton, Holmes
and Turner, 2010; Holmes, Turner and Thompson, 2012).

Like sorption of chemicals, their release or desorption is potentially enhanced by a
large surface area to volume ratio, and both are also dependent on the concentration
gradients between the particles and the surrounding water or organisms, temperature
and pH (Teuten ez al., 2009; GESAMP, 2016, Engler, 2012; Rochman, 2015; Jang et al.,
2016). The ability of a compound to migrate out of microplastics is further dependent
on the polymer pore size relative to that of the toxic molecule.

Understanding sorption, accumulation, desorption, release and transport of these
chemicals associated with microplastics is a challenging process, because also a variety
of organic particles, like plankton, organisms and microorganisms, sediments, etc., in
the marine environment will interact with the chemicals. The partitioning of chemicals
between microplastics and organic particles is a dynamic process dependent on many
variables which are constantly changing (Hartmann et al., 2017).

3.4.2 Transfer of PBTs and additives from microplastics to marine organisms
The ability of microplastics to accumulate PBTs has generated considerable concern
that microplastics will transfer these hazardous PBTs to marine animals, and has been
central to the perceived hazard and risk of microplastics in the marine environment
(Gouin et al., 2011; Koelmans, Besseling and Foekema, 2014; Koelmans, Besseling
and Shim, 2015; Koelmans et al., 2013, 2016; Bakir et al., 2016; Paul-Pont et al., 2016).
However, calculations based on published studies showed the fraction of total PBTs
sorbed by microplastics to be small compared to that sorbed by other media in the
ocean. Taking into account measured PBT transfer from microplastics to organisms in
the laboratory, desorption rates for plastics in artificial gut fluids, theoretical desorption
rates and simulations in bioaccumulation models containing plastics, it was concluded
that overall the amount of PBTs bioaccumulated from natural prey overwhelms the
amount from ingested microplastics. This implies that ingestion of contaminated
microplastic is not likely to increase the exposure to PBTs in marine organisms
(Koelmans et al., 2016). However, it has been argued that in some local conditions
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with high levels of contamination by microplastics (i.e. hotspots) these could represent
a significant phase for interaction with PBTs and their subsequent transfer to marine
organisms (Hartmann et al., 2017).

Although it is often assumed that ingestion of microplastics by aquatic species leads
to increased exposure to plastic additives, experimental evidence at environmentally
relevant concentrations is lacking (Hermabessiere et al., 2017; Koelmans ez al., 2016).
The potential of leaching of nonylphenol (NP) and bisphenol A (BPA) in the intestinal
tracts of the lugworm (Arenicola marina) and Atlantic cod (Gadus morbhua) was studied
using a biodynamic model (Koelmans, Besseling and Foekema, 2014). A conservative
analysis showed that microplastic ingestion had a negligible contribution to the total
exposure to NP and BPA.
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4. Interactions of microplastics
with aquatic organisms

Microplastics have a global distribution and have been found in a range of aquatic
and terrestrial environments. Organisms across many trophic levels interact with
microplastics and there are a number of routes by which exposure and interaction
may occur. Microplastics present in the environment (water or sediment) elicit direct
exposure of organisms, whereas microplastics which have been previously ingested by
prey items may represent an indirect source of contamination to predators through
trophic transfer. The scale and ubiquity of this contamination raises concerns regarding
interactions with biota, motivating a number of exposure and toxicological studies under
laboratory conditions. In fact, controlled laboratory exposures facilitate monitoring of
the uptake, movement and distribution of synthetic particles in whole organisms and
excised tissues (e.g. gills, intestinal tract and liver). Laboratory studies have confirmed
that a diverse array of marine organisms, across trophic levels, can absorb or consume
microplastics. This includes protists (Christaki et al., 1998), copepods (e.g. Cole et al,
2013), annelids (e.g. Besseling et al., 2013, Wright et al., 2013), echinoderms (Della
Torre et al., 2014; Kaposi et al., 2014; Nobre et al., 2015), cnidaria (Hall ez al., 2015),
amphipods (Thompson et al., 2004, Ugolini er al., 2013), decapods (e.g. Watts et al.,
2014), isopods (Hamer er al., 2014), molluscs (e.g. Avio et al., 2015a), fish (e.g. Peda er
al., 2016), and birds (Tanaka et /., 2013). Interactions between freshwater invertebrates
and microplastics have also been reported, most commonly focusing on model species
such as Daphnia magna (e.g. Besseling et al., 2014). In comparison, the consumption
of microplastics by free living terrestrial organisms is poorly documented; however,
laboratory studies indicate earthworms (Lumbricus terrestris and Eisenia andrei) can
consume plastic particles present in soil (Huerta-Lwanga et al., 2016; Rillig, Ziersch
and Hempel, 2017; Rodriguez-Seijo et al., 2017).

4.1 MECHANISMS OF INTERACTIONS (UPTAKE, INGESTION) AND
IMPACTS (PHYSICAL AND CHEMICAL) OF MICROPLASTICS
DETERMINED IN EXPERIMENTAL SETTINGS
A number of studies have explored the mechanistics of biota-microplastic interactions
in laboratory settings. Micro- and nanoplastics can adhere to external appendages,
including setae, swimming legs and antennules of copepods (Cole et al., 2013; 2015),
and the gills of the green crab (Carcinus maenas) (Watts et al., 2014) and blue mussels
(Mytilus edulis) (Paul-Pont ez al., 2016).

Possibly the most studied interaction is uptake of microplastics through ingestion
(as reviewed in Lusher, 2015; Lusher er al, 2017). Ingestion is the most likely
interaction between organisms and microplastics, as their small size can make them
indistinguishable from natural prey items, or they may be accidentally ingested while
filter feeding (Lusher, 2015). Direct consumption of microplastic is prevalent in
suspension feeders including oysters (Sussarellu ez al., 2016) and mussels (e.g. Avio et
al., 2015a) and deposit feeders, such as sea cucumbers (Graham and Thompson, 2009),
annelids (Besseling er al., 2013; Browne et al., 2015b; Wright et al., 2013), crabs (Watts
et al.,2014) and Norway lobster (Nephrops norvegicus) (e.g. Welden and Cowie, 2016a,
b). Green crabs (Carcinus maenas) can also uptake microplastics across the gills during
ventilation (Watts et al., 2014). These uptake behaviours stem from the organisms’
inability to differentiate between microplastics and food. Recent results also indicate
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that microplastics in marine environments acquire a dimethyl sulphide signature,
which acts as a keystone odorant in pelagic foodwebs (Savoca et al., 2016). This would
imply that some aquatic organisms may also actively search out and ingest microplastic
particles.

There is growing concern for the possible trophic transfer of microplastics in
aquatic, benthic and pelagic foodwebs. Predatory organisms may indirectly accumulate
microplastics during the ingestion of microplastic contaminated prey, which may
lead to bioaccumulation at upper trophic levels. Similarly, predators and detritivores
may ingest microplastics while scavenging detrital matter containing microplastics.
Laboratory experiments have established that green crabs fed with blue mussels
containing microplastics accumulated particles in their digestive tract (Watts et al.,
2014; Farrel and Nelson, 2013); Also, trophic transfer from green algae (Scenedesmus
spp-) to the planktonic water flea (Daphnia magna) and then to several species of
fish: Crucian carp (Carassius carassius), Bleak (Alburnus alburnus), Rudd (Scardinius
erythrophthalmus), Tench (Tinca tinca), Northern pike (Esox lucius) and Atlantic
salmon (Salmo salar) has been observed (Besseling et al., 2014; Cedervall et al., 2012), as
well as transfer of fluorescent polystyrene (PS) microspheres (10 ym) from zooplankton
to the mysid shrimp (Mysis spp.) (Setdld, Fleming-Lehtinen and Lehtiniemi, 2014). It
should be noted however that while laboratory studies may succeed in determining
the pathways of microplastics within an organism, the exposure concentrations used
to achieve this goal exceed those expected in the field (Phuong ez al., 2016), such that
the results should be treated with care (Box 4.1).

Many laboratory studies have observed interactions of biota with microplastics
(as introduced above): in the case of non-commercially targeted species refer to
Table A2.4 (Annex 2). Figure 4.1 presents a broader overview of the interactions
and scale of the effects of microplastics exposure. Microplastic exposure has been
associated with a suite of negative health effects, including increased immune response
(von Moos, Burkhardt-Holm and Kohler, 2012), decreased food consumption, weight
loss and energy depletion (Besseling et al., 2013; Wright et al., 2013), decreased growth
rate (Huerta-Lwanga et al., 2016), decreased fecundity and negative impacts on
subsequent generations (Sussarellu ez al., 2016). Whether these effects will also occur
at realistic concentrations of microplastics is largely unknown.

BOX 4.1
General considerations about laboratory exposure experiments

Laboratory exposure experiments are a key aspect of the study of microplastics and they
have contributed to a greater knowledge and understanding of their behaviour in the
environment and their interaction with biota and other chemical pollutants.
However, often exposure (particle number/mass/concentration) exceeds that observed
in the field and results should be treated with care. For example:
¢ Exposure duration is often acute involving high levels of microplastics over a short
period of time.
o Sample sizes are often small and comprised of individuals of one size or life history
stage, and cannot be reliably expanded to wild populations.
® Microplastics used for exposure are often spherical in form, while the most
commonly found microplastics in the environment are fibres and fragments.
Ongoing research into laboratory exposures have begun to use more environmentally-
realistic scenarios such that cumulative negative effects are monitored under chronic
exposure scenarios to better replicate environmental conditions.
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FIGURE 4.1
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Molluscs

Bivalves are by far the most commonly used organisms in microplastic exposure
studies. In the blue mussel microplastics were retained in the digestive tract and some
studies reported the transfer to the haemolymph? and lysosomal system’ triggering an

2 Haemolymph is a fluid, analogous to blood in vertebrates, which circulates in arthropod and

molluscan bodies.

Lysosomes are organelles found in animal cells that, among other functions, act as a waste disposal

system of unwanted materials within the cells.
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inflammatory response (Browne ez al., 2008; von Moos, Burkhardt-Holm and Kohler,
2012). Whereas these studies demonstrate possible pathways of microplastic uptake by
and distribution within a bivalve species, it is possible that under lower, environmentally
relevant exposure conditions the efficiency of uptake and internal distribution may
differ. Cellular effects associated with intake included alterations of immunological
responses, neurotoxic effects and the onset of genotoxicity (Avio et al., 2015a). Beside
these effects, a modulation of the transcriptomic profile of exposed organisms was
also observed, indicating the onset of early molecular changes even in the absence
of visible cellular alterations (Avio et al., 2015a). Paul-Pont et al. (2016) used a high
concentration (0.032 mg L™) of micro PS particles (2 pm and 6 pm diameter) to study
the accumulation of fluoranthene, as a model polycyclic aromatic hydrocarbon (PAH),
in mussels (Mytilus spp.). After a seven day exposure and a seven day depuration
period, a higher fluoranthene concentration was detected in mussels exposed to
microplastics and fluoranthene, as compared to mussels exposed to fluoranthene
alone. The authors also found that highest histopathological damages and levels of
anti-oxidant markers were observed in mussels exposed to microplastics together
with fluoranthene. The authors concluded, that under the experimental conditions of
their study, the results suggested that microplastics led to direct toxic effects at tissue,
cellular and molecular levels, and modulated fluoranthene kinetics and toxicity in
marine mussels. Furthermore, microplastics significantly affected the reproduction
(and subsequent population growth) of the Pacific cupped oyster (Crassostrea gigas)
when adults were experimentally exposed to virgin 2 pm and 6 pm PS microspheres
(0.023 mg-L") for two months during a reproductive cycle. Researchers observed
feeding modifications in the form of a shift in energy allocation from reproduction to
structure growth with elevated maintenance costs, which had significant impacts on
offspring by reducing larval yield and development (Sussarellu et al., 2016). At present,
only one study observed the interaction of gastropods with microplastics. A grazing
species of gastropod mollusk, the periwinkle (Littorina littorea), was observed to feed
on contaminated algae and subsequently microplastics were identified in the stomach,
gut and faeces indicating that the particles did not accumulate in individuals (Gutow
et al., 2016).

Crustaceans

Planktonic copepods, isopods and decapods have all been exposed to microplastic
in laboratory trials. Work carried out by Cole et al. (2013) has clearly demonstrated
the uptake of fluorescent microspheres by zooplankton from the water column.
Analysis of the impacts revealed a reduction in feeding after plastic ingestion but also
egestion of the microspheres (Cole er al., 2013). When chronically exposed to levels of
microplastic over successive generations increased mortality rates were observed (Lee,
K. W. et al., 2013). Jeong et al. (2017) observed developmental delays and reduced
fecundity in the marine copepod Paracyclopina nana exposed to 0.05 pm nanoplastics,
whereas individuals exposed to microplastics (0.5 pm and 6 pm) did not show overall
developmental delays or reduced fecundity. The marine isopod lotea emarginata was
unable to distinguish between clean and plastic contaminated foods; however, plastics
were readily egested and did not accumulate in the gut or negatively affected growth
or survival (Hamer et al., 2014). Sandhoppers (Talitrus saltator) fed on microplastics
mixed with food, were also seen to ingest microspheres; again, plastics were eliminated
over a 24 hour to 1 week period, and no detrimental effects were observed (Ugolini
et al., 2013). Farrell and Nelson (2013) fed green crabs homogenised samples of pre-
exposed blue mussels. The microspheres (0.5 pm) appeared to have translocated from
the crab gut into its tissues. However, only 0.3 percent of the exposed particles were
found in the crab’s haemolymph. Interestingly, green crabs also take up microplastics
through the gills (Watts ez al., 2014), and plastic ingestion has been seen to reduce
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food consumption and growth (Watts er al., 2015). Another decapod crustacean,
the Norway lobster (Nephrops norvegicus), ingested and retained microplastic fibres
present in food. Long-term exposure reduced the nutritional health and availability of
energy stores (Welden and Cowie, 2016b).

Fishes

Laboratory investigations of the interactions of fish and microplastics are less common
than those on bivalves. It can be difficult to obtain ethical licences to carry out some
investigations (for example, there is a European Directive on animal experimentations
on vertebrates 2010/63/CE). Fish may ingest microplastics for several reasons, they
may confuse microplastics with prey items, or ingest them during filter feeding. Once
ingested microplastics (3 mm-5 mm) have been observed to pass directly through the
digestive system and be excreted (Dos Santos and Jobling, 1991), and during a recent
study it was proposed that microplastics (50 pm - 500 pm) in goldfish (Carassius
auratus) would not accumulate over successive meals as microplastic retention times
were similar to those of other contents of the gastrointestinal tract (Grigorakis, Mason
and Drouillard, 2017). However, gastric obstruction has been proposed (Mazurais et al.,
2015). Smaller particles (< 600 pm) translocated from the digestive tract to liver tissues
of Flathead grey mullet (Mugil cephalus) (Avio et al., 2015b). However, the numbers
of particles in the liver were two orders of magnitude lower than in the corresponding
gastrointestinal tract. Furthermore, microplastics were isolated in the gills, liver and
digestive tract of the Zebra danio (Danio rerio), which caused inflammation, oxidative
stress and disrupted energy metabolism (Lu er al.,, 2016). Food chain transfer of
microplastics is the process by which a prey item containing microplastics is consumed
by a predator. Dietary exposure in this way may be responsible for microplastic presence
in predatory fish (Batel et al., 2016). Mattsson et al. (2015) observed behavioural and
metabolic effects of pre-exposed prey on predatory Crucian carps (Carassius carassins),
these predators displayed reduced feeding and activity.

Physiological effects of microplastic exposure include intestinal tract alterations
and compromised intestinal function as was observed in the European seabass
(Dicentrarchus labrax) after 90-day exposure through feed pellets (0.1 percent
polyvinyl chloride (PVC)) (Peda et al., 2016). Fish behaviour is also affected by
microplastic exposure: the common goby (Pomatoschistus microps) displayed reduced
predatory performance, abnormal swimming behaviour and lethargy (De S4, Luis and
Guilhermino, 2015; Ferreira P. et al., 2016; Oliveira et al., 2013).

Only two studies used environmentally relevant concentrations of microplastics
and associated contaminants. Microplastic exposure (concentration of 0.008 mg L™
of polyethylene (PE)) induced liver toxicity, hepatic stress and changed endocrine
function, as well as gene expression in Japanese medaka, Oryzias laticeps (Rochman et
al., 2013; 2014). Remarkably, Rummel et a/. (2016a) did not observe any effect related
to microplastic exposure in rainbow trout (Onchorbynchus mykiss).

4.2 OBSERVATIONS OF BIOTA INTERACTING WITH MICROPLASTICS IN
THE ENVIRONMENT

4.2.1 Ingestion by commercially important species from field observations
Observations of microplastic uptake by environmentally exposed organisms have now
been reported in a range of habitats, including the sea surface, water column, benthos,
estuaries, beaches and aquaculture (e.g. Lusher 2015; GESAMP, 2016), as well as the
deep sea (Taylor er al., 2016). The diversity of the organisms studied and the habitats
from which they are sampled require a range of collection techniques: the sampling
method employed is determined by the research question, available resources, habitat
and target organism (Lusher et al., 2017; see Annex 1). Over 220 different species
have been found to consume microplastic debris in natura (GESAMP, 2016; UNEP,
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2016). Of this number, 58 percent were commercially targeted species. It is also
important to understand microplastics ecology (interactions with fauna and flora)
above the individual level, and develop study strategies that allow for the assessment
of populations (including different ontogenetic phases), assemblages and communities.
Studies must also consider that habitat use and type, as well as age and length are strong
drivers of interactions with environmental variables, including contaminants, and
that a long-lived individual might be contaminated at different times and rates during
ontogeny (e.g. Ferreira er al. 2016). In the following sections information is provided
for commercially important shellfish (bivalves and crustaceans) and fishes. Relevant
general information regarding microplastics occurrence in seabirds and sea mammals
is presented in Box 4.2.

BOX 4.2
Seabirds and marine mammals

The occurrence of microplastics in seabirds and marine mammals has been documented and
may be of ecological and human health concern.

Many species of birds are consumed by humans. Almost every seabird species studied
presented one individual with microplastics in their digestive tracts. The method used
to quantify plastic in the stomach contents of Northern Fulmars (Fulmarus glacialis) is
being rapidly adopted as an internationally standardized method of monitoring spatial and
temporal trends in plastic pollution (van Franeker et al., 2011).

Microplastics can be ingested by marine mammals, although the source of microplastic
is hard to identify. Microplastics have been found in the stomachs of harbor seals, Phoca
vitulina (Bravo Rebolledo ez al., 2013), beaked whales, Mesoplodon mirus (Lusher et al.,
2015a), and baleen whales, Megaptera novaeangliae (Besseling et al., 2015). Furthermore
microplastics were found in the scats of fur seals, Arctocephalus spp (Eriksson and Burton,
2003). Microplastics in marine mammals may have originated from feeding in the water
column or through ingestion of prey already containing microplastics.

Indeed marine mammals, in particular the baleen whales, may be considered as a sentinel
of ocean health concerning microplastic ingestion and exposure to plastic additives (Fossi
et al., 2012, 2014, 2016; Baini et al., 2017). Furthermore, these long-lived top predators may
be effective indicators for chronic or slow developing pathologies. Some species of marine
mammals may provide an early indication of potential adverse health effects and provide
insight into the toxic mechanisms of a given hazardous agent, such as microplastics or their
associated chemicals.

4.2.2 Shellfish (bivalves and crustaceans)

Of the invertebrates examined in studies of wild and laboratory cultured animals,
comparatively few have been of economic or dietary importance. This is pertinent
when the annual volumes of such species produced and consumed are considered. One
such species is Norway lobster which appears to retain plastics for long periods; this
retention of plastic may not only affect the health of the animal, but the profitability of
the fishery. Examination of wild caught Norway lobsters from stocks around Scotland
has shown large variability, with greatly increased plastic abundance in the highly-
impacted Clyde Sea area (Murray and Cowie, 2011; Welden and Cowie, 2016a) and
low plastic uptake around the Minch and Orkney Islands (Welden and Cowie, 2016a).
Another decapod crustacean, the common shrimp (Crangon crangon), sampled from
around the North Sea demonstrated microplastic uptake by 63 percent of sampled
animals; however, it is not clear what effect this has upon the organism (Devriese et
al., 2015). Also, a study of microplastic ingestion by the invasive Chinese mitten crab
(Eriocheir sinensis) from Baltic Sea coastal waters in Poland and the Tagus Estuary in
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Portugal showed that as many as 13 percent of the 302 analysed individuals contained
microplastics in the form of strands and balls (Wéjcik-Fudalewska, Normant-
Saremba and Anasticio, 2016). Several mollusc species have also been seen to take in
microplastics. Both farmed and wild blue mussels contained microplastic fibres (e.g. Li
et al., 2016; Mathalon and Hill, 2014). The brown mussel (Perna perna) has also been
reported to take up plastics, with occurrence recorded in 75 percent of individuals
sampled from the Santos Estuary, Brazil (Santana et al., 2016); similar results were
observed for the Pacific cupped oyster reared in Atlantic Ocean coastal waters (van
Cauwenberghe & Janssen, 2014). Manila clams (Venerupis philippinarum) both farmed
and wild caught did not appear to have any difference in microplastics concentration
(range from 0.07 to 5.47 particles per g) which suggests that shellfish aquaculture
does not appear to be increasing microplastic concentrations in the farmed organisms
(Davidson and Dudas, 2016). In Chinese waters wild blue mussels contained higher
levels of microplastics than farmed mussels, which was attributed to better water
quality at aquaculture sites (Li et al., 2016). Another method of assessing microplastic
contamination in species for human consumption has been the collection of samples
at markets and other suppliers. Comparisons between shop-bought and wild caught
blue mussels revealed plastic contamination in both samples (Van Cauwenberghe
and Janssen, 2014). Furthermore, studies of nine species of bivalves in Asian markets
revealed extensive microplastic contamination (Li ez al., 2015). In these studies, fibres
were the primary source of microplastic contamination; while this form of microplastic
is widely reported throughout the marine environment, the scale and diversity of
possible sources prove hard to identify or control. Quantitative data on microplastics
contents in bivalves are given in Table 5.1.

4.2.3 Fishes

Several studies have identified the presence of microplastics in the digestive tracts of
wild-caught fish. Increasingly, researchers have been targeting commercial species due
to the potential implications of microplastics on the commercial market. Field studies
have demonstrated microplastic ingestion by many commercial (benthic and pelagic)
fish species, for example, from the English Channel (Lusher, McHugh and Thompson,
2013), the North Sea (Foekema et al., 2013), the Baltic Sea (Rummel ez al., 2016b),
the Indo-Pacific Ocean (Rochman et al., 2015; Jabeen et al., 2016), the Mediterranean
Sea (Bellas et al., 2016; Giiven et al., 2017), the Adriatic Sea (Avio et al., 2015b) and
the North Eastern Atlantic (Neves ez al., 2015). However, the quantities observed in
fish guts are generally very low, usually in the range < 1- 2 particles per individual
that ingested microplastics. The percentage of individuals that ingested microplastics
ranged from 2.6 percent in the North Sea (Foekema et al., 2013; Rummel ez al., 2016b)
to 18 percent in the Central Mediterranean (Romeo et al., 2015), to 28 percent in the
Adpriatic Sea (Avio et al., 2015b) and 41 percent in the Eastern Mediterranean (Giiven
et al., 2017). Interestingly, fish collected from fish markets contained microplastics,
including 25 percent of fish caught off the west coast of the United States of America
and 28 percent of fish caught in Indonesian waters (Rochman ez al., 2015). Microplastics
have been similarly observed within market-purchased freshwater fish including Nile
Perch (Lates niloticus) and Nile Tilapia (Oreochromis niloticus) from Lake Victoria
(Tanzania), with 20 percent of each species containing microplastics in their digestive
tracts (Biginagwa et al., 2016). Twenty-seven species of fish collected from Shanghai
fish markets (Jabeen et al, 2016) originating from marine (Yangtze Estuary, South
China Sea and East China Sea) and freshwater (Lake Taihu) sources also had varying
degrees of microplastic contamination (from 1.1 to 7.2 items per individual). Recently,
microplastics have also been found in the digestive tract of wild fish larvae (2.9 percent
of individuals sampled) belonging to commercially important species from the English
Channel (Steer et al., 2017). Although it is clear that microplastics are ingested by many
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species of commercial fish, we know little about the impact of their consumption.
Microplastics may be egested along with faecal material or retained within the digestive
tract. Translocation to other tissues does not occur or is very low for the smaller
microplastics (< 600 pm) (see Chapter 5).

4.3 ECOLOGICAL IMPLICATIONS

Despite the increasing literature on marine plastic contamination, there is very little
information on its effects at ecosystem, habitat, population or even individual level.
Laboratory experiments do not identity the effects of microplastics on individuals
in nature because exposure (microplastic shape, size, concentrations) and habitat
conditions are different to the wild and include other stressors. Most of the known
interactions and effects relate to pre-existing environmental concerns such as the
transport of persistent bioaccumulative and toxic compounds (PBTs) and invasive
species. Many of the projected outcomes of increasing microplastic abundance remain
academic speculation based on an understanding of the physiology of the organism
or group in question. This is further complicated by the limited knowledge of the
physiological effect of microplastics in natura.

Few laboratory studies have been conducted with environmentally relevant
concentrations of microplastics and associated contaminants. Furthermore, studies
should also be relevant in terms of all exposure pathways. For example, Besseling er
al. (2013) used naturally contaminated sediment as well as environmentally realistic
spiked sediment while accounting for all possible exposure pathways: water, sediment
and polystyrene (PS) microparticle ingestion by the lugworm (Arenicola marina)
under pre-equilibrated conditions. A low PS concentration increased bioaccumulation
of contaminants in lugworms which may have been due to physiological stress and/
or PS acting as a vector for contaminants; however, at higher concentrations of PS
microparticles decreased bioaccumulation occured which was partially adscribed to
PS acting as a sink for contaminants. Furthermore, Sussarellu et al. (2016) exposed
Pacific cupped oysters to virgin PS microplastics (2 pm and 6 pm diameter) for two
months during a reproductive cycle at a concentration of 0.023 mg L™, which is
within the upper range observed for >333 pm microplastics in the environment. The
authors observed that oysters preferentially ingested the 6 pm micro-PS over the
2 pm diameter particles. Also, the consumption of microalgae and absorption efficiency
were significantly higher in exposed oysters, suggesting compensatory and physical
effects on both digestive parameters. After two months, the exposed oysters displayed
significant decreases in oocyte number (-38 percent), oocyte diameter (=5 percent)
and sperm velocity (-23 percent). The D-larval* yield and larval growth of offspring
derived from exposed parents decreased by 41 percent and 18 percent, respectively,
when compared with offspring of non-exposed oysters.

Hence, in principle, microplastic ingestion by bivalves and fish may affect individual
physiology, metabolism, body condition, growth, contaminant body burden and
reproductive success, but the evidence has to be considered very weak (Ziccardi et
al., 2016). Population level studies have not been conducted and at present there is no
evidence of negative effects from microplastic ingestion in wild and farmed aquatic
organisms. Studies at the population level are hindered not only by the problem of
scale and associated costs, but also by the multiple environmental and human induced
stressors to which farmed and wild animals are subjected, which may veil the possible
role played by microplastics in this multifactorial context. Farmed aquatic animals in
relatively closed systems (i.e. fish ponds) at different levels of ambient exposure to
microplastics may be an adequate starting point for these studies.

* The D larval stage is an early development stage of molluscan bivalve larvae with a characteristic

D shaped shell.
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A risk analysis framework is a useful tool for studying the possible impacts of
microplastics at ecological levels of organization. This framework allows the use of
different data (qualitative, semi-quantitative and quantitative) sources to analyse the
possible impacts and risks associated with a particular hazard, as well as identify
information and data gaps (UNEP, 2016).

4.3.1 Accumulation of microplastics through trophic transfer

A common concern about many persistent pollutants is the possibility of trophic
transfer and bioaccumulation. PBTs build up in the tissues of organisms and
accumulate up the food chain, leading to increased body burdens in higher trophic
levels. However, in contrast to PBTs, most microplastics ingested will not translocate
into the tissues of their hosts, and thus would not be retained and concentrated at
subsequent higher trophic levels. If trophic transfer were to occur regularly, animals
at higher trophic levels would be at increased risk of negative impacts, such as damage
to and irritation of the gut lining and reduced nutrient uptake. To date there is only
initial evidence which suggests potential of trophic transfer of microplastic in wild
caught organisms (Eriksson and Burton 2003; Romeo et al., 2015; Welden and Cowie
2016a). Most laboratory evidence for distribution of microplastics has been obtained
in mesocosm studies at highly exaggerated exposure scenarios, which may not directly
apply to natural much lower exposure. One exception to this is animals feeding by
scavenging, which may ingest portions of prey larger than themselves. Examples
of species where this may occur include large decapod crustaceans such as Norway
lobster (Welden and Cowie 2016a). Microplastics have been observed in large pelagic
fish and it has been hypothesized that microplastics present in these species may have
originated from prey items rather than from directly feeding in the environment (e.g.
Romeo et al., 2015). Interactions of marine biota and microplastics and possible trophic
pathways are depicted in Figure 4.2.

FIGURE 4.2
Interaction of microplastics with marine organisms and potential trophic transfer to humans
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Black stars represent microplastic particles and the black dotted arrows indicate an observed interaction between organism and particle (direct
ingestion/uptake). The black arrows indicate indirect ingestion of MPs (potential trophic transfer). The red lines indicate potential route of
microplastics to humans following ingestion of seafood. Finally, arrow thickness represents potential bioaccumulation of particles through the
foodweb

4.3.2 Effects at the population and community levels

Most of the available literature on the effects of microplastics to biota pertains to
individuals rather than on a population level. This is a critical factor that requires
further investigation since there is no theoretical reason why trophic transfer would
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not occur. Browne et al. (2015b) raised the notion that the level of disturbance caused
by microplastics may not reach a level beyond that of an individual if the effects are
restricted to phy51olog1cal functioning. As has been evidenced in this document, as well
as numerous reviews, most work focus on effects of microplastics (and any associated
chemicals) on the lower levels of organization: cellular to individual, without
investigating ecological effects on populations or assemblages (Rochman et al., 2016).
Without information on these higher levels of organization, ecological assessments lack
critical information about the capacity of microplastics to alter ecological structures
and processes (assemblages and food webs, competition and predation) (Browne et
al., 2015b). However, it might be necessary to conduct long-term studies in order to
detect the phenomenon in the wild, since the large number of ecological variables,
and the input from mixed sources will possibly cause some level of noise in detecting
microplastics signal of exposure and damage to more complex biological systems.

Population level effects resulting from reduced condition indexes, lowered fecundity
and larval survivorship are touched upon in a few experimental studies. Welden and
Cowie (2016b) note the potential effect of lowered body mass in females on egg
production could affect populations. Experiments of nanoplastics and microplastic
exposure on larval development resulted in developmental defects (Della Torre et al.,
2014; Nobre er al., 2015). Additionally, the potential negative impacts of microplastics
on recruitment may have an effect on populations and the assemblages that rely upon
them; however, there is currently no evidence of this from environmental observations.

Only two studies are available on the potential effects of microplastics at the
community level. In these investigations, conducted through outdoor mesocosm
experiments, authors observed an effect of both biodegradable (polylactic acid) and
conventional plastics (PE and PVC) on benthic assemblage structures and on the
nutrient cycle. Concluding that the high doses of either tested polymers can decrease
the species richness and the total number of organisms, as well as directly or indirectly
reduce primary productivity of these habitats (Green, 2016; Green et al., 2017).

One potential adverse population impact is the ability of microplastics to increase
the availability of chemical contaminants, which may result in further ecotoxicological
impacts. Models of the partitioning of contaminants between the water, sediments,
plastics and organisms have indicated the potential for increased polychlorinated
biphenyl (PCB) loads in lugworms (Arenicola marina) (Teuten et al., 2009). However,
an important factor should be considered, viz. the difference between the concentration
of the contaminant in the microplastics and in the organism (i.e. the diffusion gradient).
With fresh microplastics having a low level of contamination, the net movement
of chemicals may be reversed: from an organism into the microplastic (Koelmans,
Besseling and Foekema, 2014).
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5. Microplastics in foods

Aside from a few reports on the occurrence of microplastics in beer (Liebezeit and
Liebezeit, 2014), sugar and honey (Liebezeit and Liebezeit, 2013), and table salt (Yang
et al., 2015; Karami et al., 2017), the majority of reports focus on their occurrence in
seafood (EFSA, 2016). Thus, at present seafood appears to be the best studied source
of dietary intake of microplastics. Because analytical methods for nanoplastics in
foods are currently lacking (see section 5.2), there are no data on the occurrence of
nanoplastics in foods.

5.1 FISH AS FOOD

The increased production of fisheries and aquaculture products has resulted in
increased global per capita consumption. In 2013 fishery products represented around
17 percent of animal protein intake by the world’s population (FAO, 2016c). Also,
in the last decades there has been a substantial increase in the proportion of fishery
products used for direct human consumption. For example, in 2014, 87 percent of
total marine capture production was used for human consumption and the remaining

23 percent, which accounted for 21 million tonnes, was destined to non-food products,
especially fishmeal and fish oil (FAO, 2016b).

5.1.1 Fish consumption

World per capita apparent consumption (see Box 5.1) of fishery products averaged
around 9.9 kg in the 1960s, increasing to 14.4 kg in the 1990s and reached a value of
19.7 kg in 2013; preliminary data indicate that this increasing trend has continued
for 2014 and 2015 (FAO, 2016c). However, FAO data (FAQO, 2016¢) show that there
are significant regional contrasts in fish consumption. For example, in Asia fish
consumption has increased around three-fold from 1961 to 2013, from 7.8 kg/cap in
1961 to over 23 kg/cap in 2013, while in Africa the increase has been about two-fold
from 4.8 kg/cap to 9.9 kg/cap. Fish consumption is highest in Oceania with 24.8 kg/
cap in 2013, but this value is the result of a recent decreasing trend that started in 2004
when per capita consumption was around 26.3 kg. Moreover, there are significant
contrasts within each continental area, for example, a sample of the three most
populated countries by continent shows that in Asia consumption in 2013 was around
38 kg/cap in China, 31.8 kg/cap in Indonesia and 6.1 kg/cap in India. This contrast
is particularly 51gn1flcant between the most populated countries in Africa, where per
caplta consumption in 2013 reached 22.1 kg in Egypt, 13.3 kg in Nigeria and 0.25 kg
in Ethiopia. In America, the series shows more or less increasing trends from 1961 to
2013 and reached 21.6 kg/cap in the United States of America, 13.2 kg/cap in Mexico
and 9.74 kg/cap in Brazil at the end of the time series. In Europe, among the three most
populated countries, France has the highest per capita rate at 33.5 kg in 2013, while
the Russian Federation consumed 22.9 kg and Germany 12.6 kg. Finally, in Oceania,
Australia and New Zealand show very similar consumption rates in 2013 at 26.3 kg and
25.2 kg, respectively, while apparent consumption in Papua New Guinea was 15.4 kg.
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BOX 5.1
Estimation of apparent fish consumption

Apparent fish consumption, as the name implies, is not a direct measurement of ingestion

of fishery and aquaculture products. It is an estimate of the quantity in kg (wet-weight

equivalent) of animal fishery and aquaculture products available for human consumption

divided by the human population in a specified country or region.

1. Definitions used
Live weight: The weight of finfish and shellfish at the time of their capture or harvest.
Calculated on the basis of conversion factors from landed to nominal weight and on
rates prevailing among national industries for each type of processing.
Production: Refers to FAO capture and aquaculture statistics of all fish, crustaceans,
molluscs and aquatic organisms excluding aquatic plants.
Non-food uses: Including utilization of aquatic products for reduction to meal and oil,
for feed and bait, for ornamental purposes, withdrawals from markets and any other
non-food use of fish production (e.g. fertilizers, medical uses).
Imports/exports: In accordance with the internationally-recommended practice,
imports and exports statistics have been adjusted to include as imports fish caught
by foreign fishing vessels and landed in domestic ports and as exports fish caught
by domestic fishing vessels and landed directly in foreign ports. Exports include
re-exports.
Stock variations: Information on changes in stocks occurring between the production
and the retail levels, or in levels of inventories.
2. Estimation of fish supply

The total fish available for apparent human consumption is derived by using the
following equation:

Total food supply = production - non-food uses + imports — exports + variation in stocks
(all data expressed in terms of live-weight equivalent).

The total food supply is divided by country/region human population to obtain per
capita apparent fish consumption.

Fish consumption is particularly relevant in island states. For example, in Iceland
and the Faroe Islands apparent per capita consumption in 2013 was 92 kg and 87.3 kg,
respectively. Also, in Oceania, small-island developing states such as Samoa and Tuvalu
presented consumption rates in 2013 of 46.8 kg/cap and 43.3 kg/cap, respectively.
Nonetheless, the consumption rates in these last two oceanic developing states is still
below that observed in developed mainland states with high fish consumption, such as
Portugal (53.8 kg/cap) the Republic of Korea (53.5 kg/cap), Norway (52.1 kg/cap) and
Japan (48.9 kg/cap).

5.1.2 Benefits of seafood consumption
Consumption of fisheries and aquaculture products have well-established health
benefits due to its unique nutritional composition, but in some cases fish accumulate
significant levels of contaminants from the environment, resulting in some fish
products potentially being harmful if consumed. In such cases the question is how to
maximize the positive consequences of seafood consumption while minimizing the
concurrent negative consequences.

The risks of consuming potentially contaminated foods have traditionally received
greater attention than the benefits of eating them. However, there is now a growing
focus on the risks of not consuming certain foods, and among them fish products,
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given their components known to benefit human health. The nutritional benefits
of fish consumption are not only due to the long-chain polyunsaturated fatty acids
(LCPUFAs) — docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) — but
also from amino acids and peptides derived from their proteins, micronutrients
(vitamins, minerals) and possibly from other nutrients (e.g. taurine), all found in fish
(Lund, 2013).

Fish consumption has for a long time been recognized in helping to prevent coronary
heart disease (CHD). However, there is an increasing focus on fish as a natural source
of DHA and iodine, both essential for the early development of the brain and neural
system. For this reason, fish is of particular importance in diets for pregnant women
and for children up to the age of two. These nutrients are almost exclusively found in
foods from the aquatic environment. The role of fish in mitigating mental disorders,
including depression and dementia (Morris et al., 2016), is also receiving increased
attention from scientists.

However, the presence of contaminants in some fish and fish products and other
foods is of increasing concern to consumers. Some fish products are known to contain
contaminants such as methyl mercury and other persistent, bioaccumulative and
toxic compounds (PBTs) like dioxins, polychlorinated biphenyls (PCBs), furans and
pesticides. There is a concern that microplastics could act as an agent for the transfer of
many fat-soluble pollutants, such as PBTs, from the environment and into organisms
such as fish that end up on our plates. The presence of persistent contaminants in
seafood is a potential concern. In particular in fish caught in polluted waters or in large,
long-lived predator species, the levels of contaminants might exceed the levels regarded
as safe for consumption. The role of microplastics on the levels of pollutants in fishery
and aquaculture products frequently consumed, and on potential adverse health effects
is highlighted further below and in Chapter 6.

It is well known that fish can be a source of PBTs such as dioxins in populations
that consume fish frequently. However, the occurrence of dioxins among individuals
in these populations is generally not higher than in populations having low fish
consumption (Sasamoto et al., 2006; Mazet, Keck and Berny, 2005). In these cases,
reducing the consumption of fish will likely not reduce the exposure to dioxins,
which will probably be the same for individuals even if they significantly reduce
their consumption of fish. When consumption of a food can be associated with both
potential health risks and benefits, risk managers try to identify an intake level that
minimizes risks and maximizes benefits. It is particularly important to establish such a
guideline as to when consumption may result in a potentially harmful level of exposure
(EFSA, 2007).

Advice on limiting the consumption of fish for vulnerable groups, such as children
and pregnant women, is being given by many public health authorities. While the
intention is only to limit consumption of products believed to have elevated levels
of contaminants, the effect in some cases has been a significant reduction in seafood
consumption. However, such a reduction could result in a diet that contains insufficient
levels of essential nutrients. Both children and adults run this risk. As LCPUFAs are
essential in the early development of the brain and neural system in children, advice
aiming to limit the consumption of contaminated fish must be couched in such terms
that not all fish is given a “bad name”. Similarly, as seafood consumption reduces
cardiovascular diseases among the adult population, messages intended to reduce the
exposure of fish products to contaminants should go hand in hand with the promotion
of safe fish products.
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5.1.3 Balancing the risks and benefits

Emerging concerns such as the potential human health impacts of microplastics in
seafood should not be seen in isolation, but in the context of the potential health
benefits of consuming the same food. In light of this, an ideal solution is one that
consists of sound, science-based advice that weighs the benefits and costs for human
health of consuming fish.

Some studies (EFSA, 2015b; Mozaffarian and Rimm, 2006) have tried to balance the
positive and negative sides of consuming foods of high nutritional value which may also
be a source of contaminants. However, the procedures used have been controversial,
and experts in this field maintain that new procedures need to be developed in order to
carry out assessments of the risks and benefits to human health of consuming fish and
other seafood (EFSA, 2010).

On the request from Codex Alimentarius, FAO and the World Health Organization
(WHO) held an Expert Consultation on the Risks and Benefits of Fish Consumption
in 2010 (FAO, 2011), the experts concluded that consumption of fish provides energy,
protein and a range of essential nutrients, and that eating fish is part of the cultural
traditions of many peoples. In some populations, fish and fishery products are a major
source of food and essential nutrients, and there may be no alternative and affordable
food sources for these nutrients.

To minimize risks in target populations, the Expert Consultation recommended that
states should emphasize: (i) that fish consumption reduces CHD mortality in the adult
population; and (i1) that fish consumption improves the neurodevelopment of foetuses
and infants and is therefore important for women of childbearing age, pregnant women
and nursing mothers. In order to provide sound advice to different population groups,
it will also be important to develop, maintain and/or improve regional databases of
the specific nutrients and contaminants in the fish available for consumption. Risk
management and communication strategies that aim to minimize risks and maximize
benefits from eating fish should be developed and evaluated (FAO, 2011).

5.2 ANALYTICAL METHODS FOR MICROPLASTICS IN FOODS

EFSA (2016) reviewed analytical methods for microplastics in foods. In summary,
methods for microplastics include the following steps: extraction and degradation of
biogenic matter; visual detection and quantification (enumeration); confirmation and/
or characterization of the plastic identity of the particles. If visual-assisted microscopy
is used, the lower size limit of detection is in the low micrometre range. Crucial factors
to consider are adequate precautions to prevent the contamination of samples with
microplastics from air, clothes, equipment and/or reagents used in the analysis, and
confirmation that the particles detected are indeed microplastics. Reference methods
for sampling or analysis of microplastics in foods have not yet been described.

For nanoplastics, microscopic methods which are used for microplastics are
inadequate because of the small size of the nanoplastics. As a result, the resolution
or contrast between nanoplastics and the food matrix is too low, which hampers
their detection. Nanoplastics have only been detected in simple model systems, e.g.
degradation of polystyrene (PS) into nanoplastics in pure water (Lambert and Wagner,
2016). Analytical methods that are adequate to detect and quantify nanoplastics in the
environment or food chain have not been sufficiently developed (Koelmans, Besseling
and Shim, 2015; EFSA, 2016).

5.3 MICROPLASTICS IN BIVALVES

There is only a limited number of publications on the occurrence of microplastics in
marine bivalves and they mostly refer to wild-caught mussels (Table 5.1). Except for
the study by Li et al. (2016), sample sizes of the studies are rather limited. Reports are
restricted to Europe, North America, Brazil and China. Overall, the lowest contents
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of microplastics, less than 0.5 particles per g of soft tissue, were found in Europe. The
highest contents were observed in Newfoundland, Canada, about 100 fold higher than
the levels measured in Europe (Mathalon and Hill, 2014). In this last study, ambient
particles in laboratory air were very high and blank samples indicated that laboratory
contamination could contribute 25 microplastic particles per g soft tissue. Adjusting
for this background, would lead to contents comparable with those found in bivalves
from China (Li et al., 2015).

TABLE 5.1
Occurrence of microplastics in species of bivalves destined for human consumption
Species? Location Average number of particles per g Type of particles Reference
soft tissue (SD)
M. edulis Germany 0.36 (0.07); n =72 Fragments, Van Cauwenberghe
Size: 5-25 um (85%), > 25 pm (15%) spheroids and Janssen, 2014
C. gigas Germany 0.47 (0.16); n = 21
Size: 5-25 pm (55%), > 25 pm (45%)
M. edulis Belgium 0.20 (0.30); n=6 Partial fragments Van Cauwenberghe et
France Size: 20-90 pm al., 2015a
Netherlands
M. edulis Belgium 0.37 (0.22); n=9 Fibres De Witte et al., 2014
Size: 200-1500 pm
M. edulis New 34 (14)% n = 45 Fibres, spheroids Mathalon and Hill,
Foundland Size: no data 2014
M. edulis China 2.2 (0.9-4.6)$ n~1100 Fibres Li et al.,, 2016
Size: 33-4700 pm (fibres) Fragments
9 different China 4.0 (2.1-10.5% n=9 Fragments, fibres, | Li et al., 2015
species Size: 5-250 pm (60%), 250-5000 ym | Pellets
(40%)
Perna perna Brazil 75% contained > 1 particle; n = 30 Fragments Santana et al.,, 2016
Size: < 5000 pm
V. philippinarum | British Wild: 0.84 (0.85) Fibres, films, Davidson and Dudas,
Columbia Farmed: 1.13 (0.66) fragments 2016
n= 54
Size: no data

@ M. edulis — Mytilus edulis; C. gigas — Crassostrea gigas; V. philippinarum — Venerupis philippinarum

b only microfibres, spherical particles not quantified, values calculated from Mathalon and Hill (2014) using a weight of 4 g of soft

tissue per mussel
¢ average and range
4 median and range

5.4 MICROPLASTICS IN OTHER INVERTEBRATES

So far, microplastic contents of crustacean species, viz. the common shrimp (Crangon
crangon) and the Norway lobster (Nephrops norvegicus) have only been determined
in coastal waters of the North Sea and Irish Sea. Sampling locations for common
shrimps included the coastal waters of Belgium, France, the Netherlands and the
United Kingdom. Contents ranged from 0.03 to 1.92 microplastic particles per gram
wet weight, depending on location and sampling date (Devriese et al., 2015). It was
shown that only temporal differences were significant with higher concentrations in
October compared to March. An average content of 0.75 microplastic particles per
gram wet weight (SD = 0.53) was calculated from the data of 165 samples presented.
Comparing whole and peeled shrimps, it was revealed that no particles were present
in the abdominal muscle tissue, which constitutes usually the edible part (Devriese
et al., 2015). Peeling will remove most of the digestive tract, the head and the gills,
which apparently contain the major part of the microplastics. Because peeling not
always completely removes the digestive tract, Devriese ez al. (2015) proposed to use
90 percent as a peeling factor.
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Stomach contents of Norway lobsters from the Irish Sea contained microplastics
(Murray and Cowie, 2011; Welden and Cowie, 2016a). Murray and Cowie (2011)
found that 83 percent of the animals were contaminated. However, only Welden
and Cowie (2016a) determined the contents of microplastics in the gut and found, in
samples from the Irish Sea area, an average weight of microplastics per individual of
0.40 mg with a maximum of 0.80 mg. Because the gastrointestinal tract is generally
removed before consumption, microplastics detected in the guts of Norway lobsters
will present a limited threat to human health.

Echinoderms are highly consumed in some regions and ingestion of nylon and
polyvinyl chloride (PVC) microplastic fragments have been observed under laboratory
conditions in four species of sea cucumbers (Graham and Thompson, 2009). In most
cases, the gastrointestinal tract of echinoderms is ingested but in wild populations
microplastics have only been observed in one specimen of unidentified sea cucumber
species from deep-sea samples (Taylor ez al., 2016).

5.5 MICROPLASTICS IN FINFISH

Ingestion of microplastics has been observed in a relatively large number of fish species
used for human consumption from the Pacific, Atlantic and Indian oceans, as well as the
Mediterranean Sea, albeit at relatively low concentrations of around one to two items
per individual (Lusher 2015, GESAMP, 2016). For example, microplastics have been
observed in the gastro-intestinal tract in 11 out of the 20 most important species and
genera of finfish that contribute to global marine fisheries (FAO, 2016b). These species
are chub mackerel (Scomber japonicus), Atlantic herring (Clupea harengus), Atlantic
mackerel (Scomber scombrus), Japanese anchovy (Engraulis japonicus), Atlantic cod
(Gadus morhua), European pilchard (Sardina pilchardus), blue whiting (Micromesistius
poutasson), European sprat (Sprattus sprattus), king mackerel (Scomberomorus cavalla)
from the Scomberomorus spp group, shortfin (Decapterus macrosoma) and Amberstripe
(Decapterus muroadsi) scads from the Decapterus spp group, and Indian oil sardine
(Sardinella longiceps) from the Sardinella spp group (Brate et al., 2016; Collard ez al.,
2015, 2017; Foekema et al., 2013; Giiven et al., 2017; Liboiron et al., 2016; Lusher,
McHugh and Thompson, 2013; Miranda and Freire de Carvalho-Souza, 2016; Neves
et al., 2015; Ory et al., 2017; Rochman et al., 2015; Rummel et al., 2016b; Sulochanan
et al., 2014; Tanaka and Takada, 2016).

Species of local/regional importance also present microplastics in their gastro-
intestinal tract, and this trend needs to be examined especially at estuaries of rivers
formerly reported as contaminated (e.g. Dantas et al. 2012; Ferreira et al., 2016; Vendel
et al., 2017). However, microplastics have only been observed in the gastro-intestinal
tract of fish and, as most fish species are gutted before consumption by humans; direct
human exposure to microplastics from fish will be negligible. Nevertheless, small
marine pelagic fish species, such as sardines, anchovies, and a number of other small
sized freshwater fish are sometimes eaten whole, including the digestive system. Small
indigenous freshwater species such as mukene (Rastrineobola argentea) and kapenta
(Limnothrissa miodon) are eaten whole and are important in local diets in East African
countries. Likewise, small species like mola (Amblypharyngodon mola) and darkina
(Esomus danricus) are also eaten whole and are commonly consumed in rural diets in
Bangladesh. Presence of microplastics has been found in small freshwater species such
as the gudgeon Gobio gobio (Sanchez, Bender and Porcher, 2014) and in small marine
pelagic species from the Pacific and Atlantic oceans such as silversides (Stolephorus
commersonnii, Kripa et al., 2014; Stolephorus heterolobus, Tahir and Rochman, 2014;
Atherinella brasiliensis, Alves er al., 2016), Pacific anchovy (Engraulis japonicus,
Rochman er al., 2015, Tanaka and Takada, 2016) and European anchovy (Engraulis
encrasicolus, Collard et al., 2017) . However, little knowledge on levels of microplastics
in small sized fish exists.
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5.6 CONTAMINANTS AND ADDITIVES ASSOCIATED WITH MICROPLASTICS
5.6.1 Plastic additives

All additives together account for around 4 percent of the total weight of plastics
produced. (Andrady and Neal, 2009; Lambert, Sinclair and Boxall, 2014). However,
the percentage of additives can vary significantly. In some cases additives make up
half of the total material (Lithner, Larsson and Dave, 2011). Microplastics in oceans,
coastal regions and deposited at beaches have been found to contain these additives:
polybrominated diphenyl ethers (PBDEs) from 0.03 nanograms per gram (ng/g) to
50 ng/g, bisphenol A (BPA) from 5 ng/g to 200 ng/g, nonylphenol (NP) from 20 ng/g
to 2 500 ng/g and octylphenol (OP) from 0.3 ng/g to 50 ng/g (Teuten et al., 2009). Data
on other additives are only sparingly available.

5.6.2 Plastic monomers and polymers

Apart from being an additive, BPA is also used as a building block of polycarbonate
plastics, and in the previous section (5.6.1) contents of BPA in microplastics have
been presented. Globally, styrene monomers, dimers, and trimers have been detected
in seawater and sand from coastal regions, likely originating from polystyrene (PS)
litter (Kwon ez al., 2014; 2015) which is a frequently found contaminant in aquatic
environments.

5.6.3 Persistent, bioaccumulative and toxic compounds (PBTs)

Because of their hydrophobic properties, persistent organic pollutants accumulate
heavily in microplastics floating in the marine environment (see section 3.4). Indeed,
microplastics in oceans, coastal regions and deposited at beaches have been found
to contain high concentrations of these pollutants: non-dioxin like polychlorinated
biphenyls (PCBs) from 0.01 ng/g to 2 970 ng/g; polycyclic aromatic hydrocarbons
(PAHs) from 4 ng/g to 44 800 ng/g; Dichlorodiphenyltrichloroethane (DDT), and
analogues DDD and DDE, from 2 ng/g to 2 100 ng/g (Teuten et al., 2009; Pelletwatch,
2016, Antunes et al., 2013; Gauquie et al., 2015). Remarkably, concentrations of dioxins
in microplastics have not been published.

5.6.4 Metals

Pellets collected along the southwestern shores of England contained metal
concentrations ranging from low ng/g for cadmium (Cd), nickel (Ni) and chromium
(Cr), to high 7.7 micrograms per gram (pg/g) for copper (Cu), 10.3 pg/g for lead (Pb),
171 pg/g for aluminium (Al), 290 pg/g for zinc (Zn), 308 pg/g for manganese (Mn),
and 314 pg/g for iron (Fe) (Holmes, 2013). In a more recent study, also along the
Southwestern English shore, pellets showed maximum values of 3 390 pg/g for Cd and
5 330 pg/g for Pb (Massos and Turner, 2017).

5.6.5 Pathogens

It has been documented that plastic debris can act as a substrate for diverse microbial
communities (Harrison et al., 2011, 2014; Zettler, Mincer and Amaral-Zettler, 2013;
McCormick et al., 2014). Microorganisms, including plastic decomposing organisms
and pathogens have been shown to colonize microplastics. Furthermore, in the ocean
such communities have been shown to be distinct from microbial communities in the
surrounding surface water (Zettler, Mincer and Amaral-Zettler, 2013; Debroas, Mone
and Ter Halle, 2017). However, the relevance to seafood and the consequences to
human health are unknown.
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6. Risk profiling of microplastics in
aquaculture and fishery
products

6.1 INTRODUCTION
Risk analysis is used to develop an estimate of the risks to human health and safety, to
identify and implement appropriate measures to control the risks, and to communicate
with stakeholders about the risks and measures applied. It can be used to support and
improve the development of standards, as well as to address food safety issues that
result from emerging hazards or breakdowns in food control systems. It provides food
safety regulators with the information and evidence they need for effective decision-
making, contributing to better food safety outcomes and improvements in public
health. Regardless of the institutional context, the discipline of risk analysis offers a
tool that all food safety authorities can use to make significant gains in food safety.
For instance, risk analysis can be used to obtain information and evidence on the
level of risk of a certain contaminant in the food supply helping governments to
decide which, if any, actions should be taken in response (e.g. setting or revising a
maximum limit for that contaminant, increasing testing frequency, review of labelling
requirements, provision of advice to a specific population subgroup, issuing a product
recall and/or a ban on imports of the product in question). Furthermore, the process of
conducting a risk analysis enables authorities to identify the various points of control
along the food chain at which measures could be applied, to weigh up the costs and
benefits of these different options, and to determine the most effective one(s). As such,
it offers a framework to consider the likely impact of the possible measures (including
on particular groups such as a food industry subsector) and contributes towards
enhanced utilization of public resources by focusing on the highest food safety risks.
Risk analysis is comprised of three components: risk management, risk assessment
and risk communication (Figure 6.1). Each of these components has been applied

FIGURE 6.1
The FAO/WHO risk analysis framework
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worldwide for a long time and this chapter provides important information compiled
during a risk profiling exercise and a preliminary risk assessment with the available data
on microplastics including certain monomers and associated plastic contaminants and
additives in fishery and aquaculture products. These preliminary data will be useful for
a future risk assessment.

Whereas plastic contamination is not a new phenomenon, characterizing the risks
posed by micro- and nanoplastics is an emerging issue. Risk is typically defined as the
product of the hazard posed by an agent multiplied by the exposure incurred. With

respect to small-sized plastics existing hazards are listed in Figure 6.2.

FIGURE 6.2
Hazards resulting from microplastic pollution. Numbers in squares refer to hazards outlined in the
text to the left

1. Physical characteristics of microplastic
particles (e.g., size, shape, surface area, etc.)
can pose hazards.

2. Physical characteristics of nanoplastic L\\
particles (e.g., size, shape, surface area, etc.)
can pose hazards.

3. Additives and coatings intentionally placed
on and within the plastic are potential hazards.

4. Unintentional hazards may result from

the ability of polymers to selectively attract
and concentrate environmental agents,
including harmful hydrophobic chemicals, and
toxicogenic and pathogenic microorganisms.

5. Environmental durability of plastics creates
opportunities of repeated uptake and
subsequent release of environmental pollutants
into aquatic organisms.

6. Contaminant concentrations can increase
through the food chain: from lower to higher
trophic levels through predation.

Source: Image Courtesy of Halden, Caspermeyer and Northrop,
Biodesign Institute, Arizona State University.

6.2 IDENTIFICATION OF HUMAN HAZARDS FROM MICRO- AND
NANOPLASTIC INGESTION
6.2.1 Ingestion, translocation, absorption and excretion of microplastics

Upon ingestion of contaminated foods, micro- and nanoplastics will enter the gastro-
intestinal (GI) tract. There is a lack of information on the fate of micro- and nanoplastics
in the human GI tract. An important question is whether after ingestion micro- and
nanoplastics are confined to the gut lumen or whether translocation across the gut
epithelium and thus absorption takes place. Translocation would imply exposure of
internal organs and tissues to these particles. It is not known whether nanoplastics can
be formed upon degradation of microplastics in the GI tract. However, nanoplastic
aggregates, when present, may de-aggregate in the gut, thus enhancing absorption.
The data available only include translocation and distribution (see below), whereas no
information is available on metabolism and little on excretion.

Translocation, absorption and distribution of microplastics

The epithelium of the gut wall represents an important barrier to microplastics,
excluding direct transcellular transport. The paracellular route (i.e. transport through
space between cells) of uptake is also not possible, given that the maximal functional
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pore size of the connecting tight junction channels is only about 1.5 nm (Alberts er
al., 2002). However, uptake via lymphatic tissue might be possible, specifically via the
microfold (M) cells in the Peyer’s patches® (Galloway, 2015), after which phagocytosis
may occur, or via endocytosis®. Specific data for microplastics are limited. Particle
size 1s one of the most important factors in determining the extent and pathway of
uptake. The upper particle size limit for endocytosis is about 0.5 pm (Yoo, Doshi and
Mitragotri, 2011). Phagocytosis by macrophages is believed to occur with particles
> 0.5 pm (Yoo, Doshi and Mitragotri, 2011). The upper size limit for phagocytosis
obviously is dictated by the volume of the macrophage.

Phagocytosis of 1 pm, 5 pm and 12 pm polymethylacrylate (PMMA) and polystyrene
(PS) particles was demonstrated in peritoneal macrophages after intraperitoneal
injection in mice (Tomazic-Jezic, Merritt and Umbreit, 2001). Probably the Peyer’s
patches rich in M-cells are the predominant sites of absorption of microplastics
(Galloway, 2015; Wright and Kelly, 2017).

Translocation across the mammalian gut into the lymphatic system of various types
and sizes of microparticles of various composition, ranging from 0.1 pm to 150 pm, has
been demonstrated in humans (size of particles: from 0.2 pm to 150 pm), dogs (from
3 pm to 100 pm), rabbits (from 0.1 pm to 10 pm) and rodents (from 30 pm to 40 pm)
(reviewed by Hussain, Jaitley and Florence, 2001). Polyvinyl chloride (PVC) particles
(from 5 pm to 110 pm) have been detected in the portal vein of dogs (Volkheimer,
1975).

The intestinal absorption of microplastics appears to be small. In various rodents,
absorption of latex particles measuring 2 pm across was only between 0.04 percent
and 0.3 percent of the administered dose (Carr ez al., 2012). Similar limited absorption
(about 0.2 percent) of polylactide-co-glycolide microparticles (3 pm) was measured i
vitro using human mucosal colon tissue mounted in an Ussing chamber” (Schmidt ez al.,
2013). The mucosal colon tissue of patients with inflammatory bowel disease showed
increased transport (0.45 percent as compared to 0.2 percent in healthy controls) of
these particles due to increased permeability of the gut (Schmidt et al., 2013).

Not much is known on the distribution of microplastics after absorption, but it is
known that microparticles > 0.2 pm that appear in lymph will be eliminated through
the splenic filtration system into the gut (Yoo, Doshi and Mitragotri, 2011), whereas
microparticles in the blood will be removed in the liver by bile, and finally excreted
via faeces. In mice, daily oral gavage of 5 pm and 20 pm fluorescent polystyrene
microplastic particles resulted in accumulation of both types of particles in the liver
and kidney (Deng et al., 2017). In these experiments very high doses of the particles
were used: from 2 x 10* to 150 x 10* items per animal per day. These results for mice
challenge earlier work that concluded that particles measuring > 1.5 pm were not
expected to enter the capillaries of organs (Yoo, Doshi and Mitragotri, 2011).

Considering the many factors affecting absorption, such as size, composition,
surface charge and hydrophilicity, it is difficult to predict the uptake of the particles.

Summarizing (Table 6.1), iz vivo human data on the absorption of microplastics are
scarce or not available. Mammalian studies have detected microparticles with sizes up
to 150 pm in lymph, whereas one study detected PVC particles (110 pm) in the portal
vein. It is very likely that microplastics >150 pm are not absorbed. Consequently, only

> Peyer’s patches are lymphoid follicles found in the lower small intestine and represent an

important part of the gut associated lymphoid tissue. Their role is to identify and destroy foreign
particles in the intestinal lumen.

Endocytosis is a general term used to describe the process by which cells engulf and incorporate
liquids (pinocytosis) or solids (phagocytosis). In higher animals these processes play an important
role in the immune system.

An Ussing chamber is an apparatus for measuring epithelial membrane properties. It can detect and
quantify transport and barrier functions of living tissue.
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local effects in the gut might be expected, viz. immune and inflammatory responses.
Smaller microplastics (<150 pm) may lead to systemic exposure, but available data
show that absorption was limited (< 0.3 percent). Only the smallest fraction (size
<20 pm) may penetrate into organs.

Translocation, absorption and distribution of nanoplastics

In contrast to microplastics, the epithelium of the gut wall does not form an impenetrable
barrier to nanoparticles. Therefore, a special concern regarding nanoparticles is their
ability to translocate across the gut epithelium, resulting in systemic exposure. However,
most of the uptake data have been obtained with a large variety of nanoparticles, and
not specifically with nanoplastics. Only polystyrene (PS) nanoparticles have been used
as model particles in mammalian 7 vivo and in iz vitro studies. In vivo human data on
the absorption of nanoplastics are not available.

The estimated oral bioavailability of 50 nm PS nanoparticles varied between studies
from 0.2 percent to 2 percent (Walczak er al., 2015) to 7 percent (Jani et al., 1990). As
with microplastics, there does not seem to be a simple relation between uptake, size
and composition of the nanoparticles (Jani et al., 1990, Jani, McCarthy and Florence,
1992; Hillery, Jani and Florence, 1994; Hillery and Florence, 1996; Hussain, Jani and
Florence, 1997; Hussain, Jaitley and Florence, 2001; Walczak et al., 2015). Highly
variable uptakes of PS nanoparticles (from 50 nm to 500 nm) have been reported in
various iz vitro intestinal models ranging from 1.5 percent to 10 percent. The extent
of absorption depended on particle size, surface chemistry and type of in vitro model
(des Rieux et al., 2007; Kulkarni and Feng, 2013; Walczak ez al., 2015). In a direct
comparison of the movement of engineered carboxylated polystyrene nanoplastics
measuring 50 nm and 200 nm across a coculture of Caco-2 (enterocyte-like), HT29-
MTX (goblet cell-like) and Raji B (M cell-like) cells, it was found that the transport of
50 nm particles was about two orders of magnitude faster than that of 200 nm particles
(Mahler et al., 2012). Furthermore, transport of 200 nm PS particles was dependent
on temperature and greatly dependent on the presence of M cells, while movement of
50 nm PS particles was independent of these variables (Mahler et al., 2012).

Once nanoparticles have been absorbed, whole body distribution has been shown.
For example, after intravenous injection of various sized gold nanoparticles (from
10 nm to 250 nm) in rats, the smallest particles appeared to be widespread and were
found in the liver, spleen, heart, lungs, thymus, reproductive organs, kidney, and even
in the brain (i.e. crossed the blood-brain barrier). The largest particles were mainly
found in the liver and spleen (De Jong et al., 2008). Some nanoparticles were capable
to cross biological barriers and potentially access, for example, the brain, the testes
and the foetus. Using an ex vivo human placental perfusion model, fluorescent PS
particles with diameters from 50 nm to 240 nm were found to be taken up by the
placenta in a size-dependent manner (i.e. the transplacental transfer was greater for
smaller particles) (Wick et al., 2010). Particles sized 500 nm were mainly retained in
the maternal circulation or placental tissue, with a low concentration detected in the
foetal circulation.

Summarizing (Table 6.1), translocation across the epithelium has been demonstrated
for many types of nanoparticles which may result in access to many organs such as
the liver, spleen, heart, lungs, thymus, reproductive organs, kidney and the brain.
In addition to the blood-brain barrier, the placental barrier may also be crossed.
Nanoplastics, other than polystyrene particles, have not been studied yet, and in vivo
human data on the absorption of nanoplastics are not available (Bouwmeester, Hollman
and Peters, 2015; EFSA, 2016). It should be realized that uptake and distribution of
nanoparticles very much depend on the chemical nature of the material along with size,
shape and other physicochemical properties (EFSA, 2009). Thus, extrapolations from
studies on one kind of nanomaterial should be made with caution.
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TABLE 6.1

Fate of microplastic and nanoplastics in mammalian bodies as a function of particle size
Microplastics Nanoplastics
(0.1-5000 pm) (1-100 nm)
> 150 pm no absorption

< 150 pm in lymph
absorption < 0.3%

=110 ym in portal vein

<20 pm access into organs
(20000 nm)

< 100 nm access to all organs, translocation of blood-brain and
placental barrier

Absorption up to 7%

6.2.2 Toxicity of micro- and nanoplastic particles

In general, after oral ingestion the largest fraction (> 90 percent) of the ingested micro-
and nanoplastics will be excreted via faeces (EFSA, 2016). As described in Section 6.2.1,
only plastic particles smaller than 150 pm (by definition the smallest microplastics and
all nanoplastics) may translocate across the gut epithelium, causing systemic exposure.

It may be expected that micro- and nanoplastic particles will most likely interact
with the immune system, not in the least because they can be taken up by phagocytic
cells. Experiments in rodents on intraperitoneally injected or inhaled microplastic and
nanoplastic beads collectively showed that they activate T-cells® and are phagocytized
by macrophages, which traffic the particles to the lymph nodes (e.g. Tomazic-Jezic,
Merritt and Umbreit, 2001; Blank ez al., 2013). ). A mouse study with very high doses
of 5 and 20 pm polystyrene particles (from 2 x 10* to 150 x 10* items per animal per
day) observed liver inflammation, and changes in metabolic profiles suggesting effects
on energy and lipid metabolism, and oxidative stress (Deng et al., 2017). Some of the
aforementioned effects have been corroborated by i vitro studies (Seydoux et al.,
2014) and were more pronounced with smaller plastic beads and differed between
various polymers. Interactions of micro- and nanoplastics with the immune system
may potentially lead to immunotoxicity and might be associated with several adverse
outcomes: 1) immunosuppression (decreased host resistance to infectious agents and
tumours); 2) immune activation (increased risk of developing allergic and autoimmune
diseases); and 3) abnormal inflammatory responses (chronic inflammation, tissue or
organ damage and dysfunction) (EFSA, 2016). However, such effects have so far not
been reported in humans. Furthermore, it may be expected that diseases related to the
GI tract could potentially be worsened, since most of the particles will be deposited in
the GI tract and may interact with bioprocesses at that site (Powell, Thoree and Pele,
2007; Handy er al., 2008), including those in microbiota.

The medical literature (listed in Table 6.2) related to air quality and surgical plastic
materials contains information on the impact of micro- and nanoplastics in humans.
The inhalation of small particles of plastic may be relevant to the ingestion of plastics
(Wright and Kelly, 2017), because the same type of epithelial tissue is involved. Micro-
and nanoplastics released from surgical materials may mimic effects of absorbed
particles that have entered the bloodstream and tissues. The medical literature
documents impacts from polyethylene (PE), PS, Poly(methyl methacrylate) (PMMA)
and polycarbonate (PC) particles ranging from 20 nm to 55 pm in size (Table 6.2).
Effects are demonstrated at several levels of suborganismal biological organization,
from oxidative stress at the cellular level to lesions in organs. When researchers

8 T-cells are a type of lymphocyte (i.e. white blood cell) that play an important role in cell-mediated

immunity.
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TABLE 6.2

Medical literature on impact of microplastics and nanoplastics originating from inhalation and

surgical materials at various levels of biological organization

Level of biological Particle type and Effect Reference
organization size
Macromolecules PE 100 nm-30 pym DNA damage, Gelb et al., 1994; Brown et al.,
PS 50 nm—4.7 ym changes in gene 2001; DeHeer et al., 2001; Gretzer
PMMA 1 pm-2 um and protein et al., 2002; Petit et al., 2002;
PC 1 55 expression Ingram et al., 2004; Clohisy et al.,
pm pm 2006; Kaufman et al., 2008; Markel
et al,, 2009; Huang et al., 2010;
Hallab et al., 2012; McGuinness et
al., 2011; Samuelsen et al., 2009;
Smith and Hallab 2010; Pearl et al.,
2011
Organelles” PMMA 10 um more micronuclei Zhang et al., 2008
Cells PS 20 nm-4.7 pym cell clotting, Gelb et al.,, 1994; Brown et al.,
PE 300 nm-10 um necrosis, apoptosis, 2001; Gretzer et al., 2002; Bernard
PMMA 2 um—35 um proliferation and et al., 2007; Fréhlich et al., 2009;
H M loss of cell viability Samuelsen et al., 2009; Hallab et
PS 20 nm-200 nm Oxidative stress al., 2012; McGuinness et al., 2011
PS 60 nm-200 nm Increased Ca ions
Tissues PE 600 nm-21 y, inflammation and Gelb et al.,, 1994; Clohisy et al.,
PMMA 1 pm-35 pm bone osteolysis 2006; Markel et al., 2009; Pearl et
al., 2011
Organs PMMA 1 pm-10 pm lesions Zhang et al., 2008; Pearl et al., 2011

“An organelle is a specialized subunit within a cell (e.g. mitochondria) with a specific function.
PE (Polyethylene), PS (Polystyrene), PMMA (Poly(methyl methacrylate)), PC (Polycarbonate).

investigated impacts of inhalation, they observed oxidative stress, changes in calcium
ion concentrations, changes in gene and protein expression, proliferation of cells and
cellular necrosis. Studies with plastic prostheses observed changes in expression of
genes and proteins, damage to DNA, compromised immune cells, cellular proliferation
and necrosis, inflammation in tissues, osteolysis, and lacerations of tissue. In addition,
in vitro studies that exposed human cells to these types of micro- and nano- plastics
have found impacts related to oxidative stress, changes in protein expression, damage
to DNA, cellular apoptosis (i.e. programmed cell death) and necrosis, and cell clotting.

In contrast to nanoplastics, the toxicity of engineered nanomaterials, such as metal
and metal oxide particles, have been more widely studied and various toxic effects have
been found, (reviewed by Bouwmeester et al., 2009). However, comparisons between
nanoplastics and engineered nanomaterials are very tricky owing to the roles played by
the chemical nature of the material along with size, shape, surface chemistry and charge
(reviewed by Bouwmeester et al., 2009). These characteristics differ substantially
between these types of particles. Examples of toxic responses of engineered metal/
metal-oxide nanomaterials are the production of reactive oxygen species (ROS) and
associated inflammation, liver and kidney damage, secondary genotoxic effects and
immune effects, which result from the release of metal ions (dissolution) and are
therefore not applicable to nanoplastics.

In conclusion, because of a general lack of experimental data, the risk of toxicity of
micro- and nanoplastic particles after oral uptake in humans cannot be evaluated.

6.2.3 Contaminants and additives associated with microplastics in seafood

Plastic additives

Toxicity

Toxicity of major plastic additives has been extensively studied, and there is some
concern on disruption of human endocrine function by phthalates, bisphenol A (BPA),
and polybrominated bisphenols, such as Tetrabromobisphenol (TBBPA) (reviewed
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in Meeker, Sathyanarayana and Swan, 2009; Talsness er al., 2009; Halden, 2010).
Data on toxicity has already been briefly described in section 3.4. Besides the above
mentioned plastic additives, a diversity of chemical classes of endocrine disrupting
chemicals, including persistent organic pollutants are identified in a United Nations
Environment Programme (UNEP) and World Health Organization (WHO) report
(UNEP/WHO, 2013). UNEP/WHO (2013) concluded that there is a high incidence of
many endocrine-related disorders in humans, whereas increasing trends are noticeable.
Although chemicals with endocrine disrupting properties affected disease outcomes

in animal models, the extent to which observations in these experimental models are
relevant to humans is still unclear (UNEP/WHO, 2013).

Exposure from the whole diet
Total dietary exposure to flame retardants in Europe was studied by the European
Food Safety Authority (EFSA) (EFSA, 2011). For average consumers the intake of
Polybrominated diphenyl ethers (PBDEs) (BDE-47, -209, -153, and -154) ranged, in
nanograms (ng) per kg of body weight (b.w.) per day, from 0.70 ng/kg to 5.7 ng/kg
b.w. per day. The Joint FAO/WHO Expert Committee on Food Additives (JECFA)
reported a dietary intake of total PDBE congeners of approximately 4 ng/kg b.w. per
day for adults and up to 100 ng/kg b.w. per day for breasfed infants. JECFA recognized
the preliminary nature of the data on PDBE concentrations in food and human milk
which added considerable uncertainty to the dietary intake estimates (WHO, 2006).
EFSA measured the total dietary intake of bisphenol A (BPA) and found an average
of 130 ng/kg b.w. per day. A temporary Tolerable Daily Intake (TDI)’ of 4 pg BPA/
kg b.w. per day was proposed (EFSA, 2015a). Data published by FAO/WHO showed
that the exposure of adults to BPA was from less than 0.01 to 0.4 pg/kg b.w. per day
at the mean and 0.06-1.5 pg/kg b.w. per day at the 95th/97.5th percentile. For young
children and teenagers, mean exposure was 0.1-0.5 pg/kg b.w. per day, and exposure at
the 95th/97.5th percentile was 0.3-1.1 pg/kg b.w. per day (WHO, 2011).

Plastic monomers and polymers

Toxicity

The extent to which plastics tend to disintegrate into subunits is a function of multiple
factors, including the type and age of the plastic polymer as well as the environmental
conditions of use and weathering, such as temperature, irradiation, pH, etc. (Akbay
and Ozdemir, 2016; Yang et al., 2011). Release of monomers and oligomers from the
most widely used plastics and their toxicity have already been described in section 3.4.

Exposure from the whole diet
Data for BPA have been given in the above section on plastic additives. For other
monomers and polymers there are no data available on exposure from the diet.

Persistent, bioaccumulative and toxic compounds (PBTs)

Toxicity

PBTs have been reported to cause a variety of effects including immunologic,
teratogenic, reproductive, carcinogenic and neurological effects (Kodavanti er al.,
1998), and extensive programs have been set up throughout the world to monitor their
presence in the environment and in foods.

? A Tolerable Daily Intake (TDI) is an estimate of the amount of a substance in air, food or drinking
water that can be taken in daily over a lifetime without appreciable health risk.
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Exposure from the whole diet

Trophic transfer of these persistent pollutants within the marine food webs is well-
documented (see section 4.3.1, and reviewed in EFSA, 2016), and factors have been
studied that determine the extent of trophic transter (Wan et al., 2005).

EFSA monitored 6 indicators for non-dioxin like Polychlorinated biphenyls (PCBs)
in food available on the European market (EFSA, 2012), and estimated an average
total dietary exposure between 4.3 ng PCBs/kg and 25.7 ng PCBs/kg b.w. per day; the
95 percentile was between 7.8 ng/kg and 53.7 ng/kg b.w. per day. Fish, meat and dairy
products appeared to be the highest contributing food groups to the dietary exposure
of PCBs. Data of JECFA on the total dietary intake of these indicator non-dioxin like
PCBs were similar, and ranged from 1 ng to 83 ng PCBs/kg b.w. per day (WHO, 2016).

The median dietary exposure of Polyaromatic hydrocarbons (PAHs) across
European countries was calculated by EFSA both for average and high dietary
consumers. For average European Union consumers a median exposure of 28.8 ng/
kg b.w. per day was found (EFSA, 2008). The two highest contributors to the dietary
exposure were cereals and seafood. JECFA estimated the mean intake of benzo[a]
pyrene (as a marker for PAHs) to be 4 ng/kg b.w. per day, whereas the high intake was
estimated at 10 ng/kg b.w. per day (WHO, 2006).

The mean total dietary intake of Dichlorodiphenyltrichloroethane (DDT) and
related compounds (DDE and DDD) in Europe ranged from 5 ng/kg b.w. per day to
30 ng/kg b.w. per day. Food of animal origin was the major source of DDT exposure

(EFSA, 2006).

Pathogens

Although it has been documented that plastic debris can act as a substrate for diverse
microbial communities (see sections 3.4 and 5.6.5), sufficient data on the occurrence of
pathogens on microplastics are lacking to include pathogens in the risk profiling.

6.3 CASE STUDY: BIVALVE CONSUMPTION

6.3.1 Rationale for species selection

Seafood is one major source of dietary microplastics to humans. Although finfish is the
predominant seafood, it is likely not a large source of microplastics, because in most
cases the gut is not consumed (see section 5.5). Similarly, peeling of shrimps removes
the gastrointestinal tract together with the microplastics (see section 5.4). For Norway
lobster (Nephrops norvegicus) very little quantitative information on microplastics
exists, and in general the gastrointestinal tract is also removed before consumption.
Thus, bivalves are likely the largest source of microplastics from seafood to humans
because they are consumed whole. As data on occurrence of microplastics were only
available for mussels to some extent, mussels were selected as a case study.

6.3.2 Exposure assessment

Human intake of microplastics from seafood has been estimated from 1 particle per day
(Vandermeersch er al., 2015) to 30 particles per day (Van Cauwenberghe and Janssen,
2014) depending on seafood consumption habits. A worst case exposure scenario was
based on a portion of 225 g of mussels eaten by French volunteers (EFSA, 2016).
According to Table 5.1, Chinese bivalves contained the highest number of microplastics:
median value of 4 particles/g of tissue (Li et al., 2015). Thus, consumption of such a
portion of mussels (225 g) would lead to ingestion of about 900 microplastic particles.
Assuming spherical particles with an average particle size diameter of 25 pm (Van
Cauwenberghe and Janssen, 2014) and a density of 0.92 g/cm® (density of low density
polyethylene (LDPE), the most common polymer type of microplastics (Bouwmeester,
Hollman and Peters, 2015)), these 900 plastic particles would represent 7 pg of plastics,
or 0.1 pg/kg b.w., assuming an average human individual of 70 kg. In the following,



Risk profiling of microplastics in aquaculture and fishery products

63

the highest reported contents of contaminants and additives in microplastics were used
(see section 5.6) to calculate exposure via microplastic ingestion. Furthermore, the total
dietary intake of these chemicals has also been described in these sections. Based on
these assumptions and data, the contribution of microplastics in mussels to the total
dietary exposure to contaminants and additives was estimated (Table 6.3).

As a result, it can be concluded that microplastics contribute only a very small
fraction of the total dietary intake of contaminants: PAHs from 0.02 percent to
0.1 percent, PCBs from 0.007 percent to 0.03 percent, and DDT from 0.0000002 percent
to 0.004 percent (Table 6.3). The contribution of microplastics to the dietary intake of
additives is even smaller: BPA from 0.000005 percent to 0.00002 percent, and PBDEs

from 0.0007 percent to 0.003 percent (Table 6.3).

TABLE 6.3

Comparison of the calculated intake of contaminants and additives (worst case scenario) directly from
microplastics in seafood and the total dietary intake of these compounds

Compound Highest concentration Calculated intake Total intake from Ratio intake
in microplastics from microplastics the diet microplastic/total
(see section 5.6) (pg/kg bw/day) (pg/kg bw/day) dietary intake
(ng/g) (%)
Contaminants
Non-dioxin like PCBs 2970 0.3
EFSA, 2012 4 3002 0.007
JECFA, 2016 1 000° 0.03
PAHs 44 800 45
EFSA, 2008 28 800° 0.02
JECFA, 2006 4 000¢ 0.1
DDT 2100 0.2
EFSA, 2006 5 000¢ 0.004
JECFA,1960 100 000 000! 0.0000002
Additives/monomers
Bisphenol A 200 0.02
EFSA, 2015a 130 000° 0.00002
FAO/WHO, 2011 400 000° 0.000005
PBDEs 50 0.005
EFSA, 2011 7009 0.0007
JECFA, 2006 185h 0.003
NP 2 500 0.3 NA
oP 50 0.005 NAI

2 lowest intake of 6 indicators of non-dioxin like PCBs, representing about 50 percent of all non-dioxin like PCBs
b median intake (EFSA, 2008)

¢ mean intake of benzo[a]pyrene (JECFA)
dlowest intake, DDT and related compounds (EFSA, 2006)
¢ average intake adults (EFSA, 2015a)

f lowest intake FAO/WHO

9 lowest intake, sum of BDE-47, -209, -153, -154 (EFSA, 2011)

" lowest intake JECFA

" NA: dietary intake not available from EFSA or JECFA

i provisional tolerable daily intake (JECFA)
Note: PCBs (Polychlorinated biphenyls), PAHs (Polycyclic aromatic hydrocarbons), DDT (Dichlorodiphenyltrichloroethane), PBDEs
(Polybrominated diphenyl ethers), NP (Nonylphenol), OP (Octylphenol)

6.3.3 Hazard and risk characterization

Only very recently one peer-reviewed toxicity study of microplastics in mice was
published (Deng et al., 2017), whereas toxicity studies on nanoplastics in rodent
species are lacking. These types of studies usually form the basis of a risk assessment
for humans. As these data are very incomplete or lacking, a formal hazard and risk



64

Microplastics in fisheries and agquaculture

characterization of the health effects of the plastic particles is not possible. However,
concerning contaminants and additives, even if a worst case scenario is followed, the
estimated resulting exposure via microplastics in seafood is less than 0.1 percent of the
total dietary intake of these compounds (Table 6.3). This low contribution of seafood
may even be overestimated considering that the diet is not the only route of exposure.
For several of the chemicals considered, also inhalation (e.g., PCBs and PBDEs via
indoor dust) and/or dermal uptake (e.g. BPA from thermal paper used in cash registers
or credit card terminals) are relevant. De Boer er al. (2016) argued that for flame
retardants in humans, dust may pose a bigger risk than food. Note that inhaled dust
partly consists of polymeric material originating from clothing and textiles, among
other sources (Wright and Kelly, 2017).

In these calculations a worst-case assumption was made that when the microplastics
are ingested, these chemicals are completely released from the particles. In addition, the
highest content of microplastics in bivalves (see section 5.3) and the highest reported
contents of contaminants and additives in microplastics (see section 5.6) were used,
whereas the lowest or median dietary intakes of these chemicals from the diet were
chosen (see section 6.2.3). For additives, a previous EFSA worst case calculation
resulted in a higher dietary contribution, because an average content of additives in
microplastics of 4 percent (EFSA, 2016) was used. The one presented in this report
used actually measured concentrations of PBDEs and BPA in microplastics, leading
to lower more realistic ratios. From Table 6.3, it can be concluded that the effect of
consumption of microplastics on the intake of contaminants and additives is very likely

negligible.

6.4 LIMITATIONS AND FURTHER RESEARCH
The risk profiling of micro- and nanoplastics in seafood made in the previous sections
is hampered by a number of limitations.

First of all, data on the occurrence of microplastics in seafood are rather limited and
most data originate mainly from European countries. A very important aspect of the
occurrence of microplastics in seafood is the particle size distribution. It is evident that
particles (>150 pm) are not absorbed and research programs should therefore primarily
focus on quantifying microplastics < 150 pm, which certainly is not common practice
yet.

Although it is evident that nanoplastics are present and can be formed out of
microplastics, no data are available on their occurrence in seafood. Before data on
nanoplastics in seafood can be generated, analytical methods for nanoplastics will
have to be developed. This will require a focused research program to develop novel
methods, because methods for microplastics cannot be adapted to measure nanoplastics
in food. Data on nanoplastics are essential, given the fact that nanoplastics are very
likely to translocate across the gastrointestinal wall and also will result in a widespread
tissue distribution.

Toxicological data on the effects of micro- and nanoplastics as such, are essentially
lacking and will be indispensable for food risk safety assessment. The available data
on toxicokinetics of micro- and nanoplastics only include absorption and distribution,
whereas no information is available on metabolism and little on excretion. There is a
lack of knowledge on the local effects of micro- and nanoplastics in the human GI tract,
and their effects on microbiota. It is not known whether ingested microplastics can be
degraded into nanoplastics.

Also, no data are available on the potential impact cooking and/or processing
seafood at high temperature may have on the toxicity of microplastics in seafood
products.
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Comparison of the calculated intake of contaminants and additives (worst case
scenario) directly from microplastics in bivalves, with published data on the total
dietary intake of these compounds in human populations, showed that the contribution
of microplastics is very likely negligible (<0.1 percent). This estimation is based on
information for non-dioxin like PCBs, PAHs, DDT and related compounds, BPA and
PBDEs. No sufficient information was available to extend this evaluation to dioxins,
Nonylphenol (NP), Octylphenol (OP), phthalates, and other plastic monomers.

The aforementioned limitations in our knowledge define the areas where further
research is needed: analytical methods, especially for nanoplastics, occurrence of
microplastics (<150 pm) and nanoplastics in seafood, and toxicological research on
microplastics (<150 pm) and nanoplastics.
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7. Conclusions

7.1 AQUATIC ENVIRONMENTS

Microplastics are currently a ubiquitous contaminant in aquatic (sea, freshwater and
estuarine) environments, and have been detected in all compartments: beach sediments,
sublittoral and deep sea sediments, water surface and water column. There is a large
spatial variability in the distribution of microplastics in aquatic environments and
differences amount to several orders of magnitude between studies.

Plastic contamination of aquatic environments has been increasing since industrial
high volume polymer production commenced in the 1950s. As production levels
continue to increase, it is likely that plastic related contamination will continue to
increase in the foreseeable future. As this plastic debris degrades, fragmentation will
continue to shift the particle distribution from large plastics to smaller micro- and
nanoplastics in aquatic environments, even in the absence of new inputs. Thus, the
problem of micro-nanoplastic pollution will only increase in future years.

The entry rate of primary microplastics and the production rate of secondary
microplastics in the marine environment have not been quantified adequately on a
global or local scale. Very little information exists on the relative contribution of
different types of plastic and associated chemicals, and how this has varied with
time. This limits the degree to which projections can be made of future trends of the
potential effects of microplastics on fisheries and aquaculture.

The distribution of floating microplastics in surface waters shows considerable
variation at all spatial scales. Such variations can be explained by ocean circulation
patterns and mixing process, combined with the geographical and temporal variations
in probable input rates (derived from proxy data such as coastal population densities
and main shipping routes). The relative distribution of floating microplastics has been
modelled on a global scale based on well-constrained ocean circulation models and
input assumptions, but the model outputs have only been partially validated using
observational data.

Very little information exists on the distribution of microplastics in the water
column, where many species of fish feed (i.e. mesopelagic fish). Plastic particles that
were originally buoyant, may have been incorporated with other denser material, such
as faecal pellets, or developed biofilms that increased particle density.

Many types of plastic are denser than seawater and will sink once any initial
buoyancy is lost (e.g. fishing gears), and there is evidence that microplastics settle
in bottom sediments, from the littoral zone down to deep ocean depths. This may
be relevant for many species of fish and shellfish which either live in or feed at the
sediment surface. In general, sediments show higher concentrations of microplastics
than water samples. However, data collection is problematic, especially in deeper
waters. More data are available for the littoral zone, which has revealed the presence of
relatively large quantities of plastic fibres near urban centres, for example. Overall there
is very limited information on the distribution of microplastics in sediments.

The Fisheries and aquaculture sector contributes to microplastic contamination but
its overall quantitative contribution is as yet poorly understood. Abandoned, lost or
otherwise discarded fishing gears (ALDFG) are thought to be the main contributor of
this sector to the generation of microplastics in aquatic environments.



68

Microplastics in fisheries and agquaculture

7.2 AQUATIC ORGANISMS

Microplastic ingestion by aquatic organisms has been confirmed in laboratory and
field work, including in commercial species. In aquaculture only bivalves have been
surveyed. The number of microplastics observed in the gut contents of farmed and
wild aquatic animals, including commercial fish species, is usually low. However,
observations are not yet comprehensive in terms of the range of species of interest and
their geographical distribution.

Trophic transfer of microplastics has been observed under laboratory conditions,
but at present there is no direct evidence of trophic transfer in natural conditions. It
is not likely that microplastics are accumulated through trophic transfer because the
majority of the microplastics will not translocate into the tissues of their hosts.

A critical evaluation of the scientific literature regarding transfer of Persistent
Bioaccumulative and Toxic compounds (PBTs) from microplastics to marine animals,
including model calculations based on experimental studies, concluded that microplastic
ingestion by marine organisms is not likely to increase exposure to PBTs in these
organisms. Similarly, transfer of additives from ingested microplastics appears to
have a negligible effect on the total exposure to additives as was demonstrated for
Nonylphenol (NP) and bisphenol A (BPA).

Metabolic and physiological negative responses have only been observed under
laboratory conditions, where in most cases very high levels of microplastics were
tested under exposure scenarios that were not representative of natural environmental
conditions.

7.3 SEAFOOD SAFETY

The amounts of microplastics ingested by humans as a result of consuming seafood are
poorly quantified. This is in contrast to well established practices to estimate the intake
of a wide variety of contaminants by the human population from seafood consumption.

Thedigestive tract of marine organisms contains the largest quantities of microplastics.
However, this part is normally discarded before consumption, except for most
bivalves, some echinoderms and several small species of fish which are eaten whole.
As an example, a worst case estimate of exposure to microplastics after consumption
of a portion of mussels (225 g) would be 7 pg of plastics. Based on this estimate
and considering the highest concentrations of additives or contaminants reported in
microplastics, and assuming complete release from microplastics, the microplastics
will have a negligible effect on the total dietary exposure to PBTs and plastic additives.
These contaminants are estimated to contribute only <0.1 percent of the total dietary
exposure to these compounds.

As far as it is known, only microplastics smaller than 150 pm may translocate across
the mammalian gut epithelium causing systemic exposure. However, the absorption
of these microplastics is expected to be limited (< 0.3 percent). Only the smallest
microplastic fraction (size < 20 pm) may penetrate into organs and cause systemic
exposure. Most likely, microplastics will interact with the immune system but reports
in humans are lacking. Adverse effects in humans have only been reported after
inhalation and by plastic prostheses. Therefore, research should focus primarily on the
smaller (< 150 pm) microplastic fraction.

Nanoplastics can be produced during fragmentation of microplastics and can
originate from particles used in industrial processes. However, nothing is known on
the occurrence of nanoplastics in aquatic environments and in fishery and aquaculture
products, although their presence can be speculated from knowledge of industrial uses,
laboratory experiments on degradation, and hydrocarbon-degrading microorganisms.

Nanoparticles can translocate across the gut epithelium resulting in systemic
exposure, and a very wide distribution in all organs is likely. However, specific data
for nanoplastics are not available. Toxicological data for nanoplastics are lacking, even
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though some adverse effects in humans have been reported after inhalation and by
plastic prostheses. Finally, it is likely that ingested nanoplastics will interact with the
immune system.

Although nanoplastics may pose significant concerns, the data that are needed to
perform a full food safety risk assessment of nanoplastics in seafood are completely
lacking.

Whereas the overall human health risks posed by microplastics in seafood at present
appear to be low, it is important to consider the unavoidable increase of micro- and
nanoplastics in the future as a result of degradation of plastics already released in the
environment as well as future inputs.
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8.

Policy-relevant
recommendations

The following recommendations are presented for the consideration of stakeholders,
including policy makers, decision makers, government authorities, fisheries,
aquaculture, and seafood industry and retailers, civil society and private sector
organizations, consumers, academics and researchers, as concerned with, and interested
in the occurrence and impacts of microplastics on fisheries and aquaculture resources,
associated seafood safety and human health aspects:

1.

10.

11.

12.

Recognize that occurrence and potential impacts of microplastics in fisheries
and aquaculture deserve to be studied.

Consider applying environmental risk assessment approaches to potential
microplastic contamination impacts on fisheries resources and aquaculture
operations.

Recognize potential impacts of microplastics on seafood quality and safety.
Recognize that data and knowledge gaps exist for risks of small microplastics
(less than 150 pm) and nanoplastics in seafood, and consider applying risk
analysis approaches.

Adopt food safety risk analysis frameworks (i) to evaluate hazards and risks to
consumers of seafood contaminated with microplastics and (ii) to determine
decisions and measures to ensure effective consumer protection and viable
seafood trade.

Facilitate and promote cost-effective and well-targeted monitoring of
microplastics in the environment, biota and seafood products (market sampling)
and promote capacity building and implementation of best practices in
monitoring and the review of (i) microplastics contamination of seafood and
(i1) microplastics contamination effects on fish resources.

Develop and promote the most appropriate approaches for monitoring
microplastic contamination levels in commercial fish resources and the impacts
of microplastic contamination on fish and fisheries products.

Strengthen and harmonize analytical methods used for detection and
quantification of microplastics and nanoplastics, and ensure appropriate risk-
based interpretation of results.

Communicate actively and adequately about hazards and risk management of
microplastic contamination of seafood to the general public, food safety and
consumer protection authorities, fisheries and aquaculture agencies as well as to
the seafood industry.

Promote cooperation between national and regional authorities, industry
and stakeholders concerned with effects of microplastic and nanoplastic
contamination and pollution impacts in fisheries, aquaculture and seafood
supply chains.

Raise awareness of the appropriate authorities (central, regional and municipal),
sectors (industry, transport, etc.) and consumers of microplastic issues (impacts,
sources and mitigation), and links to industry practices and other sources.
Recognize responsibilities of contributors to microplastic contamination
including fisheries and aquaculture as well as other sources such as industry,
sewage, transport, etc.
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13.

14.

15.

Raise awareness of fisheries and aquaculture sector stakeholders on the
importance of managing plastic-based gears, equipment use and inputs and
preventing loss or release of microplastic-generating gears.

With a view to reducing and avoiding impacts on fisheries, aquaculture and

seafood supplies and consumers, other sectors contributing to microplastic

pollution should consider addressing the following selection of recommendations

(UNEP, 2016) that were developed for the 2016 United Nations Environment

Assembly (UNEA-2), such as:

1. While prevention is key, improving waste collection and management is the
most urgent short-term solution to reducing plastic inputs, especially in
developing economies.

ii. Long-term solutions include improved governance at all levels as well as
behavioural and system changes, such as a more circular economy and more
sustainable production and consumption patterns.

iii. Review existing regulatory frameworks, institutional arrangements and
other instruments related to marine litter and their enforcement to identify
synergies and gaps as well as potential solutions to address gaps globally and
regionally.

iv. Strengthen and increase cooperation at all levels, including international
multi-stakeholder initiatives such as the Global Partnership on Marine
Litter.

v. Quantify the relative contributions of all critical land-based and sea-based
sources and investigate pathways of marine litter, including macrolitter and
microliter.

vi. Prioritize actions for marine litter mitigation, including through the
identification of hotspots and the examination of future scenarios, by the
use of best available technologies (e.g., models and simulations).

vii. Develop cost-effective monitoring and assessment strategies with regard
to marine litter at all levels, taking into account existing programmes,
especially at the regional level.

viil. Using the precautionary principle and taking into account that there is
unequivocal and quantified evidence of the degree of impact of marine
plastic debris, reduce marine litter sources through measures such as
market-based instruments and regulatory frameworks.

ix. Support efforts to promote a life cycle approach to plastic products,
including the consideration of the degradation of different polymers and the
rate of fragmentation (in the marine environment).

x. Strengthen education and awareness measures on marine litter by:
(2) Introducing elements into educational curricula at all educational levels;
and (b) Providing educational and outreach materials targeted to specific
interest groups and range of ages to promote behavioural change.

International organizations (such as the Food and Agriculture Organization of the

United Nations (FAO), the United Nations Environment Programme (UNEP),

the Intergovernmental Oceanographic Commission (IOC), the World Health

Organization (WHO), others) as well as regional organizations (regional fisheries

organizations, regional seas programmes, others) should collaborate on increasing

knowledge and addressing microplastic and nanoplastic contamination of aquatic
environments and potential impacts on food safety and fishery and aquaculture
resources. Advisory Bodies such as the Joint Group of Experts on the Scientific

Aspects of Marine Environmental Protection (GESAMP) and the Joint FAO/WHO

Expert Committee on Food Additives (JECFA) should work on specific aspects of

contamination of the environment and seafood with microplastics and nanoplastics.
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9. Research needs

Microplastic research is a relatively new and rapidly growing area of scientific interest.
There is still much to be done in order to increase knowledge on, for example, the entry
rate of primary microplastics and the production rate of secondary microplastics, as
well as their fate in aquatic environments, the relative contribution of different plastic
compounds and their associated chemicals to microplastic contamination, the relative
contribution of the fisheries and aquaculture sector to microplastics contamination, the
possible impacts of microplastics at the population and community levels of ecological
organization, and the possible impacts on fisheries and aquaculture resources. While
recognizing that research needs exist in both realms of ecology and seafood safety, this
section lists specific needs with a high emphasis on food safety.

9.1 MICROPLASTICS:

1. Analytical methods for the detection and quantification of microplastics in the
environment (water, sediments and biota) and food should be standardized, with
a focus on the smaller (less than 150 pm) particles. After this, occurrence data,
including particle size, must be generated, to be used for exposure assessment of
dietary intake.

2. Toxicological data on microplastics must be generated and the most common
polymers need to be considered during this process. The smaller particles
(less than 150 pm) are potentially more hazardous and their study should be
prioritized.

3. Further data on translocation of microplastics containing the most common
polymers should be generated for aquatic organisms and humans; and studies on
microplastics as sources of pathogens to fishery and aquaculture products and
humans need to be carried out.

4. No data are available on the impact of cooking or processing seafood at high
temperature on the potential toxicity of microplastics. Data are required on
the resultant physical and chemical changes in microplastics, as well as on the
chemical interactions between nutrients and microplastics.

9.2 NANOPLASTICS:

1. Analytical methods for the detection and quantification of nanoplastics in
the environment (water, sediments and biota), food, human tissues and blood
should be developed and standardized. After this, occurrence data must be
generated, which could be used for exposure assessment of dietary intake.

2. Toxicological data on nanoplastics need to be generated where the most
common polymers must be considered and the intake data of those should be
further developed.

3. Further data on translocation of nanoplastics composed of the most common
polymers should be developed for aquatic organisms and humans; and studies
on nanoplastics as sources of pathogens to fishery and aquaculture products and
humans need to be carried out.

4. No data are available on the impact of cooking or processing seafood at high
temperature on the potential toxicity of nanoplastics. Methods should be developed
to analyse the resultant physical and chemical changes in nanoplastics, as well as on
the chemical interactions between nutrients and nanoplastics.
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Annex 1. Sampling of microplastics
in aquatic environments and
organisms

A1.1 SAMPLING CONSIDERATIONS FOR ABIOTIC ENVIRONMENTS

Before commencing the identification of microplastics in the environment several
sampling factors should be taken into account. First, replicability of the study should
be considered. For example can replicable results be obtained if samples are collected
a week, a month or even a year later? Second, is the method used similar to previous
research and will it allow comparisons between research groups in other geographical
regions? Third, can spatial and temporal differences in environmental conditions
of the survey be accounted for? Fourth, does the method of choice take steps to
prevent contamination? Several concerns have been raised regarding the assessment
of microplastic distribution due to a vast array of sampling methods utilized as well
as inconsistencies in the units reported (Lusher, 2015). Quantification of microplastics
in environmental samples is complicated by the size of the oceans, coastlines and
sample locations compared to the size of plastics being assessed (Cole et al., 2011).
Furthermore, microplastic distribution is confounded by patterns in spatial and
temporal variability (Doyle er al., 2011), which raises the question is the result a true
representation of microplastic contamination in the environment or merely a snapshot
in time? (See for example, Lima, Costa and Barletta, 2014 and Lima, Barletta and Costa,
2015 for more detail on the impact on seasonality).

There are several matrices in the environment (coastlines, water surface, water
column, seafloor and biota) where microplastics could be found, and there are several
different methods available to researchers to sample these matrices. There has been
some attempt to provide guidelines for sampling (e.g. Hanke er al., 2013; Masura et
al., 2015), although researchers regularly publish “novel” methods. Raising a final
question, how comparable are studies utilizing different methods? Results of studies
have been reported in different units, e.g. the number of microplastics in a known
volume of water (particles per m®) or an area measurement (particles per km?). This
discrepancy presents a problem when comparing between studies as it is not possible
to compare the results directly (Lusher, 2015). Therefore, it is paramount to gain
a better understanding of what variables can influence sampling and to implement
standardization of methods as far as possible.

Sampling of microplastics in different environments has been approached using
a variety of methods: samples can be selective, bulk, or pre-treated to reduce their
volume (Hidalgo-Ruz er al., 2012). This document will not go into detail as there
is ample literature available on methods for extraction of microplastics from water
samples (surface and water column), benthic sediment samples and beach samples (e.g.
Hanke er al., 2013; Hidalgo-Ruz ez al., 2012; Masura et al., 2015; Nuelle et al. 2014). In
short, selective sampling consists on direct extraction of particles from the environment
that are recognizable with the naked eye, such as the collection of pre-production
resin pellets from beaches (Fernandino et al., 2015). However, selective sampling is
only suitable if there is an aim to monitor specific items that are easily recognizable as
sampling can be conflicted by the presence of other debris, or lack of distinctive shapes.
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Bulk sampling is the collection of an entire volume of sample (water or sediment)
without reducing it. This enables a concentration of microplastics based on the sample
mass or volume. Bulk samples can be pre-treated to reduce their volume (by way of
sieving, density separation or filtering). Most studies use a combination of these steps
and follow with a validation step to visually accept particles based on characteristics or
through analysis of their molecular structure (e.g. Loder and Gerdts, 2015).

e Water samples are generally collected by way of sampling gears (such as
Neuston, manta or bongo nets) towed horizontally, vertically or obliquely
through the water column or at the water surface for a set period of time. The
sampling gears contain a mesh to capture particles. The sample collected in the
net will usually be separated into different size fractions by way of sieving. The
material can be separated by density, air dried or digested to remove organic
material. Remaining particles can be subjected to visual examination or chemical
analysis to identify and verify particles of synthetic origin (such as FTIR and
Raman spectrometry).

e Beach samples usually consist of a given area or volume of sediment being
collected (by spade, spoon or with a sediment corer) and sieved to remove large
items of debris. The small fraction can be separated by density to remove organic
material. The remaining material is visually analysed under a microscope and
potential plastics can be analysed chemically to verify their molecular structure.

e Benthic, or subtidal sediments can be sampled by way of core or grab sampler
(e.g. Reineck core or Van Veen grab). This can be conducted in shallow coastal
areas (Vianello ez al., 2013) to the deep sea (Van Cauwenberge ez al., 2013a). The
retrieved sample can be processed in much the same way as beach samples.

A1.2 BASIC SAMPLING CONSIDERATIONS FOR BIOTA

Sampling organisms from the wild needs to consider how the capture, handling and
processing steps could alter the presence of microplastics in individuals. Benthic
invertebrate species such as Norway lobster (Nephrops norvegicus) may be collected
using grabs, traps, and creels, or by bottom trawling (Murray and Cowie, 2011; Welden
and Cowie, 2016a). Fish species are generally recovered from surface, midwater and
benthic trawls. Some species can be collected from the wild by hand, this is common
practice for bivalves and crustaceans. Another method is direct collection from
shellfish or fish farms, or from commercial fish markets, where the capture method
is often unknown. Avoiding contamination and biases during sampling and sample
analysis is paramount, and mitigation protocols should be followed.

Handling stress, physical movement, and the physiological and behavioural
specificities of the sampled organism, may result in the loss of microplastics prior to
animal preservation. Gut evacuation times for animals vary between species, therefore
some animals might egest microplastic debris prior to analysis. In such cases, the time
between sample collection and the preservation of the animal must be as short as
possible. Care must also be taken to minimize handling stress or physical damage. This
will reduce the potential for microplastic regurgitation. The main cause of regurgitation
in fish is thought to be related to the expansion of gas in the swim bladder and the
likelihood of regurgitation increases with depth of capture (see Lusher er al., 2017).
To further account for this during sampling, if individuals have an empty stomach that
shows signs of recent emptying, the organisms should be discounted from analysis to
prevent sampling bias through regurgitation on capture. In addition, when organisms
are captured in nets, there is a possibility that they ingest microplastics while they are
retained in the codend. This is a concern when the mesh size of the net can collect
microplastics, for example, in manta nets (e.g. 0.33 mm).
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A1.3 AQUATIC ENVIRONMENTS

A1.3.1 Water column

The presence of microplastics in the water column and surface of freshwater and
marine water bodies is reported globally. The methods used are often dependent on the
equipment available, the target water depth and sampling conditions. Samples can be
collected at the water surface (e.g. manta net) or within the water column (e.g. vertically
hauled plankton nets). The Marine Strategy Framework Directive (MSFD) of the
European Union and the National Oceanographic and Atmospheric Administration
(NOAA) of the United States of America recommend the use of neuston tows or
manta nets for routine sampling as they can be used to sample a known area of water
which can be standardized (m? or km?) to compare between locations. These methods
are simple and can be easily conducted from research platforms, however, they are
not without imperfections. Sampling is highly dependent on the weather conditions;
high winds or currents can impact the volume of water entering the net as well as the
position of the net in the water. Surface sampling should only be conducted in calm
sea conditions, with minimal tide or waves. Sampling is further limited by mesh size
(commonly used 300 pm) and the likelihood of contamination from numerous sources
(deck storage, sampler, airborne fibres, etc.). This can result in both underestimation
from particles escaping capture as they pass through the net or vertical mixing moving
particles away from the sampling area, and overestimation from contamination. The
use of smaller mesh sizes can significantly increase the amount of plastics captured (e.g.
Song et al. 2014). A manta net is preferable for sampling where the target plastics are
>1 mm,as this method can sample alarge volume which increases the potential for capture
and contamination issues would be controlled by the size range. Other recommended
sampling methods include the Continuous Plankton Recorder (Thompson ez al., 2004),
underway pumps (Lusher er al., 2014) and epibenthic sledges (Lattin er al., 2004)
(Table A1.1).

A1.3.2 Beach sediments

There are different tidal zones on beaches: tide line, last high tide (strandline), back
beach and intertidal areas. Usually flotsam and large items of litter are deposited
within the high tide zones, but there does not appear to be any uniformity to areas
of microplastic accumulation. Methods used for beach sampling vary depending on
individual aims of surveys. Surveys targeting resin pellets on beaches can rely on
selective sampling by eye, but samples assessing microplastic fragments <1 mm require
more substantial methods. For example, methods employed include selective sampling:
picking particles with tweezers or by hand and using quadrats sampling a known area
of surface sediment or volume, and finally sediment cores for the vertical distribution
of plastics within sediment. Unfortunately, many of the methods of collection are
inconsistent and incomparable. Results are influenced by lower and upper size limits,
the sensitivity of the extraction methods and differences in reported units hampers
comparison between studies. As with sampling the water column, the choice of method
and approach utilized by researchers will determine the reporting units. Studies
utilizing beach quadrats generally report a unit of surface area (m?), however sampling
to a specific depth has a unit volume measurement (m?®). Sometimes researchers report
values in counts or weights, however, comparing the number of microplastics in a
known mass of sediment is confounded by varying water contents of different beach
areas (Van Cauwenberge et al., 2015). Sandy beaches and shorelines have been the
focus of microplastic abundance in sediments. However, the zone sampled can vary
among studies. Some will look at a specific location such as the high tide line, or
specific littoral zones, whereas other studies will follow a transect perpendicular to
the shoreline (Hidalgo-Ruz ez al., 2012; Van Cauwenberge ez al., 2015). As there is a
lack of uniformity between beach sediment studies, the distribution of microplastics
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on beaches is not fully understood. There are several different mechanisms that
could affect microplastic distribution on beaches including wind and water currents.
Once samples are collected they can be sieved to reduce volume and on return to the
laboratory density separation is the recommended step to separate microplastics from
sediments (see Table A1.2).

A1.3.3 Bottom sediments

Benthic sediments are suggested as along term sink for microplastics (Van Cauwenberghe
et al., 2015b). There are relatively few studies which identify microplastics in benthic
sediments but there is evidence of microplastics in the benthos from coastal areas
(Carson et al., 2013) to the deep sea (Van Cauwenberge et al., 2013a; Fischer et al.,
2015; Woodall ez al., 2014). Several different methods can be employed from grabs to
corers. Sediment is collected using ship based apparatus and returned to the vessel.
Volume measurements taken by cores can allow for the calculation of microplastics in
a known volume of sediment. As with beach sediments, density separation to remove
microplastics from denser organic material appears to be the most cost effective and
appropriate method and is recommended by the MSFD and NOAA.

A1.4 AQUATIC ORGANISMS

A1.4.1 Microplastic extraction

Several techniques have been developed to detect microplastics ingested by biota.
Irrespective of the organisms in question, methods for extracting microplastics from
biotic material include dissection, depuration, homogenization and digestion of tissues
with chemicals or enzymes (Lusher et al., 2017). In a large proportion of studies
researchers target specific tissues for the presence of microplastics. These tissues are
usually dissected out and visually assessed under a microscope. A review of published
literature found that studies focused primarily on the digestive tract (including the
stomach and intestine). Localization of microplastics <0.5 mm can be determined
by excising organs, such as the digestive tissues, liver or gills, or, where the research
question relates to risks of human consumption: edible tissues, such as tail muscles of
shrimp (Devriese ez al. 2015). Excision of the digestive tract has been used to ascertain
consumption of microplastics by vertebrates and invertebrates and is relevant for
microplastics > 0.5 mm in size. Microplastics present in dissected tissues can be isolated
using saline washes, density flotation, visual inspection or digestion.

Enumerating microplastics present in biota or excised tissues can be challenging
if biological material, microbial biofilms, algae and detritus mask the presence of
plastic particles. To isolate microplastics, organic matter can be digested, leaving only
recalcitrant materials (Table A1.3). Several different digestion protocols have been
developed (see Lusher et al., 2017) and include: acids (e.g. nitric acid, formic acid,
hydrochloric acid, alkalis (e.g. potassium hydroxide), oxidizing agents (e.g. hydrogen
peroxide) and enzymes (Proteinase K). To date the use of Potassium hydroxide
(KOH) seems to be the most appropriate strategy (Dehaut er al., 2016; Kithn et al.,
2016; Lusher ez al., 2017). Following digestion, chemical agents can be filtered to retain
any recalcitrant materials (e.g. undigested tissue, inorganic residue, microplastics).
Microplastics on filters can be visualized directly, transferred to slides, or extracted.

Density separation can be used in biotic studies to separate plastic particles from
organic material (although this is more common in sediment and water samples).
Density separation can also be useful in studies following digestion. Saturated salt
solutions, such as Sodium chloride (NaCl) (aq) allow the separation of less dense
particles where there is large amounts of inorganic matter (e.g. sand, chitin, bone) that
has not been dissolved. Density separation has been recommended by the MSFD.
NaCl is recommended because it is inexpensive and non-hazardous; however, the use
of NaCl could lead to an underestimation of more dense particles (>1.2 g cm™). Sodium
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iodide (Nal) and Zinc chloride (ZnCl2) solutions have been considered as viable
alternatives to NaCl (aq) (Horton et al., 2017a). Their high density makes them capable
of floating high-density plastics including polyvinyl chloride (PVC).

A1.4.2 Microplastic identification

Following the processing and preparation of target tissues, the quantity and types
of microplastics should be ascertained. Of the methods currently employed, visual
identification is most widely utilized; often in combination with one or more follow-up
analytical techniques. Researchers can use characteristics, including morphology and
density, to identify the presence of microplastics. Visual identification is based on the
morphological and physical characteristics of particles whereas chemical characteristics
are determined by more advanced analytical techniques. Visual identification is an
essential step in classifying microplastics, and is perfectly acceptable when supported
by subsequent polymer analysis of sub-samples. Visual identification can be conducted
using light, polarized or electron microscopy. Semi-automated methods, including
ZooScan, flow, cell sorters and coulter counters to allow for many samples to be
analysed; however, these require technical expertise and specialized equipment.
Scanning Electron Microscopes (SEM) produce high resolution images and have been
implemented in several studies (see Lusher ez al., 2017).

Visual identification is rapid, relatively cheap and can be conducted without the
need for additional technical staff and consumables; however, accurately differentiating
microplastics, particularly in the smaller size ranges, requires training and experience
or may not even be possible especially considering particle size < 50 pm. For bigger
particles criteria for visually identifying microplastics include: the absence of cellular
or organic structures; a homogeneous thickness across the particles; and homogeneous
colours and gloss. Plastics are largely classified by their morphological characteristics:
size, shape and colour. Size is typically based on the longest dimension of a particle;
size categories can be used where appropriate. When reporting microplastic shape,
researchers tend to use five main categories: beads, fibres, fragments, foams and films.
Finally, colours are often reported across a wide spectrum; colour differentiation
is subjective, and visual identification of microplastics cannot be based on colour
alone. Caution should be given to categorizing microplastics suffering embrittlement,
fragmentation or bleaching, or encrusted with biota, as this may skew results.

Due to the challenges in visually identifying microplastics, especially in the smaller
size range, secondary analyses should be used to confirm the identity of suspected
polymeric material. For bigger microplastics, the simplest technique is the use of a
hot needle to observe melting points. While both cheap and fast, this method does not
allow for accurate polymer identification; however, the temperature range at which
melting occurs may provide a specific range of potential polymers.

A converse method is to exclude non-plastics rather than identifying the plastics
present through oven or freeze drying. Other low-cost techniques involve the
examination of microplastics under a polarized light microscope to observe the
birefringent properties of the suspected polymer or the use of Nile red to colour plastic
polymers (Shim, Hong and Eo, 2017).

More complex - and costly - methods can be used to infer resin constituents,
plastic additives and dyes. Often, these techniques require the purification of potential
microplastic prior to analysis. The removal of biofilms, organic and inorganic matter
adhered to the surface will avoid impeding polymer identification and the removal of
non-plastic particles. Indeed, the proportion of particles exhibiting saturated signal
could potentially be reduced by applying a pre-treatment of the samples to remove the
organic matter (e.g. biofilm, algae, etc.) covering the microplastics, as performed by
Imbhof et al. (2016).
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Following such purification, suspected plastics can be subjected to analytical
techniques including: non-destructive vibrational techniques such as Fourier
Transformed Infra-Red spectrometry (FT-IR) in transmittance or reflectance;
Attenuated Total Reflectance (ATR) and Raman spectrometry; and destructive
techniques such as Pyrolysis—Gas Chromatography combined with Mass Spectroscopy
(Pyr-GC-MS), high temperature gel-permeation chromatography (HT-GPC) with IR
detection; SEM-EDS and thermoextraction; and desorption coupled with GC/MS.
Raman and FTIR spectroscopies are preferred as they are non-destructive and they
are also complementary techniques, as molecular vibrations which are Raman inactive
can be FTIR active and vice versa. To date, Raman is able to achieve a better spatial
resolution (down to 1 ym) than FTIR (10 ym) (Lenz et al., 2015) but the identification
of fibres relies mainly on FTIR as Raman analyses did not prove to be efficient so far
for this type of microplastics (Dris, 2017)). For more information on these techniques
refer to Lenz et al., 2015, Wesch et al., 2016 and Léder and Gerdts, 2015. It is also
noteworthy that automated scanning coupled to microspectrometry could provide
a robust method to thoroughly analyse large environmental samples without having
to rely on visual identification which is operator dependent and not efficient for the
smaller microplastic fraction (<50 pm) (Frere er al., 2016).

TABLE A1.1

Examples of methods used for sampling microplastics from the water column
Method
Towed

Explanation
¢ Fine-mesh net attached

Advantages
¢ Can be deployed from

Disadvantages
e Use is weather dependant

Examples of use
Portuguese coast

Neuston net

to a large rectangular
frame developed for

sampling surface and
near-surface waters for
plankton, insects and
other small biota.

¢ Net length typically 1-8
m.

* Mesh size typically 200-
333 pm

small to large vessels.
¢ Underway sampling

Care needed to minimize
contamination from sampling
vessel and tow ropes.

Can only estimate volume
of water filtered when flow
meter is used

Towing time must be limited
to avoid clogging the net
and under-sampling surface
waters

Under-samples material which
have at least one dimension
smaller than the sampling
mesh size

Vessel speed may need to be
restricted

(Frias et al.,
2014)

Towed Manta
net

e Similar to the Neuston
net with additional
‘wings’ to restrict
sampling to the water
surface.

¢ Mesh size typically 330
pm.

e Standard deployment
configured with long
side parallel to sea
surface.

¢ An alternative
arrangement is to
configure the net with
the long side vertical
(altered this way for
high-speed tow).

Standard manta net can
be deployed from small
to large vessels.

Samples the sea surface.

Use of flow meter
allows estimation of
water volume sampled.
Vertically-configured
net allows deployment
at higher speed.

Underway sampling

Cannot account for
environmental variables

Care needed to minimize
contamination from sampling
vessel and tow ropes.

Use is weather dependant

Towing time must be limited
to avoid clogging the net
and under-sampling surface
waters

Can only estimate volume

of water filtered when flow
meter is used

Under-samples material < 330
pm diameter

Vessel speed may need to be
restricted

South Pacific
(Eriksen et al.,
2013b)

Horizontally
hauled
plankton nets

Cylindrical-Conical shaped,
often used for mid-water
sampling

Can be deployed from
vessels

Can be used at variable
depths

Use of flow meter
allows estimation of
water volume sampled

Use is not weather
dependant

Risk of sample contamination
when the sample is handled
on the vessel deck after each
sampling procedure.

Under-samples material < 300,
110 and 65um

Vessel speed may need to be
restricted

Goiana estuary
(Brazilian east
basin); Lima et
al., 2014
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Method Explanation Advantages Disadvantages Examples of use
Bongo nets Paired zooplankton net | Can be used for the ¢ High potential for North Pacific
system water column contamination (Doyle et al.,
¢ Paired nets can obtain 2011)
replicate samples from
same area
Underway Utilizing seawater intakes |® Can sample a known ¢ Intakes are small and can limit| Northeast
pumps from vessels volume of water over a | the upper size range Atlantic (Lusher
given time or distance |es Adverse sea states can affect | et al, 2014);
e Can control for the position of vessel in water,| Northeast Pacific
contamination on vessel | intake depth variable. (Desforges et al.
* May be contamination from 2014)
the sampling apparatus
including the hose
Submersible |e Deck pump lowered to a |* Can sample a known ¢ Vessel needs to be stationary | Sweden (Norén
pumps known depth volume of water o Intakes are small and can limit| and Naustvoll,
the upper size range 2011)
Grab method |e Sample collected at ¢ Known volume e Smaller volume Maine, USA

surface in a container

¢ Contamination reduced

¢ Vessel needs to be stationary

(Barrows et al.,
2017)

Bulk sample |e Sampling large volume |® Known volume ¢ VVolume reducing sample on Republic of
of water and volume a working deck may expose Korea (Song et
reducing sample to contamination. al., 2014)
Care must be taken.
CPR e Continuous plankton e Can be used over a * Water depth sampled is North Atlantic
recorder towed from large distance from approximately -10m, i.e. (Thompson et al.,
ships underway vessels of opportunity cannot sample surface waters | 2004)
* Have been in use since  |e Can use archived e Restricted size of intake may
1946 samples underestimate larger particles
Epibenthic e Sampling gear designed | Can sample just above |e Can be difficult to accurately | California USA
sledge for benthic and bentho- the seabed estimate the amount of water | (Lattin et al.,
pelagic collection sampled 2004)
* Weather dependant
e Contamination concern from
deck storage and improper
rinsing
e Size of particles captured is
dependant on the mesh size
TABLE A1.2

Examples of methods used for sampling microplastics from sediments

Method

Explanation

Advantages

Disadvantages

Examples of use

Littoral zone/beach

Selective sampling

Use of forceps or
similar handheld
tool to collect

sediment surface

visible particles from

Easy to include in

sampling initiatives
Useful for sampling
plastic resin pellets

Rapid sampling method

participatory or citizen

Sampling efficiency is
only as good as the
collector.

Size collected
depends on visual
ability of the sampler

United Kingdom
(Ashton et al., 2010;
Turner and Holmes,
2011)

Separation of
microplastics by dry

sieving

sieves to extract

from finer-grained
organic and

Use of one or more

larger microplastics

inorganic material.

Easy to include in

sampling initiatives
Useful for sampling
plastic resin pellets

Rapid sampling method

participatory or citizen

Limited to relatively
coarse mesh size of
sieve

Unsuitable for wet
sediments without
provision of water

Frias et al., 2016;
Wessel et al., 2016

Separation by wet

sieving

sieves to extract

from finer-grained
organic and

Use of one or more

larger microplastics

inorganic material.

Limited to relatively
coarse mesh size of
sieve

Dekiff et al., 2014
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Method Explanation Advantages Disadvantages Examples of use
Sub-tidal sediments
Grab sampler Lowered to seabed Ease of use Sediment surface may | Globally (Browne et

where contact allows
one or more jaws

to close, capturing

a sample of known
area, measureable
volume and
measureable depth
penetration.

Several different
designs available

Small samplers can be
used from small boats

be disrupted during
operation

al., 2011; Claessens et
al., 2011)

Box corer

Lowered to seabed
where contact
captures a sample
of known area,
measureable volume
and measureable
depth penetration.

Several different
designs available

Maintains water-
sediment interface
Multi-Corers allow
replicates at sites

Sediment surface may
be disrupted during
operation

North East Atlantic
(Martin et al., 2017)

Sediment gravity core

Lowered to seabed
and allowed to
penetrate vertically
Several different
designs available
Capable of being
operated at abyssal
depths

Tends to better preserve
sediment surface

Can provide record of
microplastics inputs

Relative small surface
area sampled.
Tends to require

heavier lifting gear
on vessel

North East Atlantic
(Martin et al., 2017)

TABLE A1.3
Optimised protocols for digesting biota or biogenic material to isolate microplastics.

Assumptions: ‘overnight’ given as 12 h; ‘room temperature’ given as 20°C. Taken from Lusher
etal., 2017

Treatment

Exposure

Organism

Reference

HNO; (22.5 M)

20°C (12 h) +
100°C (2 h)

Blue mussels
(Mytilus edulis)

Claessens et al., (2013)

HNO; (22.5 M)

20°C (12 h) +

Blue mussels Oysters

Van Cauwenberghe and Jansen (2014)

100°C (2 h) (Crassostrea gigas)
HNO3 (22.5 M) 20°C (12 h) + Blue mussels Van Cauwenberghe et al., (2015a)
100°C (2 h) Lugworms

(Arenicola marina)

HNO; (100%)

20°C (30 min)

Euphausids Copepods

Desforges et al., (2015)

HNO3 (69-71%) 90°C (4 h) Manila clams Davidson and Dudas (2016)
(Venerupis philippinarum)
HNOs (70%) 70°C (2 h) Zebrafish Lu et al., (2016)

(Danio rerio)

HNO; (22.5 M)

20°C (12 h) +
100°C (15 min)

Brown mussels
(Perna perna)

Santana et al., (2016)

HNO; (65%)
HClO4 (68%) (4:1)

20°C (12 h) +
100°C (10 min)

Blue mussels

De Witte et al., (2014)

HNO; (65%)
HClO4 (68%) (4:1)

20°C (12 h) +
100°C (10 min)

Common shrimp
(Crangon crangon)

Devriese et al., (2015)

CH,0, (3%) 72 h Corals Hall et al., (2015)

KOH (10%) 14-21d Fish Foekema et al., (2013)
KOH (10%) 60°C (12 h) Fish Rochman et al., (2015)
KOH (10%) 14-21d Fish Lusher et al., (2017)
H,0, (30%) 60°C Blue mussels Mathalon and Hill (2014)
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Treatment Exposure Organism Reference
H,0, (30%) 20°C (7 d) Biogenic matter Nuelle et al., (2014)
H,0, (15%) 55°C (3 d) Fish Avio et al., (2015b)
H,0, (30%) 65°C (24 h) + Bivalves Li et al., (2015)

20°C (<48 h)
NaClO (3%) 20°C (12 h) Fish Collard et al., (2015)
NaClO/HNO; 20°C (5 min)
(10:1)
Proteinase K 50°C (2 h) Zooplankton Cole et al., (2014)

Copepods

Corolase 7089 60°C (12 h) Blue mussels Catarino et al., (2017)
Lipex® 100L 60°C (12 h) Mediterranean mussels Jang et al., (2016)

Savinase® 16L
(2:1)

(Mytilus galloprovincialis)
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Annex 2. Common synthetic
polymers, field observations
of microplastics in aquatic

environments, and interactions

between aquatic organisms
and microplastics observed in
experimental studies

TABLE A2.1

Common synthetic polymers — source, use and degradation properties (UNEP, 2015). Numerals as superscripts

in columns 6 and 7 correspond to relevant references in column 8

Abbreviation Full name Common | Type* | Examples of Biodegradation | Biodegradation| Reference
source common uses properties properties in
in terrestrial aquatic/marine
environment environment
(including medical
applications)
ABS (acrylonitrile Fossil fuel | TP Pipes,
butadiene sytyrene) protective
copolymer headgear,
consumer
goods, Lego™
bricks
AC Acrylic Fossil fuel |TP Acrylic glass
(see PMMA)
AcC (CTA, Acetyl cellulose, Biomass TS Fibres, Biodegradability "Tokiwa et
TACQ) cellulose triacetate photographic | depends on degree al., 2009
film base of acetylation’
AKD Alkyd Partly TS Coatings,
biomass moulds
Cellophane Cellophane Biomass TS Film for
(cellulose) packaging
DECP A group of Biomass & Biosensors Degradable within 2Guo et
degradable fossil fuel and tissue living tissues? al, 2013
and electrically engineering
conductive polymers
EP Epoxy resin Fossil fuel | TS Adhesives,
(thermoset) coatings,
insulators
PA Polyamide e.g. Fossil fuel | TP Fabrics, fishing
Nylon™ 4, 6, 11, 66; lines and nets,
Kevlar™
PAN Polyacrylonitrile Fossil fuel | TP Fibres,
membranes,
sails, precursor
in carbon fibre
production
PBAT Poly(butylene Fossil fuel | TP films Biodegradable’ Weng et
adipate-co- al., 2013

teraphthalate)
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Abbreviation Full name Common | Type" | Examples of Biodegradation | Biodegradation| Reference
source common uses properties properties in
in terrestrial aquatic/marine
environment environment
(including medical
applications)
PBS Poly(butylene Fossil fuel | TP Agricultural Biodegradable’ Some "Tokiwa et
succinate) mulching films, degradation al., 2009
packaging after 12 months
but retains
95% tensile
strength?
Some 3sekiguchi
degradation etal., 2011
after 2 years*
4Kim et al.,
2014a,b
PCL Polycaprolactone Fossil fuel | TP 3D printing, Biodegradable by | Some Tokiwa et
hobbyists, hydrolysis in the degradation al., 2009
biomedical human body after 12
applications months’
Biodegradable’ 3 Sekiguchi
etal., 2011
PC Polycarbonate Fossil TP Electronic Biodegrabale if Some 'Artham
fuel and components, physico-chemically | degradation and Doble,
renewable construction pretreated ' after 12 2009a
resource materials, months? 2Artham
data storage and Doble,
devices, 2009b
automotive
and aircraft
parts, check
sockets in
prosthetics,
and security
glazing
PE Polyethylene Biomass & | TP Packaging, Extremely >Sudhakar
fossil fuel containers, limited, et al., 2007
pipes potential minor
effect in Tropics
due to higher
temperature,
dissolved
oxygen and
microfauna/
flora
assemblages®
PES Poly(ethylene Fossil fuel | TP films Biodegradable’ "Tokiwa et
succinate) al., 2009
PET Polyethylene Fossil TP Containers,
terephthalate fuel, fossil bottles, ‘fleece’
fuel with clothing
biomass
PGA Poly(glycolic acid) TP Sutures, food | Biodegradable by
packaging hydrolysis in the
human body
PHB Poly(hyroxybutyrate) | Biomass TP Medical sutures| Biodegradable' Tokiwa et
al., 2009
Some degradation 3sekiguchi
after 12 months? etal, 2011
PLA Poly(lactide) Biomass | TP Agricultural Biodegradable’ Tokiwa et
mulching films, al., 2009
packaging,
biomedical
applications,
personal
hygiene
products, 3D
printing
Compostable® >Pemba et

al., 2014
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Abbreviation

Full name

Common
source

Type”

Examples of
common uses

Biodegradation
properties
in terrestrial
environment
(including medical
applications)

Biodegradation
properties in
aquatic/marine
environment

Reference

PMMA

Poly (methyl)
methylacrylate

Fossil fuel

TP

Acrylic glass,
biomedical
applications,
lasers

POM

Poly (oxymethylene)

Also called Acetal

Fossil fuel

TP

High
performance
engineering
components
e.g.
automobile
industry

PP

Polypropylene

Fossil fuel

TP

Packaging,
containers,
furniture, pipes

PS

Polystyrene

Fossil fuel

TS

Food
packaging

EPS

Expanded
polystyrene

Fossil fuel

TP

Insulation
panels,
insulated
boxes, fishing/
aquaculture
floats,
packaging

PU (PUR)

Polyurethane

Fossil fuel

TS

Insulation,
wheels,
gaskets,
adhesives

PVA

Poly(vinyl alcohol)

Fossil fuel

TP

Paper coatings

biodegradable

PVA

Poly(vinyl acetate)

Fossil fuel

TP

Adhesives

PVC

Poly(vinyl chloride)

Fossil fuel

TP

Pipes,
insulation for
electric cables,
construction

Rayon

Rayon

Biomass
(cellulose)

TS

Fibres, clothing

biodegradable

biodegradable

SBR

Styrene-butadiene
rubber

Fossil fuel

TS

Pneumatic
tyres, gaskets,
chewing gum,
sealant

Teflon

Polytetrafluoro-
ethylene

Fossil fuel

TP

Electric
isolation, non-
stick coating

* Type: TP= Thermoplastic, TS = Thermoset.
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TABLE A2.2

Global reports of microplastics in freshwater and estuarine environments dw refers to dry weight

Range reported and original unit

Location Waterbody | Substrate | Items per km? | Items per m? | items/ | Standard reporting Reference
or kg 100 m? unit’

America

Lakes Huron, Freshwater Water 0-466 305 0-0.466305 0-0.093 items/m? Eriksen et

Superior, Erie, lake al.,, 2013a

Canada/USA

Lake Ontario, Freshwater Sediment |20-27 830 0.02-27.83 items/g dw | Ballent et

Canada/USA lake al., 2016

Lake Huron, Freshwater Sediment 0-34 items/m? Zbyszewski

Canada/USA lake and
Corcoran
2011

Lakes Erie and | Freshwater Sediment |0.09-0.47/g 0.18-8.28 items/m? Zbyszewski

St. Clair, Canada/| lake et al, 2014

USA

St. Lawrence Freshwater Sediment |297.97 0-136 926 items/m? Castafieda et

River, Canada/ al., 2014

USA,

Coyote, San Freshwater Water 0-12 935 items/m3 Moore et al.,

Gabriel, Los 2011

Angeles Rivers,

USA

Chicago, lllinois, | Freshwater Water 1.94-17.93 items/m3 McCormick

USA etal., 2014

Chicago, lllinois, | Freshwater Sediment 0.018 items/m? Hoellein et

USA al., 2014

Chesapeake Bay, | Estuarine Sediment |5 534-297 927 5.53-297.93 items/g Yonkos et

USA dw al., 2014

Goiana estuary | Estuarine Water 0.3- 0.0037-0.13980 items/ | Lima et al.,

(main channel) 13.9 m3 2014

Goiana estuary | Estuarine Water 0.218- |0.00218-0.01991 Lima et al.,

(mangrove) 1.991 items/m3 2015

Europe

River Seine, Freshwater Water 3-108 items/m? Dris et al.,

France 2015b

Lake Geneva, Freshwater Sediment 20-7 200 items/m? Faure et al.,

Constance, 2015

Neuchatel,

Maggiore,

Zurich, Basel,

Switzerland

Lakes Geneva, Freshwater Water 26 000 0.026 0.0052 items/m?3 Faure et al.,

Constance, 2015

Neuchatel,

Maggiore,

Zurich, Basel,

Switzerland

Lakes Chiusi, Freshwater Sediment 1922-2 117 items/m? | Fischer et

Bolsena, Italy al., 2016

Lakes Chiusi, Freshwater Water 0.82-4.42 items/m? Fischer et

Bolsena, Italy al., 2016

Thames River, Freshwater Sediment 185-660 items/m? Horton et

England al., 2017a

Lake Garda, Italy| Freshwater Sediment Maximum: 1 108 Imhof et

items/m? al,,2013

Rivers Rhine & | Freshwater Sediment |228-3763 0.228-3.763 items/g Klein et al.,

Main, Germany dw 2015

River Danube, Freshwater Water 0-1.4 x 108 items/m3 Lechner and

Austria Ramler 2015

River Rhine, Freshwater Water 10 472.8-786 212.4 Mani et al.,

Germany items/m3 2015

Tamar Estuary, | Freshwater Water Mean: 0.028 items/m? | Sadri and

England Thompson,
2014

Rivers Rhine, Freshwater Sediment |0-64 0-0.064 items/g dw Wagner et

Elba, Mosel, al., 2014

Neckar, Germany
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Range reported and original unit
Location Waterbody | Substrate | Items per km? | Items per m? | items/ | Standard reporting Reference
or kg 100 m3 unit’
Asia
Lake Hovsgol, Freshwater Water 997-44 435 0.000997- 0.0002-0.0089 items/ | Free et al.,
Mongolia 0.044 m3 2014
Yangtze River, Freshwater Water 500-10 200 items/m? | Zhao et al.,
China 2014
Three Gorges Freshwater Water 192 500- 0.19-13.62 0.038-2.73 items/m®* | Zhang et al.,
Dam, China 13 617 000 2015
Pearl River Estuarine Sediment 16-258 408 items/m? | Fok and
Estuary, China Cheung
2015
Lake Taihu, Freshwater Water 10 000— 0.002-1.36 items/m? Suetal.,
China 6 800 000 2016
Lake Taihu, Freshwater Sediment | 11-234.6 0.011-0.04692 items/g | Su et al.,
China dw 2016
Lakes * China Freshwater Water 2650-10 050 items/m® | Wang et al.,
2016
* Includes 20 urban lakes and urban reaches of the rivers Hanjiang and Yangtze
"In order to allow for comparisons between studies with different reporting units we have converted results to
uniform units of measurement. However, it must be noted that these conversions are approximations.
TABLE A2.3
Microplastics distribution in marine environments
Range reported and original unit
Location Substrate | Items per km? | Items per m?| Standardised reporting References
or mass unit’
Pacific Ocean
Water / / 0-6.63 x 10% items/ha | Uchida et al., 2016
North Pacific
Bering Sea, Water 80-3 370 0.000080- |0.000016-0.00068 Day and Shaw 1987;
Subarctic 0.0034 items/m3
Bering Sea Water / / 0.004-0.19 items/m? Doyle et al., 2011
Hawaiian Islands Sediment 37.8 Mean: 0.038 items/g McDermid and McMullen 2004;
Corcoran et al., 2009; Cooper
and Corcoran 2010; Carson et
al,, 2011; Young and Elliott 2016
North West Pacific
Japanese coast and | Water 0-3 520 000 / 0.03-11.1 items/m? Yamashita and Tanimura 2007;
Kuroshio Current Isobe 2016; Isobe et al., 2014,
2015; Day et al., 1990
Japanese coast Sediment / / 0.52-1 000 items/m? Kuriyama et al., 2002; Rios et
al., 2007; Kusui and Noda 2003;
Endo et al., 2005
Korean coast Water / / 2.6-359 748 Song et al., 2014,2015a, 2015b;
items/m3 Kang et al., 2015; Chae et al.,
2015
Korean coast Sediment / / 1.2-285 673 items/m? | Lee et al., 2013, 2015; Kim et al.,
2015; Heo et al., 2013
Korean coast Sediment / / 88 items/L Song et al.,, 2015a
North East Pacific
Canadian Pacific Water / / 8 -9 200 items/m? Desforges et al., 2014
coast
Canadian Pacific Sediment / / average: Cluzard et al., 2015
coast 0.45 items/g
West coast, USA Water / / 0 - > 60 items/m? Moore et al., 2002; Lattin et
al., 2004; Gilfillan et al., 2009;
Sutton et al., 2016
West coast, USA Sediment / / / Rios et al., 2007; Ogata et al.,
2009; Van et al., 2012
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Range reported and original unit
Location Substrate | Items per km? | Items per m?| Standardised reporting References
or mass unit’

North Pacific Water / / 0-2.23 items/m3 Moore et al., 2001; Carson et

Central and al., 2013; Goldstein et al., 2012,

subtropical gyres 2013

South Pacific

South Pacific water 0-396 342 0-0.39 0-0.079 items/m? Eriksen et al., 2013b

subtropical gyre

Easter Island, Chile | Beach / / 30-805 items/m? Hidalgo-Ruz and Thiel 2013

sediment

Australia Water 0-48 893 0-0.049 | 0-0.0098 items/m3 Reisser et al., 2013

North Atlantic

North Atlantic Water / / 0.01-0.04 items/m? Thompson et al., 2004;

North West Water 490-3 537 0.00049- | 0.000098-0.0007 items/| Wilber 1987; Law et al., 2010;

Atlantic 0.0035 m3 Colton et al., 1974; Carpenter
and Smith 1972

Eastern USA Coast | Water / / 14-543 items/m3 Austin and Stoops-Glass 1977

Nova Scotia, Sediment 105-800 / 0.105-0.8 items/g Mathalon and Hill, 2014;

Canada; Maine, Graham and Thompson, 2009;

Florida, USA; Gregory 1983;

North Atlantic Water / / 0.01-501 items/m3 Enders et al., 2015; Ivar do Sul et

subtropical gyre al.,, 2013

NE Atlantic Water / / 0-2.46 items/m? Lusher et al., 2014; Cole et al.,

(English & 2014; Morris & Hamilton 1974;

Bristol Channel, Gago et al., 2015; Frias et al.,

Portuguese & 2014;

Spanish coasts)

English Channel Sediment 31-86 / 0.031-0.086 items/g Thompson et al., 2004;

NE Atlantic Sediment / / 40-1 289 items/m? Martins & Sobral, 2011; Antunes

(Portugal) et al., 2013; Van Cauwenberghe
etal, 2013a

NE Atlantic Sediment / / 0-6.2628 items/g Frias et al., 2016

(Portugal)

NE Atlantic Sediment / / 0.001-0.04 g/g Baztan et al., 2014;

(Canary islands)

Caribbean Sea Water 60.6-1 414 0.000061- | 0.000012-0.00028 Colton et al., 1974; Law et al.,

0.0014 items/m3 2010;

Florida Keys, Cape |Sediment / / 50-10 000 items/m? Wilber 1987; Wessel et al., 2016

Cod, Mobile Bay &

Caribbean Sea

South Atlantic Water / 0.03-0.08 [0.006-0.016 items/m? | Van Dolah et al., 1980

Bight, USA

South Atlantic

Offshore, St Water / / 0.03-0.26 items/m? Ivar do Sul et al., 2013; Lima et

Peter and St Paul al., 2016;

Archipelago

South East Atlantic | Water 1 874.3-3 640 0.0018- 0.00037-0.00073 items/ | Morris, 1980; Ryan, 1988

0.0036 m3

South Africa Water / / 257-1 215 items/m3 Nel and Froneman, 2015

South West Sediment / / 0-300 000 items/m?3 Costa et al., 2010; Costa et al.,

Atlantic 2011; Turra et al., 2014;

South East Atlantic | Sediment / / 40-3 308 items/m? Nel and Froneman, 2015; Van
Cauwenberghe et al., 2013a

South West Sediment 0.73-9.63 / 0.00073-0.0096 items/g| Ivar do Sul et al., 2009;

Atlantic

European seas and the Mediterranean

Baltic Sea Water / / 100-10 000 items/m?3 Gorokhova 2015
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Range reported and original unit

Location Substrate | Items per km? | Items per m?| Standardised reporting References
or mass unit’

Sweden, Water 0.01-102 000 items/m3 | Norén 2007; Norén and

Finland, Baltic, Naustvoll, 2011; Gorokhova,

Mediterranean, 2015; de Lucia et al., 2014; Gajst

Adriatic et al., 2016; Magnusson, 2014;
Fossi et al., 2012; Panti et al.,
2015

Spanish Water 0.01-4.52 |0.002-0.904 items/m* | Collignon et al., 2012; Collignon

Mediterranean et al., 2014; Gago et al., 2015;
Ruiz-Orejon et al., 2016; Suaria
etal., 2016

North Sea Sediment 1.3-3 800 0.0013-3.8 items/g Norén, 2007; Liebezeit &
Dubaish, 2012; Dubaish &
Liebezeit, 2013; Fries et al.,
2013; Dekiff et al., 2014; Ogata
et al., 2009; Claessens et al.,
2011; Van Cauwenberghe et al.,
2013b;

Mediterranean Sediment 0.7-575 items/m? Turner & Holmes, 2011; Van
Cauwenberghe et al., 2013a;
Kaberi et al., 2013;

Mediterranean, Sediment 0-2 175 0-2.18 items/kg dw Vianello et al., 2013; Laglbauer

Slovenian coast etal, 2014

Asian seas

East Asian Sea Water 0.03-491 items/m?3 Isobe et al., 2015

India Sediment 81 mag/kg Mean: 0.0081 mg/g Reddy et al., 2006

Singapore Sediment 36.8 0.037 items/g Mohamed Nor and Obbard 2014

Malaysia Sediment Mean: 18 items/m? Ismail et al., 2009

Hong Kong Sediment Mean: 5 595 items/m® | Fok & Cheung, 2015;

Strait of Hormuz, |Sediment 2-1 258 0.0002-1.26 items/g Naji et al., 2017

Persian Gulf dw

Arabian Gulf and | Sediment 50-80 000 items/m? Khordagui & Abu-Hilal, 1994;

Gulf of Oman

Polar

Arctic Sea ice / / / Obbard et al., 2014

Barents Sea Water 0-11.5 items/m? Lusheret al., 2015b

Greenland Water / / Mean: 0.99-2.38 items/ | Amélineau et al., 2016

m3
Southern Ocean Water / / 0.0035-0.099 items/m? | Isobe et al., 2017
Ross Sea, Antarctic | Water / / 0.0032-1.18 items/m® | Cincinelli et al., 2017

"In order to allow for comparisons between studies with different reporting units we have converted results to uniform units of
measurement. However, it must be noted that these conversions are approximations.



92 Microplastics in fisheries and agquaculture

TABLE A2.4
Summary of observed interactions of aquatic organisms with microplastics under laboratory conditions
Taxonomic Group | Exposure scenario Exposure duration Interactions References
Algae 1.10-56.95 particles/ml | <72 h Whole organism, Gutow et al., 2016
adherence
Phytoplankton 0.000046-40 mg/ml 1-96 h Adhesion, absorption, | Bhattacharya et al.,
0.01% weight/volume affected growth, 2010; Cedervall et
inhibition of al, 2012; Long et al.,

. i
9 x 10% particles/ml photosynthesis 2015; Davarpanah and

Guilhermino 2015;
Sjollema et al., 2016;
Lagarde et al.,, 2016

Zooplankton 635-10 000 particles/ 4 h Adhesion, ingestion, Cedervall et al., 2012; Cole
ml effects on fecundity, et al., 2013; 2014; 2015;
survival and fitness Lee K.W. et al., 2013;
Setala et al., 2014
Cnidaria 0.395 g/L 48 h Ingestion Hall et al., 2015
Protozoans X X Adsorption Christalki et al., 1998
Annelids 159/l 20 min to 28 d Ingestion, egestion, Bolton and Haverhand
0-5% by weight rejection before 1998; Thompson et al.,
0-100 particles/L digestion, no effect, 2004; Besseling et al.,
2000 ticles/ml weight loss, reduced 2013; Browne et al.,
particies/m feeding, decreased 2013; Wright et al., 2013.
energy reserves, Huerta-Lwanga et al.,
reduced fitness, 2016; Green et al., 2016;
increased metabolic Imhof et al., 2016
rate, oxidative stress
Mollusca 1.05-3 000 particles/ml | 45 minto 7 d Ingestion, transfer to Lei et al., 1996; Brilliant
haemolymph, cellular and MacDonald 2000,
0.5-2.5 g/L effects, reproduction, | 2002; Browne et al., 2008;
reduced feeding Ward and Kach 2009; von
50 pl in 400 ml activity Moos et al., 2012; Wegner

et al.,, 2012; Cole et al.,
2013; Farrell and Nelson
1-199 pg/ml 2013; Avio et al., 2015a;
Canesi et al., 2015. See
also review in Ward and
Shumway 2004.

Echinoderms 1-300 particles/ml 20hto9d ingestion, retention, Hart 1991; Graham and
10-60 g per egestion, impact Thompson 2009; Kaposi
600 ml sand on embryonic et al., 2014; Nobre et al.,
development, no 2015; Della Torre et al.,
effect 2014
Crustacea 5.25x 10°-9.1 x 10" | 15 min to 60 d ingestion, ventilation | Thompson et al., 2004;
particles/ml Murray and Cowie 2011;
40-1 000 particles/ml Ugolini et al., 2013; Chua
0.3-120 mg/g et al., 2014; Hamer et al.,
. 2014; Watts et al., 2014,
108-1 000 mg/kg 2015; Brennecke et al.,
2015 and others
Amphibians 1 mm: 10, 103, 10° 1-48 h ingestion, egestion Hu et al., 2016
particles/ml
10 mm 0.1, 10 and 103
particles/ml
Fish 10% of diet 3 min to 2 months Ingestion, decreased dos Santos and Jobling
3 000 particles/m| predatory 1991; Cedervall et al.,

performance, increase | 2012; Oliveira et al.,

0.216 mg/L AChE activity, weight 2013; Rochman et al.,
loss,changes in 2013;2014; Mazurais et al.,
feeding behaviour 2015; De Sa et al., 2015;
and metabolic Avio et al., 2015b; Luis et
performance, al., 2015 and others

endocrine disruption
and liver toxicity




93

References

Akbay, LK. & Ozdemir, T. 2016. Monomer migration and degradation of polycarbonate
via UV-C irradiation within aquatic and atmospheric environments. J. Macromol. Sci.,
Part A: Pure Appl. Chem., 53(6):340-345.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. & Walter, P. 2002. Molecular
biology of the cell. 4th Edition. Garland Science, New York, NY, USA. Taylor & Francis
Group LLC. 1462 pp.

Allsopp, M., Santillo, D. & Johnston, P. 2006. Environmental and human health concerns
in the processing of electrical and electronic waste. Greenpeace Research Laboratories,
Department of Biological Sciences, University of Exeter.

Almeida, E., Diamantino, T.C. & de Sousa, O. 2007. Marine paints: the particular case of
antifouling paints. Prog. Org. Coat., 59: 2-20.

Alves, V.E.N, Patricio, J., Dolbeth, M., Pessanha, A., Palma, A.R.T., Dantas, E.W. &
Vendel, A.L. 2016. Do different degrees of human activity affect the diet of Brazilian
silverside Atherinella brasiliensis? J. Fish Biol., 89: 1239-1257

Amaral-Zettler, L.A., Zettler, E.R., Slikas, B., Boyd, G.D., Melvin, D.W., Morrall,
C.E., Proskurowski, G. & Mincer, T.J. 2015. The biogeography of the Plastisphere:
implications for policy. Front. Ecol. Environ., 13(10): 541-546.

Amélineau, E, Bonnet, D., Heitz, O., Mortreux, V., Harding, A.M.A., Karnovsky, N.,
Walkusz, W., Fort, J. & Grémillet, D. 2016. Microplastic pollution in the Greenland
Sea: Background levels and selective contamination of planktivorous diving seabirds.
Environ. Pollut., 219: 1131-1139.

Andrady, A.L. 2011. Microplastics in the marine environment. Mar. Pollut. Bull., 62(8):
1596-1605.

Andrady, A.L. 2015. Persistence of plastic litter in the oceans. In M. Bergmann, L. Gutow,
L. & M. Klages, eds. Marine Anthropogenic Litter, pp. 57-72. Cham, Switzerland,
Springer International Publishing.

Andrady, A.L. & Neal, M.A. 2009. Applications and societal benefits of plastics. Philos.
Trans. R. Soc., B., 364: 1977-1984.

Andréfouét, S., Thomas, Y. & Lo, C. 2014. Amount and type of derelict gear from the
declining black pearl oyster aquaculture in Ahe atoll lagoon, French Polynesia. Mar.
Pollut. Bull., 83(1): 224-230.

Antunes, ]J.C., Frias, ].G.L., Micaelo, A.C. & Sobral, P. 2013. Resin pellets from beaches
of the Portuguese coast and adsorbed persistent organic pollutants. Estuarine, Coastal
Shelf Sci., 130 (6): 62-69

Arnold, S.M., Clark, K.E., Staples, C.A., Klecka, G.M., Dimond, S.S., Caspers, N. &
Hentges, S.G. 2013. Relevance of drinking water as a source of human exposure to
bisphenol A. J. Exposure Sci. Environ. Epidemiol., 23: 137- 144.

Artham, T. & Doble, M. 2009a. Fouling and Degradation of Polycarbonate in Seawater:
Field and Lab Studies. J. Polym. Environ., 17:170-180.

Artham, T. & Doble, M. 2009b. Biodegradation of Physicochemically Treated
Polycarbonate by Fungi. Biomacromolecules, 11 (1): 20-28.

Arthur, C., Sutton-Grier, A.E., Murphy, P. & Bamford, H. 2014. Out of sight but not
out of mind: Harmful effects of derelict traps in selected US coastal waters. Mar. Pollut.
Bull., 86(1): 19-28.

Ashton, K., Holmes, L. & Turner, A. 2010. Association of metals with plastic production
pellets in the marine environment. Mar. Pollut. Bull., 60(11): 2050-2055.



924

Microplastics in fisheries and agquaculture

Austin, H.M. & Stoops-Glas, P.M. 1977. The distribution of polystyrene spheres and nibs
in Block Island Sound during 1972-1973. Chesapeake Sci., 18(1): 89-92.

Avio, C.G., Gorbi, S., Milan, M., Benedetti, M., Fattorini, D., d’Errico, G., Pauletto, M.,
Bargelloni, L. & Regoli, E 2015a. Pollutants bioavailability and toxicological risk from
microplastics to marine mussels. Environ. Pollut., 198: 211-222.

Avio, C.G., Gorbi, S. & Regoli, FE. 2015b. Experimental development of a new protocol
for extraction and characterization of microplastics in fish tissues: first observations in
commercial species from Adriatic Sea. Mar. Environ. Res., 111: 18-26.

Bach, C., Dauchy, X., Severin, 1., Munoz, ].E, Etienne, S. & Chagnon, M.C. 2013. Effect
of temperature on the release of intentionally and non-intentionally added substances
from polyethylene terephthalate (PET) bottles into water: Chemical analysis and
potential toxicity. Food Chem., 139(1-4): 672-680.

Baini, M., Martellini, T., Cincinelli, A., Campani, T., Minutoli, R., Panti, C., Finoia, M.G.
& Fossi, M.C. 2017. First detection of seven phthalate esters (PAEs) as plastic tracers in
superficial neustonic/planktonic samples and cetacean blubber. Anal. Methods, 9: 1512-
1520.

Bakir, A., O’Connor, LA., Rowland, S.J., Hendriks, A.J. & Thompson, R.C. 2016.
Relative importance of microplastics as a pathway for the transfer of hydrophobic
organic chemicals to marine life. Environ. Pollut., 219: 56-65.

Bakir, A., Rowland, S.J. & Thompson, R.C. 2014. Enhanced desorption of persistent
organic pollutants from microplastics under simulated physiological conditions. Environ.
Pollut., 185: 16-23.

Ballent, A., Purser, A., Mendes, P.D.]., Pando, S. & Thomsen, L. 2012. Physical transport
properties of marine microplastic pollution. Biogeosciences Discuss., 9(12): 18755-18798.

Ballent, A., Pando, S., Purser, A., Juliano, M.E & Thomsen, L. 2013. Modelled transport
of benthic marine microplastic pollution in the Nazaré Canyon. Biogeosciences, 10(12):
7957-7970.

Ballent, A., Corcoran, PL., Madden, O., Helm, P.A. & Longstaffe, EJ. 2016. Sources
and sinks of microplastics in Canadian Lake Ontario nearshore, tributary and beach
sediments. Mar. Pollut. Bull., 110(1): 383-395.

Baluyut, E. A. 1989. Aquaculture Systems and Practices: A Selected Review. United
Nations Development Programme and Food and Agriculture Organization of the
United Nations, Rome.

Barnes, D.K.A. & Milner, P. 2005. Drifting plastic and its consequences for sessile organism
dispersal in the Atlantic Ocean. Mar. Biol., 146(4): 815-825.

Barnes, D.K., Galgani, E, Thompson, R.C. & Barlaz, M. 2009. Accumulation and
fragmentation of plastic debris in global environments. Philos. Trans. R. Soc., B, 364(1526):
1985-1998.

Barrows, A.P.W., Neumann, C.A., Berger, M.L. & Shaw, S.D. 2017. Grab vs. neuston tow
net: a microplastic sampling performance comparison and possible advances in the field.
Anal. Methods, 9: 1446-1453

Batel, A., Linti, E, Scherer, M., Erdinger, L. & Braunbeck, T. 2016. The transfer of
benzo [a] pyrene from microplastics to Artemia nauplii and further to zebrafish via a
trophic food web experiment-CYP1A induction and visual tracking of persistent organic
pollutants. Environ. Toxicol. Chem., 35(7): 1656-1666.

Baztan, J., Carrasco, A., Chouinard, O., Cleaud, M., Gabaldon, J.E., Huck, T.,
Jaffres, L., Jorgensen, B., Miguelez, A., Paillard, C. & Vanderlinden, J.P. 2014. Protected
areas in the Atlantic facing the hazards of micro-plastic pollution: First diagnosis of three
islands in the Canary Current. Mar. Pollut. Bull., 80 (1-2): 302-311.

BCSGA (British Columbia Shellfish Growers Association). 2013. Environmental
Management Codes of Practice. BC Shellfish Growers Association, 75p.



References

95

Bellas, J., Martinez-Armental, J., Martinez-Cdmara, A., Besada, V. & Martinez-Gémez,
C. 2016. Ingestion of microplastics by demersal fish from the Spanish Atlantic and
Mediterranean coasts. Mar. Poll. Bull., 109 (1): 55-60.

Bendell, L.I. 2015. Favored use of anti-predator netting (APN) applied for the farming of
clams leads to little benefits to industry while increasing nearshore impacts and plastics
pollution. Mar. Pollut. Bull., 91(1): 22-28.

Bernard, L., Vaudaux, P., Huggler, E., Stern, R., Frehel, C., Francois, P., Lew, D.
& Hoffmeyer, P. 2007. Inactivation of a subpopulation of human neutrophils by
exposure to ultrahigh-molecular-weight polyethylene wear debris. FEMS Immunol.
Med. Microbiol., 49: 425-432.

Bernardo, C.A., Simées, C.L. & Pinto, L.M.C. 2016. Environmental and economic
life cycle analysis of plastic waste management options. A review. Proceedings of the
Regional Conference Graz 2015- Polymer Processing Society PPS, 1779, (1): 140001.

Besseling, E., Foekema, E.M., van Franeker, J.A., Leopold, M.F, Kiihn, S., Bravo
Rebolledo, E.L., Hefle. E., Mielke, L., IJzer, J., Kamminga, P. & Koelmans, A.A. 2015.
Microplastic in a macro filter feeder: Humpback whale Megaptera novaeangliae. Mar.
Pollut. Bull., 95 (1): 248-252.

Besseling, E., Quik, J.T.K., Sun, M. & Koelmans, A.A. 2017. Fate of nano- and microplastic
in freshwater systems: A modelling study. Environ. Pollut., 220: 540-548.

Besseling, E., Wang, B., Liirling, M. & Koelmans, A.A. 2014. Nanoplastic affects growth
of S. obliqguus and reproduction of D. magna. Environ. Sci. Technol., 48(20): 12336-12343.

Besseling, E., Wegner, A., Foekema, E.M., Van Den Heuvel-Greve, M.]. & Koelmans,
ALA. 2013. Effects of microplastic on fitness and PCB bioaccumulation by the lugworm
Arenicola marina (L.). Environ. Sci. Technol., 47(1): 593-600.

Bhattacharya, P, Lin, S., Turner, J.P. & Ke, P.C. 2010. Physical adsorption of charged
plastic nanoparticles affects algal photosynthesis. /. Phys. Chem. C, 114(39): 16556-
16561.

Biginagwa, EJ., Mayoma, B.S., Shashoua, Y., Syberg, K. & Khan, ER. 2016. First
evidence of microplastics in the African Great Lakes: Recovery from Lake Victoria Nile
perch and Nile tilapia. J. Great Lakes Res., 41 (1): 146-149.

Bilkovic, D.M., Havens, K., Stanhope, D. & Angstadt, K. 2014. Derelict fishing gear in
Chesapeake Bay, Virginia: Spatial patterns and implications for marine fauna. Mar. Poll.
Bull., 80(1): 114-123.

Bilkovic, D.M., Slacum Jr., H.W., Havens, K.]J., Zaveta, D., Jeffrey, C.EG,,
Scheld, A.M., Stanhope, D., Angstadt, K. & Evans, J.D. 2016. Ecological and Economic
Effects of Derelict Fishing Gear in the Chesapeake Bay 2015/2016. Final Assessment
Report. Revision 2. Virginia Institute of Marine Science, College of William & Mary.
http://doi.org/10.21220/V54K5C

Blank, E, Stumbles, P.A., Seydoux, E., Holt, P.G., Fink, A., Rothen-Rutishauser, B.,
Strickland, D.H. & von Garnier C. 2013. Size-dependent uptake of particles by
pulmonary antigen-presenting cell populations and trafficking to regional lymph nodes.
Am. J. Respir. Cell Mol. Biol., 49: 67-77.

Bolton, T.E. & Havenhand, J.N. 1998. Physiological versus viscosity-induced effects of an
acute reduction in water temperature on microsphere ingestion by trochophore larvae of
the serpulid polychaete Galeolaria caespitosa. J. Plankton Res., 20(11): 2153-2164.

Bostock, J., McAndrew, B., Richards, R., Jauncey, K., Telfer, T., Lorenzen, K., Little, D.,
Ross, L., Handisyde, N., Gatward, I. & Corner, R. 2010. Aquaculture: global status and
trends. Philos. Trans. R. Soc., B, 365: 2897-2912.

Bouwmeester, H., Dekkers, S., Noordam, M.Y., Hagens, W.L, Bulder, A.S., de Heer,
C., ten Voorde, S.E.C.G., Wijnhoven, S.W.P., Marvin, H.].P. & Sips, A.J.A.M. 2009.
Review of health safety aspects of nanotechnologies in food production. Regul. Toxicol.
Pharmacol., 53: 52-62.



96

Microplastics in fisheries and agquaculture

Bouwmeester, H., Hollman, PC.H. & Peters R.]J. 2015. Potential health impact of
environmentally released micro- and nanoplastics in the human food production chain:
experiences from nanotoxicology. Environ. Sci. Technol., 49: 8932-8947.

BPF (British Plastics Federation). 2016. (available at www.bpf.co.uk/plastipedia/processes/
default.aspx). Accessed 5 November 2016.

Brate, I.L.N., Eidsvoll, D.P., Steindal, C.C. & Thomas, K.V. 2016. Plastic ingestion by
Atlantic cod (Gadus morbua) from the Norwegian coast. Mar. Poll. Bull., 112 (1-2):
105-110.

Bravo Rebolledo, E.L., van Franeker, J.A., Jansen, O.E. & Brasseur, S.M.J.M. 2013.
Plastic ingestion by harbour seals (Phoca vitulina) in The Netherlands. Mar. Pollut. Bull.,
67 (1-2): 200-202.

Brennecke, D., Duarte, B., Paiva, E, Cacador, I. & Canning-Clode, J. 2016. Microplastics
as vector for heavy metal contamination from the marine environment. Estuarine,
Coastal Shelf Sci., 178(5): 189-195.

Brennecke, D., Ferreira, E.C., Costa, TM.M., Appel, D., da Gama, B.A.P. & Lenz, M.
2015. Ingested microplastics (> 100 pm) are translocated to organs of the tropical fiddler
crab Uca rapax. Mar. Pollut. Bull., 96(1-2):491-495.

Brilliant, M. G. S. & MacDonald, B. A. 2000. Postingestive selection in the sea scallop
Placopecten magellanicus (Gmelin): The role of particle size and density. J. Exp. Mar.
Biol. Ecol., 253: 211-227.

Brilliant, M. G. S. & MacDonald, B. A. 2002. Postingestive selection in the sea scallop
(Placopecten magellanicus) on the basis of chemical properties of particles. Mar. Biol.,
141(3): 457-465.

Brown, D. M., Wilson, M. R., MacNee, W., Stone, V. & Donaldson, K. 2001. Size-
dependent proinflammatory effects of ultrafine polystyrene particles: a role for surface
area and oxidative stress in the enhanced activity of ultrafines. Toxicol. Appl. Pharmacol.,
175: 191-199.

Browne, M.A., Dissanayake, A., Galloway, T.S., Lowe, D.M. & Thompson, R.C. 2008.
Ingested microscopic plastic translocates to the circulatory system of the mussel, Mytilus
edulis (L.). Environ. Sci. Technol., 42(13): 5026-5031.

Browne, M.A., Niven, S.J., Galloway, T.S., Rowland, S.J. & Thompson, R.C. 2013.
Microplastic moves pollutants and additives to worms, reducing functions linked to
health and biodiversity. Curr. Biol., 23(23): 2388-2392.

Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T. &
Thompson, R. 2011. Accumulation of microplastic on shorelines worldwide: sources
and sinks. Environ. Sci. Technol., 45(21): 9175-9179.

Browne, M.A., Chapman, M.G., Thompson, R.C., Amaral-Zettler, L.A., Jambeck, J. &
Mallos, N.J. 2015a. Spatial and temporal patterns of stranded intertidal marine debris: is
there a picture of global change? Environ. Sci. Technol., 49(12): 7082-7094.

Browne, M.A., Underwood, A.J., Chapman, M.G., Williams, R., Thompson, R.C.,,
van Franeker, J.A. 2015b. Linking effects of anthropogenic debris to ecological impacts.
Proc. Roy. Soc., B, 282: 2014-2929.

Calafat, A.M., Kuklenyik, Z., Reidy, J.A., Caudill, S.P.,, Ekong, J. & Needham, L.L.
2005. Urinary concentrations of bisphenol A and 4-nonylphenol in a human reference
population. Environ. Health Perspect., 113: 391-95.

Calder, D.R., Choong, H.H., Carlton, J.T., Chapman, J.W., Miller, J.A. & Geller, J. 2014.
Hydroids (Cnidaria: Hydrozoa) from Japanese tsunami marine debris washing ashore in
the northwestern United States. Aquat. Invasions, 9(4): 425-440.

Canesi, L., Ciacci, C., Bergami, E., Monopoli, M., Dawson, K., Papa, S., Canonico, B.
& Corsi, I. 2015. Evidence for immunomodulation and apoptotic processes induced by
cationic polystyrene nanoparticles in the hemocytes of the marine bivalve Mytilus. Mar.
Environ. Res., 111: 34-40.



References

97

Cardia, FE & Lovatelli, A. 2015. Aguaculture operations in floating HDPE cages: a field
handbook. FAO Fisheries and Aquaculture Technical Paper No. 593. Rome, FAO. 152
pp-

Carpenter, E.J. & Smith, K.L. 1972. Plastics on the Sargasso Sea surface. Science,
175(4027): 1240-1241.

Carr, K.E., Smyth, S.H., McCullough, M.T., Morris, J.E & Moyes, S.M. 2012.
Morphological aspects of interactions between microparticles and mammalian cells:
intestinal uptake and onward movement. Prog. Histochem. Cytochem., 46: 185-252

Carson, H.S., Colbert, S.L., Kaylor, M.]J. & McDermid, K.J. 2011. Small plastic debris
changes water movement and heat transfer through beach sediments. Mar. Pollut. Bull.,
62(8): 1708-1713.

Carson, H.S., Nerheim, M.S., Carroll, K.A. & Eriksen, M. 2013. The plastic-associated
microorganisms of the North Pacific Gyre. Mar. Pollut. Bull., 75(1): 126-132.

Caruso, G. 2015. Microplastics in marine environments: possible interactions with the
microbial assemblage. J. Pollut. Eff. Cont., 3, p.e111. d0i:10.4172/2375-4397.1000e111
Castaiieda, R.A., Avlijas, S., Simard, M.A. & Ricciardi, A. 2014. Microplastic pollution in

St. Lawrence River sediments. Can. J. Fish. Aquat. Sci., 71(12): 1767-1771.

Castro, R.O., Silva, M.L., Marques, M.R.C. & de Aratijo, E V. 2016. Evaluation of
microplastics in Jurujuba Cove, Niter6i, R], Brazil, an area of mussels farming. Mar. Poll.
Bull., 110 (1): 555-558.

Catarino, A.L, Thompson, R., Sanderson, W. & Henry T.B. 2017. Development and
optimization of a standard method for extraction of microplastics in mussels by enzyme
digestion of soft tissues. Environ. Toxicol. Chem., 36 (4): 947-951.

Cedervall, T., Hansson, L.A., Lard, M., Frohm, B. & Linse, S. 2012. Food chain transport
of nanoparticles affects behaviour and fat metabolism in fish. PloS One, 7(2): €32254.
d0i:10.1371/journal.pone.0032254

Chae, D.H., Kim, LS., Kim, S.K., Song, YK. & Shim, W.J. 2015. Abundance and
distribution characteristics of microplastics in surface seawaters of the Incheon/Kyeonggi
coastal region. Arch. Environ. Contam. Toxicol., 69 (3): 269-278.

Chen, Y., Shu, L., Qiu, Z., Lee, D.Y,, Settle, S.]J., Que Hee, S., Telesca, D., Yang, X. &
Allard, P. 2016. Exposure to the BPA-Substitute Bisphenol S Causes Unique Alterations
of Germline Function. PLoS Genet., 12(7): €1006223. doi: 10.1371/journal.pgen.1006223.

Cheng, Z., Nie, X.P., Wang, H.S., & Wong, M.H. 2013. Risk assessments of human
exposure to bioaccessible phthalate esters through market fish consumption. Environ.
Int., 57-58: 75-80

Choy, C. A. & Drazen, J. C. 2013. Plastic for dinner? Observations of frequent debris
ingestion by pelagic predatory fishes from the central North Pacific. Mar. Ecol. Prog.
Ser., 485: 155-163.

Christaki, U., Dolan, J.R., Pelegri, S. & Rassoulzadegan, E 1998. Consumption of
picoplankton-size particles by marine ciliates: effects of physiological state of the ciliate
and particle quality. Limnol. Oceanogr., 43(3): 458-464.

Chua, E.M., Shimeta, J., Nugegoda, D., Morrison, PD. & O. Clarke, B. 2014.
Assimilation of Polybrominated Diphenyl Ethers from Microplastics by the Marine
Amphipod, Allorchestes compressa. Environ. Sci. Technol., 48 (14): 8127-8134.

Churchill, J.H. 1989. The effect of commercial trawling on sediment resuspension and
transport over the Middle Atlantic Bight continental shelf. Cont. Shelf Res., 9 (9): 841-
865.

Cincinelli, A., Scopetani, C., Chelazzi, D., Lombardini, E., Martellini, T., Katsoiannis, A.,
Fossi, M.C. & Corsolini, S. 2017. Microplastic in the surface waters of the Ross Sea
(Antarctica): Occurrence, distribution and characterization by FTIR. Chemosphere, 175:
391-400.



98

Microplastics in fisheries and agquaculture

Claessens, M., De Meester, S., Van Landuyt, L., De Clerck, K. & Janssen, C. R. 2011.
Occurrence and distribution of microplastics in marine sediments along the Belgian
coast. Mar. Pollut. Bull., 62(10): 2199-2204.

Claessens, M., Van Cauwenberghe, L., Vandegehuchte, M.B. & Janssen, C.R. 2013. New
techniques for the detection of microplastics in sediments and field collected organisms.
May. Pollut. Bull., 70 (1-2): 227-233.

Clark, J.R., Cole, M., Lindeque, P.K., Fileman, E., Blackford, J., Lewis, C., Lenton, T.M.
& Galloway, T.S. 2016. Marine microplastic debris: a targeted plan for understanding and
quantifying interactions with marine life. Front. Ecol. Environ., 14(6): 317-324.

Clohisy, J. C., Yamanaka, Y., Faccio, R. & Abu-Amer, Y. 2006. Inhibition of IKK
activation, through sequestering NEMO, blocks PMMA-induced osteoclastogenesis and
calvarial inflammatory osteolysis. J. Orthop. Res., 24: 1358-1365.

Cluzard, M., Kazmiruk, T.N., Kazmiruk, V.D. & Bendell, L.I. 2015 Intertidal
concentrations of microplastics and their influence on ammonium cycling as related to
the shellfish industry. Arch. Environ. Contam. Toxicol., 69 (3): 310-319.

Cole, M., Lindeque, P., Halsband, C. & Galloway, T.S. 2011. Microplastics as contaminants
in the marine environment: a review. Mar. Poll. Bull., 62(12): 2588-2597.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, ]J. &
Galloway, T.S. 2013. Microplastic ingestion by zooplankton. Environ. Sc. Technol.,
47(12): 6646-6655.

Cole, M., Lindeque, P., Fileman, E., Halsband, C. & Galloway, T.S. 2015. The impact
of polystyrene microplastics on feeding, function and fecundity in the marine copepod
Calanus helgolandicus. Environ. Sci. Technol., 49(2): 1130-1137.

Cole, M., Webb, H., Lindeque, P.K., Fileman, E.S., Halsband, C. & Galloway, T.S. 2014.
Isolation of microplastics in biota-rich seawater samples and marine organisms. Sci. Rep.,
4: 4528. doi: 10.1038/srep04528

Collard, F, Gilbert, B., Eppe, G., Parmentier, E. & Das, K. 2015. Detection of
Anthropogenic Particles in Fish Stomachs: An Isolation Method Adapted to Identification
by Raman Spectroscopy. Arch. Environ. Contam. Toxicol., 69: 331-339.

Collard, E, Gilbert, B., Eppe, G., Roos, L., Compere, P., Das, K. & Parmentier, E. 2017.
Morphology of the filtration apparatus of three planktivorous fishes and relation with
ingested anthropogenic particles. Mar. Pollut. Bull., 116: 181-191.

Collignon, A., Hecq, J.H., Galgani, F, Collard, E. & Goffart, A. 2014. Annual variation
in neustonic micro- and meso-plastic particles and zooplankton in the Bay of Calvi
(Mediterranean—Corsica). Mar. Pollut. Bull., 79 (1-2): 293-298.

Collignon, A., Hecq, J.H., Galgani, E, Voisin, P, Collard, E & Goffart, A. 2012.
Neustonic microplastic and zooplankton in the North Western Mediterranean Sea. Mar.
Pollut. Bull., 64 (4): 861-864.

Colton Jr, ].B., Burns, B.R. & Knapp, ED. 1974. Plastic particles in surface waters of the
northwestern Atlantic. Science, 185(4150): 491-497.

Cooper, D.A. & Corcoran, P.L. 2010. Effects of mechanical and chemical processes on the
degradation of plastic beach debris on the island of Kauai, Hawaii. Mar. Pollut. Bull., 60
(5): 650-654.

Corcoran, P.L., Beisinger, M.C. & Grifi, M. 2009. Plastic and beaches: a degrading
relationship. Mar. Pollut. Bull., 58 (1): 80-84.

Costa, MLF, Cavalcante, J.S.S., Barbosa, C.C., Portugal, J.L. & Barletta, M. 2011.
Plastics buried in the inter-tidal plain of an estuarine system. J. Coastal Res., 64: 339-343.

Costa, M. E, Ivar do Sul, J. A,, Silva-Cavalcanti, J. S., Araujo, M. C. B., Spengler, A. &
Tourinho, P. S. 2010. On the importance of size of plastic fragments and pellets on the
strandline: a snapshot of a Brazilian beach. Environ. Monit. Assess., 168 (1-4): 299-304.



References

99

Cézar, A., Echevarria, E, Gonzilez-Gordillo, J.I, Irigoien, X., Ubeda, B., Hernandez-
Le6n, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A. & Fernindez-de-
Puelles, M.L. 2014. Plastic debris in the open ocean. Proc. Natl. Acad. Sci. U. S. A.,
111(28): 10239-10244.

Dang, H.,Li, T.,Chen, M. & Huang, G.2008. Cross-Ocean Distribution of Rhodobacterales
Bacteria as Primary Surface Colonizers in Temperate Coastal Marine Waters. Appl.
Environ. Microbiol., 74 (1): 52-60.

Dantas, D.V., Barletta, M. & Costa, M.F. 2012. The seasonal and spatial patterns of
ingestion of polyfilament nylon fragments by estuarine drums (Sciaenidae). Environ. Sci.
Pollut. Res., 19(2): 600-606.

Dantas, D.V., Barletta, M. & Costa, M. E. 2015. Feeding ecology and seasonal diet overlap
between Stellifer brasiliensis and Stellifer stellifer in a tropical estuarine ecocline. J. Fish
Biol., 86(2): 707-733.

da Silva, ML.L., Sales, A.S., Martins, S., de Oliveira Castro, R. & de Araitijo, EV. 2016. The
influence of the intensity of use, rainfall and location in the amount of marine debris in
four beaches in Niteroi, Brazil: Sossego, Camboinhas, Charitas and Flechas. Mar. Pollut.
Bull., 113 (1-2): 36-39.

Davarpanah, E. & Guilhermino, L. 2015. Single and combined effects of microplastics and
copper on the population growth of the marine microalgae Tetraselmis chuii. Estuarine,
Coastal Shelf Sci., 167: 269-275.

Davidson, T.M. 2012. Boring crustaceans damage polystyrene floats under docks polluting
marine waters with microplastic. Mar. Pollut. Bull., 64(9): 1821-1828.

Davidson, K. & Dudas, S.E. 2016. Microplastic ingestion by wild and cultured Manila
Clams (Venerupis philippinarum) from Baynes Sound, British Columbia. Arch. Environ.
Contam. Toxicol., 71: 147-156.

Day, R.H. & Shaw, D.G. 1987. Patterns in the abundance of pelagic plastic and tar in the
North Pacific Ocean, 1976-1985. Mar. Pollut. Bull., 18(6): 311-316.

Day, R. H., Shaw, D.G. & Ignell, S.E. 1990. The quantitative distribution and characteristics
of neuston plastic in the North Pacific Ocean, 1985-88. In R.S.Snomura & M.L.
Godfrey (eds) ,Proceedings of the Second International Conference on Marine Debris,
pp. 247-266, April 2-7 ,1989 ,Honolulu, Hawaii. US Dept. of Commerce. NOAA
Technical Memorandum NMFS NOAA-TM-NMFS-SWFC-154.

De Boer, J., Ballesteros-Gémez, A., Leslie, H.A., Brandsma, S.H. & Leonards, P.E.G.
2016. Flame retardants: Dust — And not food — Might be the risk. Chemosphere, 150:
461-464.

Debroas, D., Mone, A. & Ter Halle, A. 2017. Plastics in the North Atlantic garbage patch:
A boat-microbe for hitchhikers and plastic degraders. Sci. Total Environ., 599-600: 1222-
1232. http://dx.doi.org/10.1016/j.scitotenv.2017.05.059

Dehaut, A., Cassone, A.L., Frére, L., Hermabessiere, L., Himber, C., Rinnert, E.,
Riviere, G., Lambert, C., Soudant, P., Huvet, A. & Duflos, G. 2016. Microplastics in
seafood: benchmark protocol for their extraction and characterization. Environ. Pollut.,
215: 223-233.

DeHeer, D. H., Engels, J. A., DeVries, A. S., Knapp, R. H. & Beebe, J. D. 2001. In situ
complement activation by polyethylene wear debris. J. Biomed. Mater. Res., 54: 12-19.
De Jong, W.H., Hagens, W.I., Krystek, P., Burger, M.C., Sips, A.J. & Geertsma, R.E.
2008. Particle size-dependent organ distribution of gold nanoparticles after intravenous

administration. Biomaterials, 29: 1912-1919.

Dekiff, J. H., Remy, D., Klasmeier, J. & Fries, E. 2014. Occurrence and spatial distribution
of microplastics in sediments from Norderney. Environ. Pollut., 186: 248-256.

Della Torre, C., Bergami, E., Salvati, A., Faleri, C., Cirino, P., Dawson, K.A. &
Corsi, I. 2014. Accumulation and embryotoxicity of polystyrene nanoparticles at early
stage of development of sea urchin embryos Paracentrotus lividus. Environ. Sci. Technol.,
48(20): 12302-12311.



100

Microplastics in fisheries and agquaculture

de Lucia, G. A., Caliani, L., Marra, S., Camedda, A., Coppa, S., Alcaro, L., Campani, T.,
Giannetti, M., Coppola, D., Cicero, A. M., Panti, C., Baini, M., Guerranti, C., Marsili,
L., Massaro, G., Fossi, M. C. & Matiddi, M. 2014. Amount and distribution of neustonic
micro-plastic off the western Sardinian coast (Central-Western Mediterranean Sea). Mar.
Environ. Res., 100:10-16.

Deng, Y., Zhang, Y., Lemos, B. & Ren, H. 2017. Tissue accumulation of microplastics in
mice and biomarker responses suggest widespread health risks of exposure. Sci. Rep., 7:
46687. doi: 10.1038/srep46687

Derraik, J.G. 2002. The pollution of the marine environment by plastic debris: a review.
May. Pollut. Bull., 44(9): 842-852.

de S4, L.C,, Luis, L.G. & Guilhermino, L. 2015. Effects of microplastics on juveniles of the
common goby (Pomatoschistus microps): confusion with prey, reduction of the predatory
performance and efficiency, and possible influence of developmental conditions. Environ.
Pollut., 196: 359-362.

Desforges, J.P.W., Galbraith, M., Dangerfield, N. & Ross, P.S. 2014. Widespread
distribution of microplastics in subsurface seawater in the NE Pacific Ocean. Mar. Pollut.
Bull., 79 (1): 94-99.

Desforges, J.P.W., Galbraith, M. & Ross, P.S. 2015. Ingestion of Microplastics by
Zooplankton in the Northeast Pacific Ocean. Arch. Environ. Contam. Toxicol., 69:
320-330.

des Rieux, A., Fievez, V., Theate, 1., Mast, J., Preat, V. & Schneider Y.J. 2007. An
improved in vitro model of human intestinal follicle-associated epithelium to study
nanoparticle transport by M cells. Eur. . Pharm. Sci., 30: 380-391.

Devriese, L.I., van der Meulen, M.D., Maes, T., Bekaert, K., Paul-Pont, L., Frére, L.,
Robbens, J. & Vethaak A.D. 2015. Microplastic contamination in brown shrimp
(Crangon crangon, Linnaeus 1758) from coastal waters of the Southern North Sea and
Channel area. Mar. Pollut. Bull., 98(1): 179-187.

De Witte, B., Devriese, L., Bekaert, K., Hoffman, S., Vandermeersch, G., Cooreman, K.
& Robbens, J. 2014. Quality assessment of the blue mussel (Mytilus edulis): Comparison
between commercial and wild types. Mar. Pollut. Bull., 85(1): 146-155.

Dietrich, K.S., Melvin, E.E. & Conquest, L. 2008. Integrated weight longlines with
paired streamer lines-Best practice to prevent seabird bycatch in demersal longline
fisheries. Biol. Cons., 141(7): 1793-1805.

Dopico-Garcia, M.S., Lépez-Vilariné, J.M. & Gonzalez-Rodriguez, M.V. 2007.
Antioxidant content of and migration from commercial polyethylene, polypropylene,
and polyvinyl chloride packages. J. Agric. Food Chem., 55: 3225-3231.

Dos Santos, J. & Jobling, M. 1991. Gastric emptying in cod, Gadus morbua L.: emptying
and retention of indigestible solids. J. Fish Biol., 38(2): 187-197.

Doyle, M.]., Watson, W., Bowlin, N.M. & Sheavly, S.B. 2011. Plastic particles in coastal
pelagic ecosystems of the Northeast Pacific ocean. Mar. Environ. Res., 71(1): 41-52.

Driedger, A.G., Diirr, H.H., Mitchell, K. & Van Cappellen, P. 2015. Plastic debris in the
Laurentian Great Lakes: a review. J. Great Lakes Res., 41(1): 9-19.

Dris, R. 2017. First assessment of sources and fate of macro and micro plastics in
urban hydrosystems: Case of Paris megacity. Paris, Université Paris-Est Creteil (PhD
dissertation).

Dris, R., Imhof, H., Sanchez, W., Gasperi, J., Galgani, E, Tassin, B. & Laforsch, C.
2015a. Beyond the ocean: contamination of freshwater ecosystems with (micro-) plastic
particles. Environ. Chem., 12(5): 539-550.

Dris, R., Gasperi, J., Rocher, V., Saad, M., Renault, N. & Tassin, B. 2015b. Microplastic
contamination in an urban area: a case study in Greater Paris. Environ. Chem., 12(5):
592-599.



References

101

Dubaish, E & Liebezeit, G. 2013. Suspended Microplastics and Black Carbon Particles in
the Jade System, Southern North Sea. Water, Air, Soil Pollut., 224 (2): 1352. doi:10.1007/
s11270-012-1352-9

Duhec, A.V.,, Jeanne, R.F,, Maximenko, N. & Hafner, J. 2015. Composition and potential
origin of marine debris stranded in the Western Indian Ocean on remote Alphonse
Island, Seychelles. Mar. Pollut. Bull., 96(1): 76-86.

Edyvane, K.S., Dalgetty, A., Hone, P.W., Higham, ]J.S. & Wace, N.M. 2004. Long-term
marine litter monitoring in the remote Great Australian Bight, South Australia. Mar.
Poll. Bull., 48(11): 1060-1075.

Eerkes-Medrano, D., Thompson, R.C. & Aldridge, D.C. 2015. Microplastics in freshwater
systems: a review of the emerging threats, identification of knowledge gaps and
prioritisation of research needs. Water Res., 75: 63-82.

EFSA (European Food Safety Authority). 2006. Opinion of the Scientific Panel on
Contaminants in the Food Chain on a Request from the Commission related to DDT.
EFSA J., 433: 1-69.

EFSA. 2007. Risk-benefit analysis of foods: methods and approaches. Summary Report
EFSA Scientific Colloquium 6, 13-14 July 2006 — Tabiano (Province of Parma), Italy.
Parma, Italy.

EFSA. 2008. Polycyclic aromatic hydrocarbons in food: Scientific opinion of the Panel on
Contaminants in the Food Chain. EFSA J., 6(8):724, 114 pp. doi:10.2903/}.efsa.2008.724

EFSA. 2009. The potential risks arising from nanoscience and nanotechnologies on food
and feed safety. EFSA J., 7(3):958, 39 pp. d01:10.2903/].efsa.2009.958

EFSA. 2010. Guidance on human health risk-benefit assessment of foods. EFSA J.,
8(7):1673. 41 pp.

EFSA. 2011. Scientific Opinion on Polybrominated Diphenyl Ethers (PBDEs) in Food.
EFSA J., 9(5): 2156

EFSA. 2012. Update of the monitoring of levels of dioxins and PCBs in food and feed.
EFSA J., 10(7): 2832, 82 pp. doi:10.2903/j.efsa.2012.2832

EFSA. 2015a. Scientific Opinion on the risks to public health related to the presence of
bisphenol A (BPA) in foodstuffs: Part I — Exposure assessment. EFSA J., 13(1): 396

EFSA. 2015b. Statement on the benefits of fish/seafood consumption compared to the risks
of methylmercury in fish/seafood. EFSA J., 13(1):3982. 36 pp.

EFSA. 2016. Presence of microplastics and nanoplastics in food, with particular focus on
seafood. EFSA J., 14(6): 4501.

Enders, K., Lenz, R., Stedmon, C.A. & Nielsen, T.G. 2015. Abundance, size and polymer
composition of marine microplastics > 10pm in the Atlantic Ocean and their modelled
vertical distribution. Mar. Pollut. Bull., 100(1): 70-81.

Endo, S., Takizawa, R., Okuda, K., Takada, H., Chiba, K., Kanehiro, H., Ogi, H.,
Yamashita, R. & Date, T. 2005. Concentration of polychlorinated biphenyls (PCBs) in
beached resin pellets: variability among individual particles and regional differences. Mar.
Pollut. Bull., 50(10): 1103-1114.

Engler, R.E. 2012. The complex interaction between marine debris and toxic chemicals in
the ocean. Environ. Sci. Technol., 46(22): 12302-12315.

Erickson, B.E. 2008. Bisphenol A under Scrutiny. Chem. Eng. News, 86 (22): 36-39.

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C.,
Galgani, F, Ryan, P.G. & Reisser, J. 2014. Plastic pollution in the world’s oceans: more
than 5 trillion plastic pieces weighing over 250,000 tons afloat at sea. PloS One, 9(12):
€111913. doi1:10.1371/journal.pone.0111913

Eriksen, M., Mason, S., Wilson, S., Box, C., Zellers, A., Edwards, W., Farley, H. &
Amato, S. 2013a. Microplastic pollution in the surface waters of the Laurentian Great
Lakes. Mar. Pollut. Bull., 77(1): 177-182.



102

Microplastics in fisheries and agquaculture

Eriksen, M., Maximenko, N., Thiel, M., Cummins, A., Lattin, G., Wilson, S., Hafner, J.,
Zellers, A. & Rifman, S. 2013b. Plastic pollution in the South Pacific subtropical gyre.
Mar. Pollut. Bull., 68(1): 71-76.

Eriksson, C. & Burton, H. 2003. Origins and Biological Accumulation of Small Plastic
Particles in Fur Seals from Macquarie Island. Ambio, 32 (6): 380-384.

FAO. 2011. Report of the Joint FAO/WHO Expert Consultation on the Risks and Benefits
of Fish Consumption. FAO Fisheries and Aquaculture Report. No. 979.

FAO. 2016a. Fisheries and Aquaculture topics. Fish capture technology. Topics Fact Sheets.
In: FAO Fisheries and Aquaculture Department [online]. Rome. Updated 4 January
2016. [Cited 2 November 2016]. http://www.fao.org/fishery/technology/capture/en

FAO. 2016b. The State of World Fisheries and Aquaculture 2016. Contributing to food
security and nutrition for all. Rome. 200 pp.

FAO. 2016c. Fishery and Aquaculture Statistics. Food Balance Sheets 1961-2013 (Fishstat]).
In: FAO Fisheries and Aquaculture Department [online or CD-ROM]. Rome. Updated
2016. http://www.fao.org/fishery/statistics/software/fishstatj/en

FAO/WHO. 2009. International Programme on Chemical Safety (ICPS) Environmental
Health Criteria 240. Principles and Methods for the Risk Assessment of Chemicals in
Foods. http://www.inchem.org/documents/ehc/ehc/ehc240_chapter2.pdf

Farrell, P. & Nelson, K. 2013. Trophic level transfer of microplastic: Mytilus edulis (L.) to
Carcinus maenas (L.). Environ. Pollut., 177 : 1-3.

Faure, E, Demars, C., Wieser, O., Kunz, M. & de Alencastro, L.E 2015. Plastic pollution
in Swiss surface waters: nature and concentrations, interaction with pollutants. Environ.
Chem., 12(5): 582-591.

Fernandino, G., Elliff, C.L, Silva, LR. & Bittencourt, A.C. 2015. How many pellets are
too many? The pellet pollution index as a tool to assess beach pollution by plastic resin
pellets in Salvador, Bahia, Brazil. RGCI, 15(3): 325-332.

Ferreira, G.V.B., Barletta, M., Lima, A.R.A., Dantas, D.V., Justino, A.K.S. &
Costa, M.E. 2016. Plastic debris contamination in the life cycle of Acoupa weakfish
(Cynoscion acoupa) in a tropical estuary. ICES J. Mar. Sci., 73 (10): 2695-2707.

Ferreira, P., Fonte, E., Soares, M.E., Carvalho, F. & Guilhermino, L. 2016. Effects
of multi-stressors on juveniles of the marine fish Pomatoschistus microps: Gold
nanoparticles, microplastics and temperature. Aguat. Toxicol., 170: 89-103.

Fischer, V., Elsner, N.O., Brenke, N., Schwabe, E. & Brandt, A. 2015. Plastic pollution
of the Kuril-Kamchatka Trench area (NW Pacific). Deep Sea Res., Part I1, 111: 399-405.

Fischer, E.K., Paglialonga, L., Czech, E. & Tamminga, M. 2016. Microplastic pollution
in lakes and lake shoreline sediments—A case study on Lake Bolsena and Lake Chiusi
(central Italy). Environ. Pollut., 213: 648-657.

Floerl, O., Sunde, L.M. & Bloecher, N. 2016. Potential environmental risks associated with
biofouling management in salmon aquaculture. Aquac. Environ. Interact., 8: 407-417.
Foekema, E.M., De Gruijter, C., Mergia, M.T., van Franeker, J.A., Murk, A.J. &

Koelmans, A.A. 2013. Plastic in North Sea fish. Environ. Sci. Technol., 47(15): 8818-8824.

Fok, L. & Cheung, PK. 2015. Hong Kong at the Pearl River Estuary: A hotspot of
microplastic pollution. Mar. Pollut. Bull., 99(1): 112-118.

Fossi, M. C., Panti, C., Guerranti, C., Coppola, D., Giannetti, M., Marsili, L. &
Minutoli, R. 2012. Are baleen whales exposed to the threat of microplastics? A case
study of the Mediterranean fin whale (Balaenoptera physalus). Mar. Pollut. Bull., 64(11),
2374-2379.

Fossi, M. C., Coppola, D., Baini, M., Giannetti, M., Guerranti, C., Marsili, L., Panti, C.,
de Sabata, E. & Clo, S. 2014. Large filter feeding marine organisms as indicators of
microplastic in the pelagic environment: The case studies of the Mediterranean basking
shark (Cetorhinus maximus) and fin whale (Balaenoptera physalus). Mar. Environ. Res.,
100: 17-24.



References

103

Fossi, M.C., Marsili, L., Baini, M., Giannetti, M., Coppola, D., Guerranti, C., Caliani,
I., Minutoli, R., Lauriano, G., Finoia, M.G., Rubegni, F, Panigada, S., Bérubé, M.,
Ramirez, J.U. & Panti, C. 2016. Fin whales and microplastics: The Mediterranean Sea
and the Sea of Cortez scenarios. Environ. Pollut., 209: 68-78.

Free, C.M.,, Jensen, O.P., Mason, S.A., Eriksen, M., Williamson, N.]J. & Boldgiv, B. 2014.
High-levels of microplastic pollution in a large, remote, mountain lake. Mar. Pollut. Bull.,
85(1): 156-163.

Frére, L., Paul-Pont, 1., Moreau, J., Soudant, P., Lambert, C., Huvet, A. & Rinnert, E.
2016. A semi-automated Raman micro-spectroscopy method for morphological and
chemical characterizations of microplastic litter. Mar. Pollut. Bull., 113(1): 461-468.

Frias, J.P.G.L., Otero, V. & Sobral, P. 2014. Evidence of microplastics in samples of
zooplankton from Portuguese coastal waters. Mar. Environ. Res., 95: 89-95.

Frias, ].P.G.L., Gago, J., Otero, V. & Sobral, P. 2016. Microplastics in coastal sediments
from Southern Portuguese shelf waters. Mar. Environ. Res., 114: 24-30.

Fries, E., Dekiff, J.H., Willmeyer, J., Nuelle, M.T., Ebert, M. & Remy D. 2013. Identification
of polymer types and additives in marine microplastic particles using pyrolysis-GC/MS
and scanning electron microscopy. Env. Sci. Process. Impact., 15: 1949-1956.

Frohlich, E., Samberger, C., Kueznic, T., Absenger, M., Roblegg, E., Zimmer, A. &
Pieber, T.R. 2009. Cytotoxicity of nanoparticles independent from oxidative stress. J.
Toxicol. Sci., 34: 363-375.

Funge-Smith, S. & Phillips, M.J. 2001. Aquaculture systems and species. In R.P.
Subasinghe, P. Bueno, M.J. Phillips, C. Hough, S.E. McGladdery & J.R. Arthur, eds.
Aguaculture in the Third Millennium. Technical Proceedings of the Conference on
Aquaculture in the Third Millennium, Bangkok, Thailand, 20-25 February 2000. pp. 129-
135. NACA, Bangkok and FAO, Rome.

Gago, J., Henry, M. & Galgani, E 2015. First observation on neustonic plastics in waters
off NW Spain (spring 2013 and 2014). Mar. Environ. Res., 111: 27-33.

Gajst, T., Bizjak, T., Palatinus, A., Liubartseva, S. & KrZan, A. 2016. Sea surface
microplastics in Slovenian part of the Northern Adriatic. Mar. Pollut. Bull., 113 (1-2):
392-399.

Galbraith, R.D., Rice, A. & Strange, E.S. 2004. An Introduction to Commercial Fishing
Gear and Methods Used in Scotland, Scottish Fisheries Information Pamphlet No. 25,
Fisheries Research Services, Scottish Executive, Aberdeen, Scotland.

Galgani, F, Leaute, ]J.P., Moguedet, P., Souplet, A., Verin, Y., Carpentier, A., Goraguer,
H., Latrouite, D., Andral, B., Cadiou, Y. & Mahe, J.C. 2000. Litter on the sea floor
along European coasts. Mar. Pollut. Bull., 40(6): 516-527.

Galgani, E, Hanke, G. & Maes, T. 2015. Global distribution, composition and abundance
of marine litter. In M. Bergmann, L. Gutow, L. & M. Klages, eds. Marine Anthropogenic
Litter, pp. 29-56. Cham, Switzerland, Springer International Publishing.

Galloway, T.S. 2015. Micro- and Nano-plastics and Human Health. In M. Bergmann,
L. Gutow, L. & M. Klages, eds. Marine Anthropogenic Litter, pp. 343-366. Cham,
Switzerland, Springer International Publishing.

Gaugquie, J., Devriese, L., Robbens, J. & De Witte, B. 2015. A qualitative screening and
quantitative measurement of organic contaminants on different types of marine plastic
debris. Chemosphere, 138: 348-356.

Gazo, M., Gonzalvo, J. & Aguilar, A. 2008. Pingers as deterrents of bottlenose dolphins
interacting with trammel nets. Fish. Res., 92(1): 70-75.

Gelb, H., Ralph Schumacher, H., Cuckler, J. & Baker, D. G. 1994. In vivo inflammatory
response to polymethylmethacrylate particulate debris: effect of size, morphology, and
surface area. /. Orthop. Res., 12: 83-92.



104

Microplastics in fisheries and agquaculture

GESAMP (Joint Group of Experts on the Scientific Aspects of Marine Environmental
Protection). 2015. Sources, fate and effects of microplastics in the marine environment: a
global assessment (Kershaw, P. J., ed.). IMO/FAO/UNESCO-IOC/UNIDO/WMO/
IAEA/UN/UNEP/UNDP Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection). Rep. Stud. GESAMP No. 90, 96 p.

GESAMP (2016). Sources, fate and effects of microplastics in the marine environment:
part two of a global assessment. (Kershaw, P.J., and Rochman, C.M., eds). (IMO/FAO/
UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint Group of Experts
on the Scientific Aspects of Marine Environmental Protection). Rep. Stud. GESAMP
No. 93, 220 pp.

Gilfillan, L.R., Ohman, M.D., Doyle, M.]. & Watson, W. 2009. Occurrence of plastic
micro-debris in the southern California Current system. CalCOFI Reports, 50: 123-133.

Gilman, E., Chopin, E, Suuronen, P. & Kuemlangan, B. 2016. Abandoned, lost or
otherwise discarded gillnets and trammel nets: methods to estimate ghost fishing mortaliry,
and the status of regional monitoring and management. FAO Fisheries and Aquaculture
Technical Paper No. 600. Rome.

Gobas, EA.PC., Mackintosh, C.E., Webster, G., lkonomou, M., Parkerton, T.E &
Robillard, K. 2003. Bioaccumulation of Phthalate Esters in Aquatic Food-Webs. The
Handbook of Environmental Chemistry Vol. 3, Part Q: 201-225. doi: 10.1007/b11467.

Goldstein, M.C., Rosenberg, M. & Cheng, L. 2012. Increased oceanic microplastic debris
enhances oviposition in an endemic pelagic insect. Biol. Lett. (London, U.K.), 8 (5): 817-
820.

Goldstein, M.C., Titmus, A.]. & Ford, M. 2013. Scales of spatial heterogeneity of plastic
marine debris in the northeast Pacific Ocean. PloS One, 8(11): p.e80020.

Gorokhova, E. 2015. Screening for microplastic particles in plankton samples: How to
integrate marine litter assessment into existing monitoring programs? Mar. Pollut. Bull.,
99 (1-2): 271-275.

Goto, T. & Shibata, H. 2015. Changes in abundance and composition of anthropogenic
marine debris on the continental slope off the Pacific coast of northern Japan, after the
March 2011 Tohoku earthquake. Mar. Pollut. Bull., 95(1): 234-241.

Gouin, T., Roche, N., Lohmann, R. & Hodges, G. 2011. A Thermodynamic Approach
for Assessing the Environmental Exposure of Chemicals Absorbed to Microplastic.
Environ. Sci. Technol., 45: 1466—1472.

Graham, E.R. & Thompson, J.T. 2009. Deposit and suspension-feeding sea cucumbers
(Echinodermata) ingest plastic fragments. J. Exp. Mar. Biol. Ecol., 368(1): 22-29.

Green, D. S. 2016. Effects of microplastics on European flat oysters, Ostrea edulis and their
associated benthic communities. Environ. Pollut., 216: 95-103.

Green, D.S., Boots, B., Sigwart, J., Jiang, S. & Rocha, C. 2016. Effects of conventional
and biodegradable microplastics on a marine ecosystem engineer (Arenicola marina) and
sediment nutrient cycling. Environ. Pollut., 208: 426-434.

Green, D., Boots, B., O’Connor, N. & Thompson, R. 2017. Microplastics affect the
ecological functioning of an important biogenic habitat. Environ. Sci. Technol., 51(1):
68-77

Gregory, M.R. 1983. Virgin plastic granules on some beaches of eastern Canada and
Bermuda. Mar. Environ. Res., 10: 73-92.

Gretzer, C., Werthen, M. & Thomsen, P. 2002. Apoptosis and cytokine release in
human monocytes cultured on polystyrene and fibrinogen-coated polystyrene surfaces.
Biomaterials, 23: 1639-1648.

Grigorakis, S., Mason, S.A. & Drouillard, K.G. 2017. Determination of the gut retention
of plastic microbeads and microfibers in goldfish (Carassius auratus). Chemosphere, 169:
233-238.



References

105

Guerra, P, Kim, M., Teslic, S., Alaece, M. & Smyth, S.A. 2015. Bisphenol-A removal
in various wastewater treatment processes: Operational conditions, mass balance, and
optimization. J. Environ. Manage., 152:192-200.

Guo, B., Glavas, L. & Albertsson, A.C. 2013. Biodegradable and electrically conducting
polymers for biomedical applications. Prog. Polym. Sci., 38(9): 1263-1286.

Gutow, L., Eckerlebe, A., Gimenez, L. & Saborowski, R. 2016. Experimental evaluation
of seaweeds as a vector for microplastics into marine food webs. Environ. Sci. Technol.,
50(2): 915-923.

Giiven, O., Gokdak, K., Jovanovic, B.,, & Kideys, A.E. 2017. Microplastic litter
composition of the Turkish territorial waters of the Mediterranean Sea, and its occurrence
in the gastrointestinal tract of fish. Environ. Pollut., 223: 286-294.

Halden, R. U. 2010. Plastics and Health Risks. Annu. Rev. Public Health. 31:179-194.

Halden, R. U. 2015. Epistemology of Contaminants of Emerging Concern and Literature
Meta-analysis. J. Hazard. Mater., 282: 2-9.

Hall, N.M., Berry, K.L.E., Rintoul, L. & Hoogenboom, M.O. 2015. Microplastic
ingestion by scleractinian corals. Mar. Biol., 162(3): 725-732.

Hallab, N. J., McAllister, K., Brady, M. & Jarman-Smith, M. 2012. Macrophage reactivity
to different polymers demonstrates particle size-and material-specific reactivity: PEEK-
OPTIMA® particles versus UHMWPE particles in the submicron, micron, and
10 micron size ranges. J. Biomed. Mater. Res., Part B, 100: 480-492.

Himer, J., Gutow, L., Kohler, A. & Saborowski, R. 2014. Fate of microplastics in the
marine isopod Idotea emarginata. Environ. Sci. Technol., 48(22): 13451-13458.

Handy, R.D., Henry, T.B., Scown, T.M., Johnston, B.D. & Tyler C.R. 2008. Manufactured
nanoparticles: their uptake and effects on fish-a mechanistic analysis. Ecotoxicology, 17:
396-409.

Hanke, G., Galgani, F.,, Werner, S., Oosterbaan, L., Nilsson, P., Fleet, D. ez al., 2013.
MSFD GES technical subgroup on marine litter. Guidance on monitoring of marine litter
in European Seas. Luxembourg: Joint Research Centre-Institute for Environment and
Sustainability, Publications Office of the European Union.

Harrison, J.P, Sapp, M., Schratzberger, M. & Osborn, A.M. 2011. Interactions between
microorganisms and marine microplastics: a call for research. Mar. Technol. Soc. J., 45:
12-20.

Harrison, ]J.P., Schratzberger, M., Sapp, M. & Osborn, A.M. 2014. Rapid bacterial
colonization of low-density polyethylene microplastics in coastal sediment microcosms.
BMC Microbiol., 14: 232. doi: 10.1186/512866-014-0232-4.

Hart, M. W. 1991. Particle capture and the method of suspension feeding by echinoderm
larvae. Biol. Bull., 180 (1): 12-27.

Hartmann, N.B,, Rist, S., Bodin, J., Jensen, L.H.S., Schmidt, S.N., Mayer, P., Meibom, A.
& Baun, A. 2017. Microplastics as Vectors for Environmental Contaminants: Exploring
Sorption, Desorption, and Transfer to Biota. Integr. Environ. Assess. Manag., 13 (3):
488-493.

Heo, N.W.,, Hong, S.H., Han, G.M., Hong, S., Lee, J., Song, Y.K., Jang, M. &
Shim, W.J. 2013. Distribution of small plastic debris in cross-section and high strandline
on Heungnam beach, South Korea. Ocean Sci. J., 48(2): 225-233.

Hermabessiere, L., Dehaut, A., Paul-Pont, I., Lacroix C., Jezequel, R., Soudant, P. &
Duflos, G. 2017. Occurrence and effects of plastic additives on marine environments and
organisms: A review. Chemosphere, 182: 781-793.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C. & Thiel, M. 2012. Microplastics in the
marine environment: a review of the methods used for identification and quantification.
Environ. Sci. Technol., 46(6): 3060-3075.

Hidalgo-Ruz, V. & Thiel, M. 2013. Distribution and abundance of small plastic debris on
beaches in the SE Pacific (Chile): A study supported by a citizen science project. Mar.
Environ. Res., 87: 12-18.



106

Microplastics in fisheries and agquaculture

Hillery, A.M. & Florence, A.T. 1996. The effect of adsorbed poloxamer 188 and
407 surfactants on the intestinal uptake of 60-nm polystyrene particles after oral
administration in the rat. Int. J. Pharm., 132: 123-130.

Hillery, A.M., Jani, PU. & Florence A.T. 1994. Comparative, quantitative study of
lymphoid and non-lymphoid uptake of 60 nm polystyrene particles. J. Drug Targeting,
2: 151-156.

Hinojosa, I.A. & Thiel, M. 2009. Floating marine debris in fjords, gulfs and channels of
southern Chile. Mar. Pollut. Bull., 58(3): 341-350.

Hirai, H., Takada, H., Ogata, Y., Yamashita, R., Mizukawa, K., Saha, M., Kwan, C,,
Moore, C., Gray, H., Laursen, D., Zettler, E.R., Farrington, J.W., Reddy, C.M.,
Peacock, E.E. & Ward, M.W. 2011. Organic micropollutants in marine plastic debris
from the open ocean and remote and urban beaches. Mar. Pollut. Bull., 62 (8): 1683-1692.

Hoellein, T., Rojas, M., Pink, A., Gasior, J. & Kelly, J. 2014. Anthropogenic litter in urban
freshwater ecosystems: distribution and microbial interactions. PloS One, 9(6): €98485.
doi:10.1371/journal.pone.0098485

Holmes, L.A. 2013. Interactions of trace metals with plastic production pellets in the marine
environment. Plymouth, UK, Plymouth University (PhD dissertation).

Holmes, L.A., Turner, A. & Thompson, R.C. 2012. Adsorption of trace metals to plastic
resin pellets in the marine environment. Environ. Pollut., 160: 42-48.

Holmes, L.A., Turner, A. & Thompson, R.C. 2014. Interactions between trace metals and
plastic production pellets under estuarine conditions. Mar. Chem., 167: 25-32.

Hong, S., Lee, J., Kang, D., Choi, H.-W. & Ko, S.H. 2014. Quantities, composition, and
sources of beach debris in Korea from the results of nationwide monitoring. Mar. Pollut.
Bull., 84(1): 27-34.

Hoornweg, D. & Bhada-Tata, P. 2012. What a waste. A global review of solid waste
management. World Bank Urban Development Series, 15, 98 pp.

Hoornweg, D., Bhada-Tata, P. & Kennedy, C. 2013. Waste production must peak this
century. Nature, 502: 615-617.

Horton, A.A., Svendsen, C., Williams, R.]., Spurgeon, D.J. & Lahive, E. 2017a. Large
microplastic particles in sediments of tributaries of the River Thames, UK-Abundance,
sources and methods for effective quantification. Mar. Pollut. Bull., 114 (1): 218-226.

Horton, A.A., Walton, A., Spurgeon, D.]., Lahive, E. & Svendsen, C. 2017b. Microplastics
in freshwater and terrestrial environments: Evaluating the current understanding to
identify the knowledge gaps and future research priorities. Sci. Total Environ., 586:
127-141.

Hu, L., Su, L., Xue, Y., Mu, J., Zhu, J., Xu, J. & Shi, H. 2016. Uptake, accumulation and
elimination of polystyrene microspheres in tadpoles of Xenopus tropicalis. Chemosphere,
164: 611-617.

Huang, Z., Ma, T., Ren, P. G., Smith, R. L. & Goodman, S. B. 2010. Effects of orthopedic
polymer particles on chemotaxis of macrophages and mesenchymal stem cells. /. Biomed.
Mater. Res., Part A, 94: 1264-1269.

Huang, P.C., Tien, C.J., Sun, Y.M., Hsieh, C.Y. & Lee, C.C. 2008. Occurrence of
phthalates in sediment and biota: Relationship to aquatic factors and the biota-sediment
accumulation factor. Chemosphere, 73: 539-544.

Huerta-Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Salanki, T., van der Ploeg,
M., Besseling, E., Koelmans, A.A. & Geissen, V. 2016. Microplastics in the terrestrial
ecosystem: Implications for Lumbricus terrestris (Oligochaeta, Lumbricidae). Environ.
Sci. Technol., 50(5): 2685-2691.

Hussain, N., Jani, P.U. & Florence, A.T. 1997. Enhanced oral uptake of tomato lectin-
conjugated nanoparticles in the rat. Pharm. Res., 14: 613-618.

Hussain, N., Jaitley, V. & Florence, A.T. 2001. Recent advances in the understanding of
uptake of microparticulates across the gastrointestinal lymphatics. Adv. Drug Delivery
Rev., 50: 107-142.



References

107

Imhof, H.K., Ivleva, N.P.,, Schmid, J., Niessner, R. & Laforsch, C. 2013. Contamination
of beach sediments of a subalpine lake with microplastic particles. Curr. Biol., 23(19):
R867-R868.

Imhof, H.K., Laforsch, C., Wiesheu, A.C., Schmid, J., Anger, P.M., Niessner, R. & Ivleva,
N.P. 2016. Pigments and plastic in limnetic ecosystems: a qualitative and quantitative
study on microparticles of different size classes. Water Res., 98: 64-74.

Industrievereinigung Chemiefaser. 2016. Available at (www.ivc-ev.de/live/index.
php?page_id=43). Accesed 7 December 2016.

Ingram, J. H., Stone, M., Fisher, J. & Ingham, E. 2004. The influence of molecular weight,
crosslinking and counterface roughness on TNF-alpha production by macrophages in
response to ultra high molecular weight polyethylene particles. Biomaterials, 25: 3511-
3522.

Iniguez, MLE., Conesa, J.A. & Fullana, A. 2016. Marine debris occurrence and treatment:
A review. Renewable Sustainable Energy Rev., 64: 394-402.

Ismail, A., Adilah, N. M. B. & Nurulhudha, M. J. 2009. Plastic pellets along Kuala
Selangor- Sepang coastline. Malays. Appl. Biol. J., 38: 85-88.

Isobe, A. 2016. Percentage of microbeads in pelagic microplastics within Japanese coastal
waters. Mar. Pollut. Bull., 110 (1): 432-437.

Isobe, A., Kubo, K., Tamura, Y., Nakashima, E. & Fujii N. 2014. Selective transport of
microplastics and mesoplastics by drifting in coastal waters. Mar. Pollut. Bull., 89 (1):
324-330.

Isobe, A., Uchida, K., Tokai, T. & Iwasaki, S. 2015. East Asian seas: A hot spot of pelagic
microplastics. Mar. Pollut. Bull., 101 (2): 618-623.

Isobe, A., Uchiyama-Matsumoto, K., Uchida, K. & Tokai, T. 2017. Microplastics in the
Southern Ocean. Mayr. Pollut. Bull., 114 (1): 623-626.

Ivar do Sul, J.A. Spengler, A. & Costa, M.E 2009. Here, there and everywhere. Small
plastic fragments and pellets on beaches of Fernando de Noronha (Equatorial Western
Atlantic). Mar. Pollut. Bull., 58 (8): 1229-1244.

Ivar do Sul, J.A.., Costa, M.E, Barletta, M. & Cysneiros, EJ.A. 2013. Pelagic microplastics
around an archipelago of the Equatorial Atlantic. Mar. Pollut. Bull., 75(1): 305-309.

Jabeen, K., Su, L., Li, J., Yang, D., Tong, C., Mu, J. & Shi, H. 2016. Microplastics and
mesoplastics in fish from coastal and fresh waters of China. Environ. Pollut., 221: 141-
149.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan,
R. & Law, K.L. 2015. Plastic waste inputs from land into the ocean. Science, 347(6223):
768-771.

Jang, M., Shim, W.J., Han, G.M., Rani, M., Song, Y.K. & Hong, S.H. 2016. Styrofoam
debris as a source of hazardous additives for marine organisms. Environ. Sci. Technol.,
50: 4951-4960.

Jang, Y.C., Lee, J., Hong, S., Lee, J.S., Shim, W.J. & Song, Y.K. 2014a. Sources of plastic
marine debris on beaches of Korea: More from the ocean than the land. Ocean Sci. J.,
49(2): 151-162.

Jang, Y.C., Lee, J., Hong, S., Mok, ].Y., Kim, K.S., Lee, Y.J., Choi, H.W., Kang, H. &
Lee, S. 2014b. Estimation of the annual flow and stock of marine debris in South Korea
for management purposes. Mar. Pollut. Bull., 86(1): 505-511.

Jani, P., Halbert, G.W., Langridge, J. & Florence A.T. 1990. Nanoparticle uptake by
the rat gastrointestinal mucosa: quantitation and particle size dependency. J. Pharm.
Pharmacol., 42: 821-826.

Jani, P.U., McCarthy, D.E. & Florence, A.T. 1992. Nanosphere and microsphere uptake
via Peyer’s patches: observation of the rate of uptake in the rat after a single oral dose.
Int. . Pharm., 86: 239-246.



108

Microplastics in fisheries and agquaculture

Jensen, G.L. & Zajicek, P. W. 2008. Best Management Practice Programs and Initiatives
in the United States. In C.S Tucker & J.A. Hargreaves, eds. Environmental Best
Management Practices for Aquaculture, Chapter 4, Oxford, UK, Wiley-Blackwell. doi:
10.1002/9780813818672.ch4.

Jeong, C.B., Kang, H.M., Lee, M.C., Kim, D.H., Han, J., Hwang, D.S., Souissi, S.,
Lee, S.J., Shin, K.H., Park, H.G. & Lee, J.S. 2017. Adverse effects of microplastics and
oxidative stress-induced MAPK/Nrf2 pathway-mediated defense mechanisms in the
marine copepod Paracyclopina nana. Sci. Rep., 7:41323. doi: 10.1038/srep41323

Kaberi, H., Tsangaris, C., Zeri, C., Mousdis, G., Papadopoulos, A. & Streftaris, N. 2013.
Microplastics along the shoreline of a Greek island (Kea Island, Aegean Sea): Types
and densities in relation to beach orientation, characteristics and proximity to sources.
In Proceedings of the 4th International Conference on Environmental Management,
Engineering, Planning and Economics (CEMEPE) and SECOTOX Conference. Mykonos
Island, Greece, June 24-28.

Kang, J.H., Kwon, O.Y., Lee, K.W., Song, Y.K. & Shim, W.J. 2015. Marine neustonic
microplastics around the southeastern coast of Korea. Mar. Pollut. Bull., 96 (1): 304-312.

Kaposi, K.L., Mos, B., Kelaher, B.P. & Dworjanyn, S.A. 2014. Ingestion of microplastic
has limited impact on a marine larva. Environ. Sci. Technol., 48(3): 1638-1645.

Karami, A., Golieskardi, A., Choo, C.K., Larat, V., Galloway, T.S. & Salamatinia, B.
2017. The presence of microplastics in commercial salts from different countries. Sci.
Rep., 7:46173. doi: 10.1038/srep46173

Kaufman, A. M., Alabre, C. I, Rubash, H. E. & Shanbhag, A. S. 2008. Human
macrophage response to UHMWPE, TiAlV, CoCr, and alumina particles: analysis of
multiple cytokines using protein arrays. J. Biomed. Mater. Res., Part A, 84: 464-474.

Khordagui, H. K. & Abu-Hilal, A. H. 1994. Industrial plastic on the southern beaches of
the Arabian Gulf and the western beaches of the Gulf of Oman. Environ. Pollut., 84(3):
325-327.

Kiessling, T., Gutow, L. & Thiel, M. 2015. Marine litter as habitat and dispersal vector. In
M. Bergmann, L. Gutow, L. & M. Klages, eds. Marine Anthropogenic Litter, pp. 141-181.
Cham, Switzerland, Springer International Publishing.

Kim, LS., Chae, D.H., Kim, S.K., Choi, S. & Woo, S.B. 2015. Factors influencing the
spatial variation of microplastics on high-tidal coastal beaches in Korea. Arch. Environ.
Contam. Toxicol., 69(3): 299-309.

Kim, S., Park, S. & Lee, K. 2014a. Fishing Performance of an Octopus minor Net Pot
Made of Biodegradable Twines. Turk. J. Fish. Aquat. Sci. 14 (1): 21-30.

Kim, S. G., Lee, W. & Yuseok, M. 2014b. The estimation of derelict fishing gear in the
coastal waters of South Korea: Trap and gill-net fisheries. Mar. Policy, 46: 119-122.

Kirstein, I.V. Kirmizi, S., Wichels, A., Garin-Fernandez, A., Erler, R., Loder, M. &
Gerdts, G. 2016. Dangerous hitchhikers? Evidence for potentially pathogenic Vibrio
spp. on microplastic particles. Mar. Environ. Res., 120: 1-8.

Klaine, S. J., Koelmans, A. A., Horne, N., Handy, R. D., Kapustka, L., Nowack, B. &
von der Kammer, F. 2012. Paradigms to assess the environmental impact of manufactured
nanomaterials. Environ. Toxicol. Chem., 31: 3-14.

Klirner, P, Klenz, R., Eder, R., Volz, W.E., Schnell, H.W., Leyendecker, D., Giintner, A.,
Niessner, N., Morris, C.R. & Christian, M.S. 1998. Preparation and analysis of styrene
oligomers containing migrates from various polystyrenes used in food packaging. Drug
Chem. Toxicol. 21(Suppl. 1):31-49

Klein, S., Worch, E. & Knepper, T.P. 2015. Occurrence and spatial distribution of
microplastics in river shore sediments of the Rhine-Main area in Germany. Environ. Sci.
Technol., 49(10): 6070-6076.



References

109

Kodavanti, P.R.S., Ward, T.R., Derr-Yellin, E.C., Casey, A.C., Bush, B. & Tilson, H.A.
1998. Congener-specific distribution of polychlorinated biphenyls in brain regions,
blood, liver, and fat of adult rats following repeated exposure to Aroclor 1254. Toxicol.
Appl. Phamacol., 153:199-210.

Koelmans, A.A., Bakir, A., Burton, G.A. & Janssen, C.R. 2016. Microplastic as a Vector
for Chemicals in the Aquatic Environment: Critical Review and Model-Supported
Reinterpretation of Empirical Studies. Environ. Sci. Technol., 50(7): 3315-3326.

Koelmans, A.A., Besseling, E. & Foekema, E.M. 2014. Leaching of plastic additives to
marine organisms. Environ. Pollut., 187: 49-54.

Koelmans, A.A., Besseling, E. & Shim, W.J. 2015. Nanoplastics in the Aquatic Environment.
Critical Review. In M. Bergmann, L. Gutow, L. & M. Klages, eds. Marine Anthropogenic
Litter, pp. 325-340. Cham, Switzerland, Springer International Publishing.

Koelmans, A.A., Besseling, E., Wegner, A. & Foekema, E.M. 2013. Plastic as a Carrier of
POPs to Aquatic Organisms: A Model Analysis. Environ. Sci. Technol., 47: 7812-7820.
Kripa, V., Nair, P. G., Dhanya, A. M,, Pravitha, V. P, Abhilash, K. S., Mohammed, A. A,
Vijayan, D., Vishnu, P.G., Mohan, G., Anilkumar, P.S.,, Khambadkar, L. R. &
Prema, D. 2014. Microplastics in the gut of anchovies caught from the mud bank area of
Alappuzha, Kerala. Marine Fisheries Information Service; Technical and Extension Series

(219): 27-28.

Kiihn, S., Rebolledo, E.L.B. & van Franeker, J.A. 2015. Deleterious effects of litter on
marine life. In M. Bergmann, L. Gutow, L. & M. Klages, eds. Marine Anthropogenic
Litter, pp. 75-116. Cham, Switzerland, Springer International Publishing.

Kiithn, S., van Werven, B., van Oyen, A., Meijboom, A., Bravo Rebolledo, E.L. &
van Franeker, J.A. 2016. The use of potassium hydroxide (KOH) solution as a suitable
approach to isolate plastics ingested by marine organisms. Mar. Pollut. Bull., 115 (1-2):
86-90.

Kuiper, G.G.J.M., Lemmen, J.G., Carlsson, B., Corton, J.C., Safe, S.H., van der Saag, P.T.,
van der Burg, B. & Gustafsson, J.A. 1998. Interaction of estrogenic chemicals and
phytoestrogens with estrogen receptor beta. Endocrinology, 139:4252-63

Kukulka, T., Proskurowski, G., Morét-Ferguson, S., Meyer, D.W. & Law, K.L. 2012. The
effect of wind mixing on the vertical distribution of buoyant plastic debris. Geophys. Res.
Lett., 39(7): L07601, doi:10.1029/2012GL051116.

Kulkarni, S.A. & Feng, S.S. 2013. Effects of particle size and surface modification on
cellular uptake and biodistribution of polymeric nanoparticles for drug delivery. Pharm.
Res., 30: 2512-2522.

Kumar, V. & Karnatak, G. 2014. Engineering consideration for cage aquaculture.
IOSRJEN, 4(6): 11-18.

Kuriyama, Y., Konishi, K., Kanehiro, H., Otake, C., Kaminuma, T., Mato, Y., Takada, H.
& Kojima, A. 2002. Plastic pellets in the marine environment of Tokyo Bay and Sagami
Bay. Bull. Jpn. Soc. Sci. Fish., 68(2): 164-171.

Kusui, T. & Noda, M. 2003. International survey on the distribution of stranded and
buried litter on beaches along the Sea of Japan. Mar. Pollut. Bull., 47(1): 175-179.

Kwon, B.G., Saido, K., Koizumi, K., Sato, H., Ogawa, N., Chung, S.Y., Kusui, T.,
Kodera, Y. & Kogure, K. 2014. Regional distribution of styrene analogues generated
from polystyrene degradation along the coastlines of the North-East Pacific Ocean and
Hawaii. Environ. Pollut., 188: 45-49

Kwon, B.G., Koizumi, K., Chung, S.Y., Kodera, Y., Kim, J.O & Saido, K. 2015. Global
styrene oligomers monitoring as new chemical contamination from polystyrene plastic
marine pollution. /. Hazard. Mater., 300: 359-367.

Lagarde, E, Olivier, O., Zanella, M., Daniel, P., Hiard, S. & Caruso, A. 2016. Microplastic
interactions with freshwater microalgae: Hetero-aggregation and changes in plastic
density appear strongly dependent on polymer type. Environ. Pollut., 215: 331-339.



110

Microplastics in fisheries and agquaculture

Laglbauer, B.J., Franco-Santos, R.M., Andreu-Cazenave, M., Brunelli, L., Papadatou, M.,
Palatinus, A., Grego, M. & Deprez, T. 2014. Macrodebris and microplastics from
beaches in Slovenia. Mar. Pollut. Bull., 89 (1): 356-366.

Laist, D.W. 1987. Overview of the biological effects of lost and discarded plastic debris in
the marine environment. Mar. Pollut. Bull., 18(6): 319-326.

Lambert, S., Sinclair, C. & Boxall A. 2014. Occurrence, degradation, and effect of
polymer-based materials in the environment. Rev. Environ. Contam. Toxicol., 227: 1-53.

Lambert, S. & Wagner, M. 2016. Characterisation of nanoplastics during the degradation
of polystyrene. Chemosphere, 145: 265-268.

Lattin, G.L., Moore, C.J., Zellers, A.F, Moore, S.L. & Weisberg, S.B. 2004. A comparison
of neustonic plastic and zooplankton at different depths near the southern California
shore. Mar. Pollut. Bull., 49 (4): 291-294.

Law, K.L., Morét-Ferguson, S., Maximenko, N.A., Proskurowski, G., Peacock, E.E.,
Hafner, J. & Reddy, C.M. 2010. Plastic accumulation in the North Atlantic subtropical
gyre. Science, 329(5996): 1185-1188.

Law, K.L., Morét-Ferguson, S.E., Goodwin, D.S., Zettler, E.R., DeForce, E., Kukulka, T.
& Proskurowski, G. 2014. Distribution of surface plastic debris in the eastern Pacific
Ocean from an 11-year data set. Environ. Sci. Technol., 48(9): 4732-4738.

Lebreton, L.C.M. & Borrero, J.C. 2013. Modeling the transport and accumulation floating
debris generated by the 11 March 2011 Tohoku tsunami. Mar. Pollut. Bull., 66(1): 53-58.

Lechner, A. & Ramler, D. 2015. The discharge of certain amounts of industrial microplastic
from a production plant into the River Danube is permitted by the Austrian legislation.
Environ. Pollut., 200: 159-160.

Lee, J., Hong, S., Song, Y.K., Hong, S.H., Jang, Y.C., Jang, M., Heo, N.W., Han, G.M,,
Lee, M.J., Kang, D. & Shim, W.J. 2013. Relationships among the abundances of plastic
debris in different size classes on beaches in South Korea. Mar. Pollut. Bull., 77(1):
349-354.

Lee, J., Lee, ].S., Jang, Y.C., Hong, S.Y., Shim, W.J., Song, Y.K., Hong, S.H., Jang, M.,
Han, G.M., Kang, D. & Hong, S. 2015. Distribution and size relationships of plastic
marine debris on beaches in South Korea. Arch. Environ. Contam. Toxicol., 69(3): 288-
298.

Lee, K.W., Shim, W.]J., Kwon, O.Y. & Kang, J.H. 2013. Size-dependent effects of micro
polystyrene particles in the marine copepod Tigriopus japonicus. Environ. Sci. Technol.,
47(19): 11278-11283.

Lei, J., Payne, B.S. & Wang. S.Y. 1996. Filtration dynamics of the zebra mussel, Dreissena
polymorpha. Can. J. Fish. Aquat. Sci., 53 (1): 29-37.

Lenz, R., Enders, K., Stedmon, C.A., Mackenzie, D.M. & Nielsen, T.G. 2015. A critical
assessment of visual identification of marine microplastic using Raman spectroscopy for
analysis improvement. Mar. Pollut. Bull., 100(1): 82-91.

Li, J., Yang, D., Li, L., Jabeen, K. & Shi, H. 2015. Microplastics in commercial bivalves
from China. Environ. Pollut., 207: 190-195.

Li, J., Qu, X,, Su, L., Zhang, W., Yang, D., Kolandhasamy, P, Li, D. & Shi, H. 2016.
Microplastics in mussels along the coastal waters of China. Environ. Pollut., 214: 177-
184.

Liboiron, M., Liboiron, E, Wells, E., Richird, N., Zahara, A., Mather, C., Bradshaw, H.
& Murichi, J. 2016. Low plastic ingestion rate in Atlantic cod (Gadus morbua) from
Newtfoundland destined for human consumption collected through citizen science
methods. Mar. Pollut. Bull., 113 (1-2): 428-437.

Liebezeit, G. & Dubaish, E 2012. Microplastics in Beaches of the East Frisian Islands
Spiekeroog and Kachelotplate. Bull. Environ. Contam. Toxicol., 89 (1): 213-217.

Liebezeit, G. & Liebezeit, E. 2013. Non-pollen particulates in honey and sugar. Food
Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess., 30: 2136-2140.



References

111

Liebezeit, G. & Liebezeit, E. 2014. Synthetic particles as contaminants in German beers.
Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess., 31: 1574-1578.
Lima, A.R.A., Barletta, M. & Costa, M.E 2015. Seasonal distribution and interactions
between plankton and microplastics in a tropical estuary, Estuarine, Coastal Shelf Sci.,

165: 213-225.

Lima, A.R., Barletta, M. & Costa, M.E 2016. Seasonal-dial shifts of ichthyoplankton
assemblages and plastic debris around an Equatorial Atlantic archipelago. Front. Environ.
Sci., 4: 56. doi: 10.3389/fenvs.2016.00056.

Lima, A.R.A., Costa, M.E. & Barletta, M. 2014. Distribution patterns of microplastics
within the plankton of a tropical estuary, Environ. Res., 132: 146-155.

Lithner, D., Larsson, A. & Dave, G. 2011. Environmental and health hazard ranking and
assessment of plastic polymers based on chemical composition. Sci. Total Environ., 409
(18): 3309-3324.

Liu, TK., Wang, M.W. & Chen, P. 2013. Influence of waste management policy on the
characteristics of beach litter in Kaohsiung, Taiwan. Mar. Pollut. Bull., 72 (1): 99-106.
Liu, TK., Kao, J.C. & Chen, P. 2015. Tragedy of the unwanted commons: Governing the

marine debris in Taiwan’s oyster farming. Mar. Policy, 53: 123-130.

Lobelle, D. and Cunliffe, M. 2011. Early microbial biofilm formation on marine plastic
debris. Mar. Pollut. Bull., 62(1): 197-200.

Léder, M.G. & Gerdts, G. 2015. Methodology used for the detection and identification
of microplastics—A critical appraisal. In M. Bergmann, L. Gutow, L. & M. Klages, eds.
Marine Anthropogenic Litter, pp. 201-227. Cham, Switzerland, Springer International
Publishing.

Long, M., Moriceau, B., Gallinari, M., Lambert, C., Huvet, A., Raffray, J. & Soudant, P.
2015. Interactions between microplastics and phytoplankton aggregates: Impact on their
respective fates. Mar. Chem., 175: 39-46.

Lovatelli, A. 1988. Status of scallop farming: A review of techniques. NACA-SF/WP/87/1.
22 pp.

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., Ding, L. & Ren, H. 2016.
Uptake and Accumulation of Polystyrene Microplastics in Zebrafish (Danio rerio) and
Toxic Effects in Liver. Environ. Sci. Technol., 50(7): 4054-4060.

Luis, L. G., Ferreira, P., Fonte, E., Oliveira, M. & Guilhermino, L. 2015. Does the
presence of microplastics influence the acute toxicity of chromium (VI) to early juveniles
of the common goby (Pomatoschistus microps)? A study with juveniles from two wild
estuarine populations. Aguat. Toxicol., 164: 163-174.

Lund, E.K. 2013. Health benefits of seafood; Is it just the fatty acids? Food Chem., 140:
413-420.

Lusher, A. 2015. Microplastics in the marine environment: distribution, interactions and
effects. In M. Bergmann, L. Gutow, L. & M. Klages, eds. Marine Anthropogenic Litter,
pp- 245-307. Cham, Switzerland, Springer International Publishing.

Lusher, A.L., McHugh, M. & Thompson, R.C. 2013. Occurrence of microplastics in the
gastrointestinal tract of pelagic and demersal fish from the English Channel. Mar. Pollut.
Bull., 67(1): 94-99.

Lusher, A.L., Burke, A., O’Connor, I. & Officer, R. 2014. Microplastic pollution in the
Northeast Atlantic Ocean: validated and opportunistic sampling. Mar. Pollut. Bull.,
88(1): 325-333.

Lusher, A.L., Hernandez-Milian, G., O’Brien, J., Berrow, S., O’Connor, I. & Officer, R.
2015a. Microplastic and macroplastic ingestion by a deep diving, oceanic cetacean: The
True’s beaked whale Mesoplodon mirus. Environ. Pollut., 199: 185-191.

Lusher, A.L., Tirelli, V., O’Connor, I. & Officer, R. 2015b. Microplastics in Arctic polar
waters: the first reported values of particles in surface and sub-surface samples. Sci. Rep.,
5: 14947. d0i:10.1038/srep14947



112

Microplastics in fisheries and agquaculture

Lusher, A., Welden, N., Sobral, P. & Cole, M. 2017. Sampling, isolating and identifying
microplastics ingested by fish and invertebrates. Anal. Methods, 9: 1346-1360.

Macfadyen, G., Huntington, T. & Cappell, R. 2009. Abandoned, lost or otherwise
discarded fishing gear. UNEP Regional Seas Reports and Studies, No. 185; FAO
Fisheries and Aquaculture Technical Paper, No. 523. Rome, UNEP/FAO. 115p.

Mackintosh, C.E., Maldonado, J., Hongwu, J., Hoover, N., Chong, A., Ikonomou,
M.G. & Gobas, EA.P.C. 2004. Distribution of Phthalate Esters in a Marine Aquatic
Food Web: Comparison to Polychlorinated Biphenyls. Environ. Sci. Technol., 38 (7):
2011-2020.

Magnusson, K. 2014. Micro-litter and other microscopic anthropogenic particles in the sea
area off Rauma at Turku, Finland. Report from the Swedish Environmental Research
Institute. 18pp.

Mabhler, G.]., Esch, M.B., Tako, E., Southard, T.L., Archer, S.D., Glahn, R.P. & Shuler, M.L.
2012. Oral exposure to polystyrene nanoparticles affects iron absorption. Nat.
Nanotechnol., 7: 264-271.

Mani, T., Hauk, A., Walter, U. & Burkhardt-Holm, P. 2015. Microplastics profile along
the Rhine River. Sci. Rep., 5: 17988. doi:10.1038/srep17988

Markel, D. C., Zhang, R., Shi, T., Hawkins, M. & Ren, W. 2009. Inhibitory effects of
erythromycin on wear debris-induced VEGF/Flt-1 gene production and osteolysis.
Inflammation Res., 58: 413-421.

Martin, J., Lusher, A.L, Thompson, R.C. & Morely, A. 2017. Deposition of Microplastics
in Marine Sediments from the Irish Continental Shelf. In J. Baztan, B. Jorgensen, S. Pahl,
R.C. Thompson & J.P. Vanderlinden, eds. Micro 2016. Fate and Impact of Microplastics
in Marine Ecosystems, p. 44. Amsterdam, Elsevier Inc.

Martins, J. & Sobral, P. 2011. Plastic marine debris on the Portuguese coastline: A matter
of size? Mar. Pollut. Bull., 62(12): 2649-2653.

Masé, M., Garcés, E., Pages, E. & Camp, J. 2003. Drifting plastic debris as a potential
vector for dispersing Harmful Algal Bloom (HAB) species. Sci. Mar., 67 (1): 107-111.
Massos, A. & Turner, A. 2017. Cadmium, lead and bromine in beached microplastics.

Environ. Pollut., 227: 139-145.

Masura, J., Baker, J., Foster, G. & Arthur, C. 2015. Laboratory methods for the analysis
of microplastics in the marine environment: recommendations for quantifying synthetic
particles in waters and sediments. NOAA Technical Memorandum NOS-OR&R-48.

Mathalon, A. & Hill, P. 2014. Microplastic fibers in the intertidal ecosystem surrounding
Halifax Harbor, Nova Scotia. Mar. Pollut. Bull., 81(1): 69-79.

Mato, Y., Isobe, T., Takada, H., Kanehiro, H., Ohtake, C. & Kaminuma, T. 2001. Plastic
resin pellets as a transport medium for toxic chemicals in the marine environment.
Environ. Sci. Technol., 35(2): 318-324.

Mattsson, K., Hansson, L.A. & Cedervall, T. 2015. Nano-plastics in the aquatic
environment. Environ. Sci.: Processes Impacts, 17(10): 1712-1721.

Mattsson, K., Ekvall, M.T., Hansson, L.A., Linse, S., Malmendal, A. & Cedervall, T.
2015. Altered Behavior, Physiology, and Metabolism in Fish Exposed to Polystyrene
Nanoparticles. Environ. Sci. Technol., 49: 553-561.

Mazet, A., Keck, G. & Berny, P. 2005. Concentrations of PCBs, organochlorine pesticides
and heavy metals (lead, cadmium, and copper) in fish from the Dréme river: potential
effects on otters (Lutra lutra). Chemosphere, 61(6): 810-816.

Mazurais, D., Ernande, B., Quazuguel, P.,, Severe, A., Huelvan, C., Madec, L.,
Mouchel, O., Soudant, P., Robbens, J., Huvet, A. & Zambonino-Infante, J. 2015.
Evaluation of the impact of polyethylene microbeads ingestion in European sea bass
(Dicentrarchus labrax) larvae. Mar. Environ. Res., 112: 78-85.

McCormick, A., Hoellein, T.J., Mason, S.A., Schluep, J. & Kelly, J.J. 2014. Microplastic
is an abundant and distinct microbial habitat in an urban river. Environ. Sci. Technol.,
48(20): 11863-11871.



References

113

McDermid, K.J. & McMullen, T.L. 2004. Quantitative analysis of small-plastic debris on
beaches in the Hawaiian archipelago. Mar. Pollut. Bull., 48(7): 790-794.

McGuinnes, C., Duffin, R., Brown, S., Mills, N., Megson, I.L., Macnee, W., Johnston, S.,
Lu, S.L., Tran, L., Li, R., Wang, X., Newby, D.E. & Donaldson, K. 2011. Surface
derivatization state of polystyrene latex nanoparticles determines both their potency
and their mechanism of causing human platelet aggregation in vitro. Toxicol. Sci., 119:
359-368.

McKeen, L.W. 2008. The effect of temperature and other factors on plastics and elastomers.
New York, USA, William Andrew Inc.

Meeker, J.D., Sathyanarayana, S. & Swan, S.H. 2009. Phthalates and other additives in
plastics: human exposure and associated health outcomes. Philos. Trans. R. Soc., B, 364
(1526): 2097-2113.

Michalowicz, J. 2014. Bisphenol A - Sources, toxicity and biotransformation. Environ.
Toxicol. Pharmacol., 37: 738-758.

Miranda, D.A. & Freire de Carvalho-Souza, G. 2016. Are we eating plastic-ingesting fish?
May. Pollut. Bull., 103: 109-114.

Mohamed Nor, H. & Obbard, J. P. 2014. Microplastics in Singapore’s coastal mangrove
ecosystems. Mar. Pollut. Bull., 79: 278-283.

Moore, C.]J., Lattin, G.L. & Zellers, A.F. 2011. Quantity and type of plastic debris flowing
from two urban rivers to coastal waters and beaches of Southern California. JICZM,
11(1): 65-73.

Moore, C.]J., Moore, S.L., Leecaster, M.K. & Weisberg, S.B. 2001. A comparison of plastic
and plankton in the North Pacific central gyre. Mar. Pollut. Bull., 42 (12): 1297-1300.
Moore, C.]J., Moore, S.L., Weisberg, S.B., Lattin, G.L. & Zellers, A.F. 2002. A comparison
of neustonic plastic and zooplankton abundance in southern California’s coastal waters.

Mar. Pollut. Bull., 44 (10): 1035-1038.

Moriarty, M., Pedreschi, D., Stokes, D., Dransfeld, L. & Reid, D.G. 2016. Spatial and
temporal analysis of litter in the Celtic Sea from groundfish survey data: lessons for
monitoring. Mar. Pollut. Bull., 103(1): 195-205.

Morris, R.J. 1980. Plastic debris in the surface waters of the South Atlantic. Mar. Pollut.
Bull., 11(6): 164-166.

Morris, M.C., Brockman, J., Schneider, J.A., Wang, Y., Bennett, D.A., Tangney, C.C. &
van de Rest, O. 2016. Association of Seafood Consumption, Brain Mercury Level, and
APOE €4 Status with Brain Neuropathology in Older Adults. JAMA, 315(5): 489-497.

Morris, A.W. & Hamilton, E.I. 1974. Polystyrene spherules in the Bristol Channel. Mar.
Pollut. Bull., 5(2): 26-27.

Mozaffarian, D. & Rimm, E. B. 2006. Fish intake, contaminants, and human health:
evaluating the risks and the benefits. JAMA, 296(15): 1885-1899.

Muirhead, E.K., Skillman, A.D, Hook, S. & Schultz, I.R. 2006. Oral Exposure of PBDE-
47 in Fish: Toxicokinetics and Reproductive Effects in Japanese Medaka (Oryzias latipes)
and Fathead Minnows (Pimephales promelas). Environ. Sci. Technol., 40: 523-528.

Murphy, J. 2001. Additives for plastics handbook, Second Edition, Oxford, UK, Elsevier
Science Ltd.

Murray, E & Cowie, P.R. 2011. Plastic contamination in the decapod crustacean Nephrops
norvegicus (Linnaeus, 1758). Mar. Pollut. Bull., 62(6): 1207-1217.

Naji, A., Esmaili, Z. & Khan, ER. 2017. Plastic debris and microplastics along the beaches
of the Strait of Hormuz, Persian Gulf. Mar. Pollut. Bull., 114 (2): 1057-1062.

Napper, LE. & Thompson, R.C. 2016. Release of synthetic microplastic plastic fibres from
domestic washing machines: Effects of fabric type and washing conditions. Mar. Pollut.
Bull., 112(1): 39-45.

Napper, LE., Bakir, A., Rowland, S.J. & Thompson, R.C. 2015. Characterisation,
quantity and sorptive properties of microplastics extracted from cosmetics. Mar. Pollut.
Bull., 99(1): 178-185.



114

Microplastics in fisheries and agquaculture

National Research Council. 1995. Clean Ships, Clean Ports, Clean Oceans: Controlling
Garbage and Plastic Wastes at Sea. Committee on Shipborne Wastes, National Research
Council, Washington D.C., National Academy Press, 384 pp.

Nel, H.A. & Froneman, P.W. 2015. A quantitative analysis of microplastic pollution along
the south-eastern coastline of South Africa. Mar. Pollut. Bull., 101 (1): 274-279.

Nelms, S.E., Coombes, C., Foster, L.C., Galloway, T.S., Godley, B.]., Lindeque, P.K. &
Witt, M.]J. 2017. Marine anthropogenic litter on British beaches: A 10-year nationwide
assessment using citizen science data. Sci. Total Environ., 579: 1399-1409.

Net, S., Sempéré, R., Delmont, A., Paluselli, A. & Ouddane, B. 2015. Occurrence, Fate,
Behavior and Ecotoxicological State of Phthalates in Different Environmental Matrices.
Environ. Sci. Technol., 49: 4019—4035.

Neves, D., Sobral, P., Ferreira, J.L. & Pereira, T. 2015. Ingestion of microplastics by
commercial fish off the Portuguese coast. Mar. Pollut. Bull., 101 (1): 119-126.

Nobre, C.R., Santana, M.EM., Maluf, A., Cortez, ES., Cesar, A., Pereira, C.D.S. &
Turra, A. 2015. Assessment of microplastic toxicity to embryonic development of the
sea urchin Lytechinus variegatus (Echinodermata: Echinoidea). Mar. Pollut. Bull., 92(1):
99-104.

Norén, E 2007. Small Plastic Particles in Coastal Swedish Waters. N-Research report,
commissioned by KIMO, Sweden. 11 pp.

Norén, E, & Naustvoll, L.J. 2011. Survey of microscopic anthropogenic particles in
Skagerrak. Flodevigen, Norway: Institute of Marine Research. 21 pp.

Noyes, P.D., McElwee, M.K., Miller, H.D., Clark, B.W., Van Tiem, L.A., Walcott, K.C.,
Erwin, K.N. & Levin, E.D. 2009. The toxicology of climate change: Environmental
contaminants in a warming world. Environ. Int., 35: 971-986.

Nuelle; M.T., Dekiff, ].H., Remy, D. & Fries, E. 2014. A new analytical approach for
monitoring microplastics in marine sediments. Environ. Pollut., 184:161-169.

Obbard, R.W., Sadri, S., Wong, Y.Q., Khitun, A.A., Baker, I. & Thompson, R.C. 2014.
Global warming releases microplastic legacy frozen in Arctic Sea ice. Earth’s Future, 2(6):
315-320.

Al-Odaini, N., Shim, W.J., Han, G.M.,, Jang, M. & Hong, S.H. 2015. Enrichment of
hexabromocyclododecanes in coastal sediments near aquaculture areas and a wastewater
treatment plant in a semi-enclosed bay in South Korea. Sci. Total Environ., 505: 290-298.

Oehlmann, J., Schulte-Oehlmann, U., Kloas, W., Jagnytsch, O., Lutz, L., Kusk, K.O.,
Wollenberger, L., Santos, E.M., Paull, G.C., Van Look, K.J. & Tyler, C.R. 2009. A
critical analysis of the biological impacts of plasticizers on wildlife. Philos. Trans. R. Soc.,
B, 364(1526): 2047-2062.

Ogata, Y., Takada, H., Mizukawa, K., Hirai, H., Iwasa, S., Endo, S., Mato, Y., Saha, M.,
Okuda, K., Nakashima, A. & Murakami, M. 2009. International Pellet Watch: Global
monitoring of persistent organic pollutants (POPs) in coastal waters. 1. Initial phase data
on PCBs, DDTs, and HCHs. Mar. Pollut. Bull., 58(10): 1437-1446.

Ohyama, K. L., Nagai, F. & Tsuchiya, Y. 2001.Certain styreneoligomers have proliferative
activity on MCF-7 human breast tumor cells and binding affinity for human estrogen
receptor. Environ. Health Perspect. 109:699-703.

Oliveira, M., Ribeiro, A., Hylland, K. & Guilhermino, L. 2013. Single and combined
effects of microplastics and pyrene on juveniles (0+ group) of the common goby
Pomatoschistus microps (Teleostei, Gobiidae). Ecol. Indic., 34: 641-647.

Ory, N.C., Sobral, P., Ferreira, J.L. & Thiel, M. 2017. Amberstripe scad Decapterus
muroadsi (Carangidae) fish ingest blue microplastics resembling their copepod prey
along the coast of Rapa Nui (Easter Island) in the South Pacific subtropical gyre. Scu.
Total Environ., 586: 430-437.

Osborn, A.M. & Stojkovic, S. 2014. Marine microbes in the Plastic Age. Microbiol. Aust.,
35(4): 207-210.



References

115

Panti, C., Giannetti, M., Baini, M., Rubegni, E, Minutoli, R. & Fossi, M.C. 2015.
Occurrence, relative abundance and spatial distribution of microplastics and zooplankton
NW of Sardinia in the Pelagos Sanctuary Protected Area, Mediterranean Sea. Environ.
Chem., 12 (5): 618-626.

Park, G.Y., Cho, S.Y., Jeon, D.H., Kwak, LS., Lee, K.H. & Park. H.]J. 2006. Formation
of monomer residues in PS, PC, PA-6 and PVC upon gamma-irradiation. Radiat. Phys.
Chem., 75(9):1055-1059.

Park, C.]J. & Kim, S.Y. 2013. Abalone aquaculture in Korea. J. Shellfish Res., 32(1): 17-19.

Paul-Pont, I., Lacroix, C., Fernindez, C.G., Hégaret, H., Lambert, C., Le Goic, N.,
Frere, L., Cassone, A.L., Sussarellu, R., Fabioux, C. & Guyomarch, J. 2016. Exposure
of marine mussels Myzilus spp. to polystyrene microplastics: Toxicity and influence on
fluoranthene bioaccumulation. Environ. Pollut., 216: 724-737.

Pauly, D. & Zeller, D. 2016. Catch reconstructions reveal that global marine fisheries
catches are higher than reported and declining. Nat. Commun., 7, p. 10244. doi:10.1038/
ncomms10244.

Pearl, J. I., Ma, T., Irani, A.R., Huang, Z., Robinson, W.H., Smith, R.L. & Goodman, S.B.
2011. Role of the Toll-like receptor pathway in the recognition of orthopedic implant
wear-debris particles. Biomaterials, 32: 5535-5542.

Peda, C., Caccamo, L., Fossi, M.C., Gai, E, Andaloro, E,, Genovese, L., Perdichizzi, A.,
Romeo, T. & Maricchiolo, G. 2016. Intestinal alterations in European sea bass
Dicentrarchus labrax (Linnaeus, 1758) exposed to microplastics: Preliminary results.
Environ. Pollut., 212: 251-256.

Pelletwatch. 2016. Accessed 17 November 2016, URL: http://www.pelletwatch.org.

Pemba, A. G., Rostagno, M., Lee, T.A. & Miller, S.A. 2014. Cyclic and spirocyclic
polyacetal ethers from lignin-based aromatics. Polym. Chem., 5(9): 3214-3221.

Perez-Lobato, R., Mustieles, V., Calvente, L., Jimenez-Diaz, I., Ramos, R., Caballero-
Casero, N., Lopez-Jiménez, E]., Rubio, S., Olea, N. & Fernandez, M.E. 2016. Exposure
to bisphenol A and behavior in school-age children. NexroToxicology, 53:12-19.

Peters, C.A. & Bratton, S.P. 2016. Urbanization is a major influence on microplastic
ingestion by sunfish in the Brazos River Basin, Central Texas, USA. Environ. Pollut.,
210: 380-387.

Petit, A., Catelas, I., Antoniou, J., Zukor, D. J. & Huk, O. L. 2002. Differential apoptotic
response of J774 macrophages to alumina and ultra-high-molecular-weight polyethylene
particles. J. Orthop. Res., 20: 9-15

Pham, C.K., Ramirez-Llodra, E., Alt, C.H., Amaro, T., Bergmann, M., Canals, M.,
Davies, J., Duineveld, G., Galgani, E, Howell, K.L. & Huvenne, V.A. 2014. Marine
litter distribution and density in European seas, from the shelves to deep basins. PLoS
One, 9(4): €95839. d0i:10.1371/journal.pone.0095839

Phuong, N.N., Zalouk-Vergnoux, A., Poirier, L., Kamari, A., Chatel, A., Mouneyrac, C.
& Lagarde, F. 2016. Is there any consistency between the microplastics found in the field
and those used in laboratory experiments? Environ. Pollut., 211: 111-123.

PlasticsEurope. 2016. Plastics — the Facts 2016. (available at www.plasticseurope.org).
Accessed 1 November 2016.

Possatto, E E., Barletta, M., Costa, M. E, Ivar do Sul, ]J. A. I. & Dantas, D. V. 2011.
Plastic debris ingestion by marine catfish: an unexpected fisheries impact. Mar. Pollut.
Bull., 62(5): 1098-1102.

Powell, J.]J., Thoree, V. & Pele, L.C. 2007. Dietary microparticles and their impact on
tolerance and immune responsiveness of the gastrointestinal tract. Br. J. Nutr., 98 (Suppl.
1): $59-S63.

Ramos, J.A.A., Barletta, M. & Costa, M.F. 2012. Ingestion of nylon threads by Gerreidae
while using a tropical estuary as foraging grounds, Aguat. Biol., 17(1): 29-34.



116

Microplastics in fisheries and agquaculture

Rani, M., Shim, W.J., Han, G.M., Jang, M., Song, Y.K. & Hong, S.H. 2014.
Hexabromocyclododecane in polystyrene based consumer products: An evidence of
unregulated use. Chemosphere, 110: 111-119

Rani, M., Shim, W.J., Han, G.M., Jang, M., Al-Odaini, N.A., Song, Y.K. & Hong, S.H.
2015. Qualitative analysis of additives in plastic marine debris and its new products.
Arch. Environ. Contam. Toxicol., 69: 352-366.

Rech, S., Macaya-Caquilpan, V., Pantoja, J.E, Rivadeneira, M.M., Madariaga, D.]. &
Thiel, M. 2014. Rivers as a source of marine litter—a study from the SE Pacific. Mar.
Pollut. Bull., 82(1): 66-75.

Reddy, M. S., Basha, S., Adimurthy, S. & Ramachandraiah, G. 2006. Description of the
small plastics fragments in marine sediments along the Alang-Sosiya ship-breaking yard,
India. Estuarine, Coastal Shelf Sci., 68(3): 656—660.

Reisser, J., Shaw, J., Wilcox, C., Hardesty, B.D., Proietti, M., Thums, M. & Pattiaratchi, C.
2013. Marine plastic pollution in waters around Australia: characteristics, concentrations,
and pathways. PloS One, 8 (11): p.e80466.

Rillig, M.C., Ziersch, L. & Hempel, S. 2017. Microplastic transport in soil by earthworms.
Sci. Rep., 7: 1362. d01:10.1038/541598-017-01594-7.

Rios, L.M., Moore, C. & Jones, P.R. 2007. Persistent organic pollutants carried by synthetic
polymers in the ocean environment. Mar. Pollut. Bull., 54(8):1230-1237.

Rochman, C.M., 2015. The complex mixture, fate and toxicity of chemicals associated
with plastic debris in the marine environment. In M. Bergmann, L. Gutow, L. &
M. Klages, eds. Marine Anthropogenic Litter, pp. 117-140. Cham, Switzerland, Springer
International Publishing.

Rochman, C.M. 2016. Strategies for reducing ocean plastic debris should be diverse and
guided by science. Environ. Res. Lett., 11: 041001. doi:10.1088/1748-9326/11/4/041001
Rochman, C.M., Hoh E., Kurobe, T. & Teh, S.W. 2013. Ingested plastic transfers hazardous
chemicals to fish and induces hepatic stress. Sci. Rep., 3: 3263. doi: 10.1038/srep03263
Rochman, C.M., Kurobe, T., Flores, I. & Teh, S.J. 2014. Early warning signs of endocrine
disruption in adult fish from the ingestion of polyethylene with and without sorbed

chemical pollutants from the marine environment. Sci. Total Environ., 493: 656-661.

Rochman, C.M., Tahir, A., Williams, S.L., Baxa, D.V., Lam, R., Miller, ]J.T., Teh, EC.,
Werorilangi, S. & Teh, S.J. 2015. Anthropogenic debris in seafood: Plastic debris and
fibers from textiles in fish and bivalves sold for human consumption. Sci. Rep., 5: 14340.
doi:10.1038/srep14340.

Rochman, C.M., Browne, M.A., Underwood, A.]., van Franeker, J.A., Thompson, R.C.
& Amaral-Zettler, L.A. 2016. The ecological impacts of marine debris: unraveling the
demonstrated evidence from what is perceived. Ecology, 97(2): 302-312.

Rodriguez-Seijo, A., Lourenco, J., Rocha-Santos, T.A.P.,, da Costa, J., Duarte, A.C.,,
Vala, H. & Pereira, R. 2017. Histopathological and molecular effects of microplastics i
Eisenia andrei Bouché. Environ. Pollut., 220: 495-503.

Romeo, T., Pietro, B., Peda, C., Consoli, P., Andaloro, E. & Fossi, M.C. 2015. First evidence
of presence of plastic debris in stomach of large pelagic fish in the Mediterranean Sea.
May. Pollut. Bull., 95(1): 358-361.

Rothstein, S. I. 1973. Plastic Particle Pollution of Surface of Atlantic Ocean - Evidence
From A Seabird. Condor, 75(3): 344-345.

Ruiz-Orején, L.F, Sarda, R. & Ramis-Pujol, J. 2016. Floating plastic debris in the Central
and Western Mediterranean Sea. Mar. Environ. Res., 120: 136-144.

Rummel, C.D., Adolfsson-Erici, M., Jahnke, A. & MacLeod, M. 2016a. No measurable
“cleaning” of polychlorinated biphenyls from Rainbow Trout in a 9-week depuration
study with dietary exposure to 40% polyethylene microspheres. Environ. Sci.: Processes
Impacts, 18: 788-795.



References

117

Rummel, C.D., Loder, M.G., Fricke, N.E, Lang, T., Griebeler, E.M., Janke, M. &
Gerdts, G. 2016b. Plastic ingestion by pelagic and demersal fish from the North Sea and
Baltic Sea. Mar. Pollut. Bull., 102(1): 134-141.

Ryan, P.G. 1988. The characteristics and distribution of plastic particles at the sea-surface
off the southwestern Cape Province, South Africa. Mar. Environ. Res., 25(4): 249-273.
Ryan, P.G. 2015. A Brief History of Marine Litter Research. In In M. Bergmann, L. Gutow,
L. & M. Klages, eds. Marine Anthropogenic Litter, pp. 1-25. Cham, Switzerland, Springer

International Publishing.

Sadri, S.S. & Thompson, R.C. 2014. On the quantity and composition of floating plastic
debris entering and leaving the Tamar Estuary, Southwest England. Mar. Pollut. Bull.,
81(1): 55-60.

Sajiki J. & Yonekubo J. 2003 Leaching of bisphenol A (BPA) to seawater. Chemosphere,
51 (1): 55-62.

Samuelsen, M., Nygaard, U. C. & Lovik, M. 2009. Particle size determines activation of
the innate immune system in the lung. Scand. J. Immunol., 69: 421-428.

Sanchez, W., Bender, C. & Porcher, ].M. 2014. Wild gudgeons (Gobio gobio) from French
rivers are contaminated by microplastics: Preliminary study and first evidence. Environ.
Res., 128: 98-100

Santana, M.EM., Ascer, L.G., Custédio, M.R., Moreira, ET. & Turra, A. 2016.
Microplastic contamination in natural mussel beds from a Brazilian urbanized coastal
region: Rapid evaluation through bioassessment. Mar. Pollut. Bull., 106(1): 183-189.

Sasamoto, T., Ushio, E, Kikutani, N., Saitoh, Y., Yamaki, Y., Hashimoto, T., Horii, S.,
Nakagawa, J. & Ibe, A. 2006. Estimation of 19992004 dietary daily intake of PCDDs,
PCDFs and dioxin-like PCBs by a total diet study in metropolitan Tokyo, Japan.
Chemosphere, 64(4): 634—641.

Savoca, M.S., Wohlfeil, M.E., Ebeler, S.E. & Nevitt, G.A. 2016. Marine plastic debris emits
a keystone infochemical for olfactory foraging seabirds. Sci. Adwv., 2 (11): e1600395. doi:
10.1126/sciadv.1600395

Schmidt, C., Lautenschlaeger, C., Collnot, E.M., Schumann, M., Bojarski, C., Schulzke,
J.D., Lehr, C.M. & Stallmach, A. 2013. Nano- and microscaled particles for drug
targeting to inflamed intestinal mucosa: a first in vivo study in human patients.
J. Controlled Release, 165: 139-145.

Secretariat of the Convention on Biological Diversity. 2016. Marine Debris:
Understanding, Preventing and Mitigating the Significant Adverse Impacts on Marine
and Coastal Biodiversity. Technical Series No.83, 78 pp.

Secretariat of the Convention on Biological Diversity and the Scientific and Technical
Advisory Panel — GEF (2012). Impacts of Marine Debris on Biodiversity: Current Status
and Potential Solutions. Technical Series No. 67, 61 pp.

Seggel, A., De Young, C. & Soto, D. 2016. Climate change implications for fisheries
and aquaculture: Summary of the findings of the Intergovernmental Panel on Climate
Change Fifth Assessment Report. FAO Fisheries and Aquaculture Circular, No. 1122.
Rome.

Sekiguchi, T., Saika, A., Nomura, K., Watanabe, T., Watanabe, T., Fujimoto, Y., Enoki,
M., Sato, T., Kato, C. & Kanehiro, H. 2011. Biodegradation of aliphatic polyesters
soaked in deep seawaters and isolation of poly (€-caprolactone)-degrading bacteria.
Polym. Degrad. Stab., 96(7): 1397-1403.

Setild, O., Fleming-Lehtinen, V. & Lehtiniemi, M. 2014. Ingestion and transfer of
microplastics in the planktonic food web. Environ. Pollut., 185: 77-83.

Seydoux, E., Rothen-Rutishauser, B., Nita, .M., Balog, S., Gazdhar, A., Stumbles,
P.A., Petri-Fink, A., Blank, E & von Garnier, C. 2014. Size-dependent accumulation
of particles in lysosomes modulates dendritic cell function through impaired antigen
degradation. Int. J. Nanomed., 9: 3885-3902.



118

Microplastics in fisheries and agquaculture

Sherman, P. & van Sebille, E. 2016. Modeling marine surface microplastic transport to
assess optimal removal locations. Environ. Res. Lett., 11(1), 014006. doi:10.1088/1748-
9326/11/1/014006

Shim, W. J., Hong, S. H. & Eo, S. E. 2017. Identification methods in microplastic analysis:
a review. Anal. Methods, 9: 1384-1391.

Sjollema, S.B., Redondo-Hasselerharm, P, Leslie, H.A., Kraak, M.H.S. & Vethaak, A.D.
2016. Do plastic particles affect microalgal photosynthesis and growth? Aguat. Toxicol.,
170: 259-261

Slip, D.J. & Burton, H.R. 1991. Accumulation of fishing debris, plastic litter, and other
artefacts, on Heard and Macquarie Islands in the Southern Ocean. Environ. Conserv.,
18(03): 249-254.

Smith, R. A. & Hallab, N. J. 2010. In vitro macrophage response to polyethylene and
polycarbonate-urethane particles. J. Biomed. Mater. Res., Part A, 93: 347-355.

Soares, A., Guieysse, B., Jefferson, B., Cartmell, E. & Lester, J.N. 2008. Nonylphenol
in the environment: A critical review on occurrence, fate, toxicity and treatment in
wastewaters. Environ. Int., 34 (7): 1033-1049.

Song, Y.K., Hong, S.H., Jang, M., Kang, ].H., Kwon, O.Y., Han, G.M. & Shim, W.].
2014. Large Accumulation of Micro-sized Synthetic Polymer Particles in the Sea Surface
Microlayer. Environ. Sci. Technol., 48: 9014-9021.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Rani, M., Lee, J. & Shim, W.J. 2015a.
A comparison of microscopic and spectroscopic identification methods for analysis of
microplastics in environmental samples. Mar. Pollut. Bull., 93 (1): 202-209.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M. & Shim, W.J. 2015b. Occurrence and
distribution of microplastics in the sea surface microlayer in Jinhae Bay, South Korea.
Arch. Environ. Contam. Toxicol., 69 (3): 279-287.

Steer, M., Cole, M., Thompson, R.C. & Lindeque, P.K. 2017. Microplastic ingestion in fish
larvae in the western English Channel. Environ. Pollut., 226 : 250-259.

Su, L., Xue, Y., Li, L., Yang, D., Kolandhasamy, P., Li, D. & Shi, H. 2016. Microplastics
in Taihu lake, China. Environ. Pollut., 216: 711-719.

Suaria, G., Avio, C.G., Mineo, A., Lattin, G.L., Magaldi, M.G., Belmonte, G., Moore, C.].,
Regoli, F. & Aliani, S. 2016. The Mediterranean Plastic Soup: synthetic polymers in
Mediterranean surface waters. Scz. Rep., 6: 37551. doi: 10.1038/srep37551

Sudhakar, M., Priyadarshini, C., Doble, M., Sriyutha Murthy, P. & Venkatesan, R. 2007.
Marine bacteria mediated degradation of nylon 66 and 6. Int. Biodeterior. Biodegrad.,
60(3): 144-151.

Sulochanan, B., Bhat, G.S., Lavanya, S., Dineshbabu, A.P. & Kaladharan, P. 2014.
A preliminary assessment of ecosystem process and marine litter in the beaches of
Mangalore. Indian J. Geo-Mar. Sci., 43 (9): 1764-1769.

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M.E.]., Le
Goic, N., Quillien, V., Mingant, C., Epelboin, Y. & Corporeau, C. 2016. Oyster
reproduction is affected by exposure to polystyrene microplastics. Proc. Natl. Acad. Sci.
U. S. A, 113(9): 2430-2435.

Sutton, R., Mason, S.A., Stanek, S.K., Willis-Norton, E., Wren, L.LE & Box, C. 2016.
Microplastic contamination in the San Francisco Bay, California, USA. Mar. Poll. Bull.,
109 (1): 230-235.

Swanson, R.L., Lwiza, K., Willig, K. & Morris, K. 2016. Superstorm Sandy marine debris
wash-ups on Long Island —What happened to them? Mar. Pollut. Bull., 108 (1-2): 215-
231.

Tahir, A. & Rochman, C.M. 2014. Plastic Particles in Silverside (Stolephorus heterolobus)
Collected at Paotere Fish Market, Makassar. Int. J. Agr. Syst., 2(2): 163-168.

Talsness, C.E., Andrade, A.].M., Kuriyama, S.N., Taylor, J.A. & vom Saal, ES. 2009.
Components of plastic: Experimental studies in animals and relevance for human health.
Philos. Trans. R. Soc. B, 364 (1526): 2079-2096.



References

119

Tanaka, K. & Takada, H. 2016. Microplastic fragments and microbeads in digestive
tracts of planktivorous fish from urban coastal waters. Sci. Rep., 6: 34351. doi: 10.1038/
srep34351.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M. A. & Watanuki, Y.
2013. Accumulation of plastic-derived chemicals in tissues of seabirds ingesting marine
plastics. Mar. Pollut. Bull., 69 (1-2): 219-222.

Taylor, M.L., Gwinnett, C., Robinson, L.E. & Woodall, L.C. 2016. Plastic microfibre
ingestion by deep-sea organisms. Sci. Rep., 6: 33997. doi: 10.1038/srep33997.

Teh, L.C.L. & Sumaila, U.R. 2013. Contribution of marine fisheries to worldwide
employment. Fish Fish., 14: 77-88.

Teuten, E.L., Saquing, J.M., Knappe, D.R., Barlaz, M.A., Jonsson, S., Bjorn, A,
Rowland, S.J., Thompson, R.C., Galloway, T.S., Yamashita, R. & Ochi, D. 2009.
Transport and release of chemicals from plastics to the environment and to wildlife.
Philos. Trans. R. Soc., B, 364(1526): 2027-2045.

Thiel, M., Hinojosa, 1., Vasquez, N. & Macaya, E. 2003. Floating marine debris in coastal
waters of the SE-Pacific (Chile). Mar. Pollut. Bull., 46(2): 224-231.

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, A.W.,
McGonigle, D. & Russell, A.E. 2004. Lost at sea: where is all the plastic? Science,
304(5672): 838-838.

Tokiwa, Y., Calabia, B., Ugwu, C. & Aiba, S. 2009. Biodegradability of Plastics. Int. J.
Mol. Sci., 10(9): 3722-3742.

Tomazic-Jezic, V.J., Merritt, K. & Umbreit, T.H. 2001. Significance of the type and the
size of biomaterial particles on phagocytosis and tissue distribution. J. Biomed. Mater.
Res., 55: 523-529.

Topgu, E.N., Tonay, A.M., Dede, A., Oztiirk, A.A. & Oztiirk, B. 2013. Origin and
abundance of marine litter along sandy beaches of the Turkish Western Black Sea Coast.
Mar. Environ. Res., 85: 21-28.

Tufenkji, N. 2007. Modeling microbial transport in porous media: Traditional approaches
and recent developments. Adv. Water Resour., 30: 1455-1469.

Turner, A., & Holmes, L. 2011. Occurrence, distribution and characteristics of beached
plastic production pellets on the island of Malta (central Mediterranean). Mar. Pollut.
Bull., 62(2): 377-381.

Turner, A. & Holmes, L.A. 2015. Adsorption of trace metals by microplastic pellets in
fresh water. Environ. Chem., 12(5): 600-610.

Turra, A., Manzano, A.B., Dias, R.J.S., Mahiques, M.M., Barbosa, L., Balthazar-Silva, D.
& Moreira, ET. 2014. Three-dimensional distribution of plastic pellets in sandy beaches:
shifting paradigms. Scz. Rep., 4: 4435. doi: 10.1038/srep04435.

Uchida, K., Hagita, R., Hayashi, T. and Tokai, T. 2016. Distribution of small plastic
fragments floating in the western Pacific Ocean from 2000 to 2001. Fish. Sci. (Tokyo,
Jpn.), 82 (6): 969-974.

Ugolini, A., Ungherese, G., Ciofini, M., Lapucci, A. & Camaiti, M. 2013. Microplastic
debris in sandhoppers. Estuarine, Coastal Shelf Sci., 129: 19-22.

UNEP (United Nations Environment Programme). 2015. Biodegradable Plastics and
Marine Litter. Misconceptions, concerns and impacts on marine environments. United
Nations Environment Programme (UNEP), Nairobi.

UNEDP. 2016. Marine plastic debris and microplastics — Global lessons and research to inspire
action and guide policy change. United Nations Environment Programme, Nairobi.

UNEP & GRID-Arendal. 2016. Marine Litter Vital Graphics. United Nations Environment
Programme and GRID-Arendal. Nairobi and Arendal (Norway) (www.unep.org, www.
grida.no).

UNEP/WHO. 2013. State of the science of endocrine disrupting chemicals - 2012. Accessed
17 November 2016. (available at http://unep.org/pdf/9789241505031_eng.pdf).



120

Microplastics in fisheries and agquaculture

Unger, A. & Harrison, N. 2016. Fisheries as a source of marine debris on beaches in the
United Kingdom. Mar. Pollut. Bull., 107 (1): 52-58.

USEPA (United States Environmental Protection Agency). 2010. Nonylphenol (NP) and
Nonylphenol Ethoxylates (NPEs) Action Plan. United States Environmental Protection
Agency, 13p.

Valdemarsen, J.W. 2001. Technological trends in capture fisheries. Ocean Coast. Manage.,
44: 635-651.

Van, A., Rochman, C.M., Flores, E.M., Hill, K.L., Vargas, E., Vargas, S.A. & Hoh, E.
2012. Persistent organic pollutants in plastic marine debris found on beaches in San
Diego, California. Chemosphere, 86 (3): 258-263.

Van Cauwenberghe, L. & Janssen, C.R. 2014. Microplastics in bivalves cultured for
human consumption. Environ. Pollut., 193: 65-70.

Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M.B. & Janssen, C.R. 2015a.
Microplastics are taken up by mussels (Mytilus edulis) and lugworms (Arenicola marina)
living in natural habitats. Environ. Pollut., 199: 10-17.

Van Cauwenberghe, L., Vanreusel, A., Mees, J. & Janssen, C.R. 2013a. Microplastic
pollution in deep-sea sediments. Environ. Pollut., 182: 495-499.

Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M. B., Mees, J., & Janssen, C. R.
2013b. Assessment of marine debris on the Belgian continental shelf. Mar. Pollut. Bull,
73 (1): 161-169.

Van Cauwenberghe, L., Devriese, L., Galgani, F, Robbens, J. & Janssen, C.R. 2015b.
Microplastics in sediments: a review of techniques, occurrence and effects. Mar. Environ.
Res., 111: 5-17.

Vandermeersch, G., Van Cauwenberghe, L., Janssen, C.R., Marques, A., Granby, K.,
Fait, G., Kotterman, M.]J., Diogene, ]J., Bekaert, K., Robbens, J. & Devriese L. 2015.
A critical view on microplastic quantification in aquatic organisms. Environ. Res., 143:
46-55.

Van Dolah, R.E, Burrell, V.G. & West, S.B. 1980. The distribution of pelagic tars and
plastics in the south Atlantic Bight. Mar. Pollut. Bull., 11 (12): 352-356.

Van Franeker, J. A., Blaize, C., Danielsen, J., Fairclough, K., Gollan, J., Guse, N.,
Hansen, P.L., Heubeck, M., Jensen, J.K., Le Guillou, G. & Olsen, B. 2011. Monitoring
plastic ingestion by the northern fulmar Fulmarus glacialis in the North Sea. Environ.
Pollut., 159(10): 2609-2615.

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B.D., van Franeker,
J.A., Eriksen, M., Siegel, D., Galgani, E & Law, K.L. 2015. A global inventory of
small floating plastic debris. Environ. Res. Lett., 10(12):124006. doi:10.1088/1748-
9326/10/12/124006

Vauck, G.J.M. & Schrey, E. 1987. Litter pollution from ships in the German Bight. Mar.
Pollut. Bull., 18 (6): 316-319.

Velzeboer, 1., Kwadijk, C.J.A.F. & Koelmans, A.A. 2014. Strong Sorption of PCBs to
Nanoplastics, Microplastics, Carbon Nanotubes, and Fullerenes. Environ. Sci. Technol.,
48: 4869—4876.

Vendel, A.L., Bessa, E, Alves, V.E.N., Amorima, A.L.A., Patricio, J. & Palma, A.R.T.
2017. Widespread microplastic ingestion by fish assemblages in tropical estuaries
subjected to anthropogenic pressures. Mar. Pollut. Bull., 117 (1-2): 448-455.

Vethaak, A.D.,Lahr, J., Schrap, S.M., Belfroid, A.C., Rijs, G.B.]., Gerritsen, A., de Boer, J .,
Bulder, A.S., Grinwis, G.C.M., Kuiper, R.V,, Legler, J., Murk, T.A.]., Peijnenburg, W.,
Verhaar, H.].M. & de Voogt, P. 2005. An integrated assessment of estrogenic
contamination and biological effects in the aquatic environment of The Netherlands.
Chemosphere, 59: 511-524.



References

121

Vianello, A., Boldrin, A., Guerriero, P.,, Moschino, V., Rella, R., Sturaro, A. & Da Ros, L.
2013. Microplastic particles in sediments of Lagoon of Venice, Italy: First observations on
occurrence, spatial patterns and identification. Estuarine, Coastal Shelf Sci., 130: 54-61.

Volkheimer, G. 1975. Hematogenous dissemination of ingested polyvinyl chloride
particles. Ann. N. Y. Acad. Sci., 246: 164-171.

Von Moos, N., Burkhardt-Holm, P. & Kohler, A.2012. Uptake and effects of microplastics
on cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure.
Environ. Sci. Technol., 46(20): 11327-11335.

Wagner, M., Scherer, C., Alvarez-Muiioz, D., Brennholt, N., Bourrain, X., Buchinger, S.,
Fries, E., Grosbois, C., Klasmeier, J., Marti, T. & Rodriguez-Mozaz, S. 2014.
Microplastics in freshwater ecosystems: what we know and what we need to know.
Enwviron. Sci. Eur., 26: 12. doi: 10.1186/s12302-014-0012-7

Walczak, A.P., Kramer, E., Hendriksen, P.J., Tromp, P., Helsper, J.P., van der Zande, M.,
Rietjens, .M. & Bouwmeester, H. 2015. Translocation of differently sized and charged
polystyrene nanoparticles in in vitro intestinal cell models of increasing complexity.
Nanotoxicology, 9: 453—461.

Waller, C.L., Griffiths, H.]., Waluda, C.M., Thorpe, S.E., Loaiza, 1., Moreno, B.,
Pacherres, C.O. & Hughes, K.A. 2017. Microplastics in the Antarctic marine system:
An emerging area of research. Sci. Total Environ., 598: 220-227.

Wan, Y., Hu, J., Yang, M., An, L., An, W.,, Jin, X., Hattori, T. & Itoh M. 2005.
Characterization of trophic transfer for polychlorinated dibenzo-p-dioxins,
dibenzofurans, non- and mono-ortho polychlorinated biphenyls in the marine food web
of Bohai Bay, North China. Environ. Sci. Technol., 39: 2417-2425.

Wang, W., Ndungu, A.W., Li, Z. & Wang, J. 2016. Microplastics pollution in inland
freshwaters of China: A case study in urban surface waters of Wuhan, China. Sci. Total
Environ., 575: 1369-1374.

Ward, J. E. & Kach, D. J. 2009. Marine aggregates facilitate ingestion of nanoparticles by
suspension-feeding bivalves. Mar. Environ. Res., 68(3): 137-142.

Ward, J. E. & Shumway, S.E. 2004. Separating the grain from the chaff: particle selection
in suspension- and deposit-feeding bivalves. J. Exp. Mar. Biol. Ecol., 300(1): 83-130.

Wardrop, P., Shimeta, J., Nugegoda, D., Morrison, P.D., Miranda, A., Tang, M. &
Clarke, B.O. 2016. Chemical pollutants sorbed to ingested microbeads from personal
care products accumulate in fish. Environ. Sci. Technol., 50(7): 4037-4044.

Watson, J.W. & Kerstetter, D.W. 2006. Pelagic longline fishing gear: a brief history and
review of research efforts to improve selectivity. Mar. Technol. Soc. J., 40 (3): 6-11.

Watts, A.J., Lewis, C., Goodhead, R.M., Beckett, S.J., Moger, J., Tyler, C.R. &
Galloway, T.S. 2014. Uptake and retention of microplastics by the shore crab Carcinus
maenas. Environ. Sci. Technol., 48(15): 8823-8830.

Watts, A.]., Urbina, M.A., Corr, S., Lewis, C. & Galloway, T.S. 2015. Ingestion of plastic
microfibers by the crab Carcinus maenas and its effect on food consumption and energy
balance. Environ. Sci. Technol., 49(24): 14597-14604.

WEF (World Economic Forum). 2016. The New Plastics Economy- Rethinking the future
of plastics. (available at www3.weforum.org/docs/WEF_The_New_Plastics_Economy.
pdf). Accessed 7 November 2016.

Wegner, A., Besseling, E., Foekema, E.M., Kamermans, P. & Koelmans, A.A. 2012.
Effects of nanopolystyrene on the feeding behavior of the blue mussel (Mytilus edulis
L.). Environ. Toxicol. Chem., 31(11): 2490-2497.

Welden, N.A. & Cowie, P.R. 2016a. Environment and gut morphology influence
microplastic retention in langoustine, Nephrops norvegicus. Environ. Pollut., 214:
859-865.

Welden, N.A. & Cowie, P.R. 2016b. Long-term microplastic retention causes reduced
body condition in the langoustine, Nephrops norvegicus. Environ. Pollut., 218: 895-900.



122

Microplastics in fisheries and agquaculture

Welden, N.A. & Lusher, A. 2017. Impacts of changing ocean circulation on the distribution
of marine microplastic litter. Integr. Environ. Assess. Manage. d0i:10.1002/ieam.1911

Weng, Y.X,, Jin, Y.J., Meng, Q.Y., Wang, L., Zhang, M. & Wang, Y.Z.2013. Biodegradation
behavior of poly (butylene adipate-coterephthalate) (PBAT), poly (lactic acid) (PLA),
and their blend under soil conditions. Polym. Test., 32: 918-926

Wesch, C., Bredimus, K., Paulus, M. & Klein, R. 2016. Towards the suitable monitoring
of ingestion of microplastics by marine biota: A review. Environ. Pollut., 218: 1200-1208.

Wessel, C.C., Lockridge, G.R., Battiste, D. & Cebrian, J. 2016. Abundance and
characteristics of microplastics in beach sediments: Insights into microplastic accumulation
in northern Gulf of Mexico estuaries. Mar. Pollut. Bull., 109 (1): 178-183.

WHO (World Health Organization). 2006. Joint FAO/WHO Expert Committee on Food
Additives (2005: Rome, Italy) Evaluation of certain food contaminants: sixty-fourth
report of the Joint FAO/WHO Expert Commuittee on Food Additives. WHO Technical
Report Series, 930. Available at: http://apps.who.int/food-additives-contaminants-jecfa-
database/chemical.aspx?chemID=4306

WHO. 2011. jJoint FAO/WHO expert meeting to review toxicological and health
aspects of bisphenol A: final report, including report of stakeholder meeting on
bisphenol A, 1-5 November 2010, Ottawa, Canada. Available at: http://apps.who.int/iris/
bitstream/10665/44624/1/97892141564274_eng.pdf?ua=1

WHO. 2016. Safety evaluation of certain food additives and contaminants, supplement 1:
non-dioxin-like polychlorinated biphenyls / prepared by the eightieth meeting of the Joint
FAO/WHO Expert Committee on Food Additives JECFA). WHO Food Additives Series:
71-S1. Available at: http://apps.who.int/iris/bitstream/10665/246225/1/9789241661713-
eng.pdf?ua=1

Wick, P, Malek, A., Manser, P., Meili, D., Maeder-Althaus, X., Diener, L., Diener, P.A.,
Zisch, A., Krug, H.E & von Mandach, U. 2010. Barrier capacity of human placenta for
nanosized materials. Environ. Health Perspect., 118: 432-436.

Wilber, R.]J. 1987. Plastic in the North Atlantic. Oceanus 30: 61-68

Wilcox, C., Heathcote, G., Goldberg, J., Gunn, R., Peel, D. & Hardesty, B.D. 2015.
Understanding the sources and effects of abandoned, lost, and discarded fishing gear on
marine turtles in northern Australia. Conserv. Biol., 29(1): 198-206.

Williams, A.T., Tudor, D.T. & Randerson, P. 2003. Beach litter sourcing in the Bristol
Channel and Wales, U.K. Water, Air, Soil Pollut., 143: 387-408.

Wojcik-Fudalewska, D., Normant-Saremba, M. & Anastacio, P. 2016. Occurrence of
plastic debris in the stomach of the invasive crab Eriocheir sinensis. Mar. Pollut. Bull.,
113 (1-2): 306-311.

Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L., Coppock, R., Sleight, V.,
Calafat, A., Rogers, A.D., Narayanaswamy, B.E. & Thompson, R.C. 2014. The deep
sea is a major sink for microplastic debris. R. Soc. Open Sci., 1: 140317.

Wright, S.L., Rowe, D., Thompson, R.C. & Galloway, T.S. 2013. Microplastic ingestion
decreases energy reserves in marine worms. Curr. Biol., 23(23): R1031-R1033.

Wright, S.L. & Kelly, EJ. 2017. Plastic and Human Health: A Micro Issue? Environ. Sci.
Technol., 51 (12): 6634—6647.

Yamashita, R. & Tanimura, A. 2007. Floating plastic in the Kuroshio Current area,
western North Pacific Ocean. Mar. Pollut. Bull., 54 (4): 485-488.

Yang, C. Z., Yaniger, S. L, Jordan, V.C., Klein, D.]. & Bittner, G.D. 2011. Most Plastic
Products Release Estrogenic Chemicals: A Potential Health Problem that Can Be Solved.
Environ. Health Perspect., 119(7): 989-996.

Yang, D., Shi, H, Li, L., Li, J., Jabeen, K. & Kolandhasamy P. 2015. Microplastic
pollution in table salts from China. Environ. Sci. Technol., 49: 13622-13627.

Yogui, G.T. & Sericano, J.L. 2009. Polybrominated diphenyl ether flame retardants in the
U.S. marine environment: A review. Environ. Int., 35: 655-666.



References

123

Yonkos, L.T., Friedel, E.A., Perez-Reyes, A.C., Ghosal, S. & Arthur, C.D. 2014.
Microplastics in four estuarine rivers in the Chesapeake Bay, USA. Environ. Sci. Technol.,
48(24): 14195-14202.

Yoo, J.W., Doshi, N. & Mitragotri, S. 2011. Adaptive micro and nanoparticles: temporal
control over carrier properties to facilitate drug delivery. Adv. Drug Delivery Rev., 63:
1247-1256.

Young, A.M. & Elliott, J.A. 2016. Characterization of microplastic and mesoplastic debris
in sediments from Kamilo Beach and Kahuku Beach, Hawai’i. Mar. Poll. Bull., 113 (1):
477-482.

Zbyszewski, M. & Corcoran, P.L. 2011. Distribution and degradation of freshwater plastic
particles along the beaches of Lake Huron, Canada. Water, Air, Soil Pollut., 220(1-4):
365-372.

Zbyszewski, M., Corcoran, P.L. & Hockin, A. 2014. Comparison of the distribution and
degradation of plastic debris along shorelines of the Great Lakes, North America. J.
Great Lakes Res., 40(2): 288-299.

Zettler, E.R., Mincer, T.J]. & Amaral-Zettler, L.A. 2013. Life in the “plastisphere”:
microbial communities on plastic marine debris. Environ. Sci. Technol., 47: 7137-7146.
Zhang, H., Ricciardi, B. E, Yang, X., Shi, Y., Camacho, N. P. & Bostrom, M. P. 2008.
Polymethylmethacrylate particles stimulate bone resorption of mature osteoclasts in

vitro. Acta Orthop., 79: 281-288.

Zhang, K., Gong, W, Ly, J., Xiong, X. & Wu, C. 2015. Accumulation of floating
microplastics behind the Three Gorges Dam. Environ. Pollut., 204: 117-123.

Zhao, S., Zhu, L., Wang, T. and Li, D. 2014. Suspended microplastics in the surface water
of the Yangtze Estuary System, China: first observations on occurrence, distribution.
May. Pollut. Bull., 86(1): 562-568.

Ziccardi, L. M., Edgington, A., Hentz, K., Kulacki, K. J. & Kane Driscoll, S. 2016.
Microplastics as vectors for bioaccumulation of hydrophobic organic chemicals in
the marine environment: A state-of-the-science review. Environ. Toxicol. Chem., 35:
1667-1676.






125

Glossary

GLOSSARY OF WORKING DEFINITIONS

Antioxidants

Antioxidants are added to synthetic polymers in order to prevent oxidation reactions.
Oxidation, if not prevented, can affect the polymer by adverse colour change, loss of
flexibility, loss of tensile strength and elongation, reduced impact resistance, cracking,
and other surface deterioration. Oxidation can also affect the molecular weight of a
polymer, which in turn affects its physical properties.

Absorption
In chemistry absorption is a physical or chemical process by which atoms, molecules or
ions are incorporated into a bulk phase (gas, liquid or solid material).

Adsorption
In chemistry adsorption is a physical or chemical process by which atoms, molecules
or ions adhere to a surface.

Bioconcentration

Uptake of chemical into or onto an organism from the surrounding environmental
media (typically water) to levels exceeding its ambient concentration; bioconcentration
by definition excludes uptake from food.

Bioaccumulation
Accumulation of substances, e.g. chemicals in an organism, from direct uptake from the
surrounding environment and from ingestion of food.

Biomagnification
Increased concentration of a substance, e.g., a chemical, in the tissues of organisms at
successively higher levels up the food chain.

Colourants
Pigments added to plastic materials to achieve a desired colour of the end product.

Flame retardants

Flame retardants are chemicals (e.g. organohalogens, such as brominated flame
retardants) that are added to different materials (e.g. plastics and textiles) to reduce
their flammability in order to meet safety standards. Flame retardants may be mixed
with the material (additive flame retardants) or chemically bonded to it (reactive flame
retardants).

Lubricants

Substances that are used to improve the processability of plastics by increasing their
flowability. Internal lubricants improve the melt flow of material by lowering the
viscosity and heat dissipation.
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Plasticizer
A substance (e.g. Phthalates) added to a synthetic polymer (e.g. Polyvynil chloride) to
enhance flexibility and softness, and reduce brittleness.

Sorption/Desorption

In chemistry sorption is a physical or chemical process by which one substance
becomes attached to another. Absorption and adsorption are specific cases of sorption.
Desorption is the opposite of sorption.

Ultra Violet (UV) stabilizers
Chemical compounds (for example, Benzophenone) added to plastic materials to
inhibit reactions which cause undesirable chemical degradation from exposure to UV

light.



This report looks into the issue of microplastics from the fisheries and
aquaculture perspective. Based on existing scientific literature, a group of
experts assessed the potential impact of microplastics and related contaminants
on fish consumers’ health and the ecological implications for aquatic organisms. A workshop
was organized with invited experts (Rome, 5-8 December 2016) who complemented the published
information and carried out a risk profiling of microplastics in aquaculture and fishery products.
Despite the large amount of scientific data available, there are still significant knowledge gaps,
in particular regarding impacts at fish population and community level, detailed data for a
proper risk assessment and implications of nanoplastics presence in the marine environment.
Nonetheless, measures should be taken at international, governmental and consumer
levels to undertake cost-effective ecological and seafood safety risk assessments on
micro- and nanoplastics and associated polymers, to reduce plastic use and
encourage the use of alternative materials, recycling and the adoption
of sustainable practices in using plastics and managing
plastic pollution.
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