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Plastic production has increased dramatically worldwide over the last 60 years and it is nowadays
recognized as a serious threat to the marine environment. Plastic pollution is ubiquitous, but quantitative
estimates on the global abundance and weight of ﬂoating plastics are still limited, particularly for the
Southern Hemisphere and the more remote regions. Some large-scale convergence zones of plastic
debris have been identiﬁed, but there is the urgency to standardize common methodologies to measure
and quantify plastics in seawater and sediments. Investigations on temporal trends, geographical distribution and global cycle of plastics have management implications when deﬁning the origin, possible
drifting tracks and ecological consequences of such pollution. An elevated number of marine species is
known to be affected by plastic contamination, and a more integrated ecological risk assessment of these
materials has become a research priority. Beside entanglement and ingestion of macro debris by large
vertebrates, microplastics are accumulated by planktonic and invertebrate organisms, being transferred
along food chains. Negative consequences include loss of nutritional value of diet, physical damages,
exposure to pathogens and transport of alien species. In addition, plastics contain chemical additives and
efﬁciently adsorb several environmental contaminants, thus representing a potential source of exposure
to such compounds after ingestion. Complex ecotoxicological effects are increasingly reported, but the
fate and impact of microplastics in the marine environment are still far to be fully clariﬁed.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The beneﬁts of plastics, including versatility, resistance and
durability to degradation, are well known and led to the actual
deﬁnition of “age of Plastics”, where almost everything contains
this material. Plastic production increased dramatically worldwide
over the last 60 years, passing from 0.5 million tons/yr1 in 1960 to
almost 300 million tons in 2013. Europe ranks second at global level
with 20% of the total production, corresponding to 57 million tons
of plastics produced in 2012; European plastic industry gives direct
employment to over 1.45 million people, generating about 26.3
billion euro for public ﬁnance and welfare (Plastic Europe, 2014/
2015).
Plastic materials also pose a serious threat to the marine environment when not properly disposed or recycled. Approximately
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60e80% of the word’s litter is in form of plastic (Derraik, 2002), and
almost 10% of the annual production ends up into the oceans,
where degradation of plastic objects can take several hundred
years. The main inputs of plastics into the sea derive from beaches
and land-based sources like rivers, storm water runoff, wastewater
discharges, or transport of land litter by wind (Ryan et al., 2009).
Maritime activities contribute with materials lost by professional
and recreational ﬁshing, and debris dumped by commercial, cruise
or private ships (Cooper and Corcoran, 2010). Plastic accumulation
in the marine environment produces several negative repercussions: from the aesthetic impact of litter and economic costs
for beach cleaning, to adverse biological and ecological effects
which, according to last conservative estimates from UNEP, would
cause an overall economic damage to marine ecosystems of $13
billion each year (Year Book and Valuing Plastic, Nairobi, 2014).
Considering the new evidence on the multiple risks that plastics
pose to the environment, marine protection projects such as the
Marine Debris Program of the US National Oceanographic and Atmospheric Administration (NOAA), included plastics litter as an
emerging form of contamination. The growth of scientiﬁc interest
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has been accompanied by important normative and political decisions. The European Marine Strategy Framework Directive (MSFD,
2008/56/EC) included marine litter among Descriptors used by
member States to achieve good ecological status, and international
Experts Committees (like ICES or GESAMP) worked to deﬁne standardized protocols for monitoring plastic pollution in environmental matrices. In 2013, Contracting Parties of the Barcelona
Convention agreed on Marine Litter Regional Action Plan to prevent,
reduce and remove marine litter from the Mediterranean through
developing technical capacity, reducing knowledge gaps and
providing ﬁnancial resources. JPI Oceans launched in 2015 a V7.5
million call for proposals to increase the knowledge on microplastics
in the marine environment. In the same year, the G7 Science Ministers meeting acknowledged the global risks posed by plastics to
marine and coastal life, ecosystems and potentially human health,
committing a priority Action Plan to Combat Marine Litter through
innovation, education, research and outreach programs.
1.1. Plastics materials and microplastics formation
There are many typologies of plastic polymers and additives,
which can be combined in objects with speciﬁc properties and
characteristics. The most common polymers are polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyvinylchloride (PVC),
polyamide (PA), polyethylene terephthalate (PET), polyvinyl alcohol
(PVA). Once released in the ocean, their environmental fate primarily depends on the polymer density (Table 1), which inﬂuences
buoyancy, position in the water column and the consequent possibility to interact with biota (Wright et al., 2013b). Polymers denser
than seawater (like PVC) will sink, while those with lower density
(e.g. PE and PP) will tend to ﬂoat in water column. Processes like
biofouling and the colonization of organisms on the plastic surface
increase the weight of particles, thus accelerating their sinking on
bottom sediments (Ye and Andrady, 1991; Lobelle and Cunliffe,
2011); also degradation, fragmentation and the leaching of additives can change the density of objects and their distribution along
the water column.
Degradation is a sequence of chemical changes that drastically
reduce the average molecular weight and mechanical integrity of
the polymer, mostly modulated by reactions like photo- and
thermal-oxidation, hydrolysis and biodegradation mediated by
microbial activity (Singh and Sharma, 2008). Degradation rate can
vary according to polymer typology, presence of chemical additives,
oxygen availability to the system, environmental temperature.
Compared to beaches, where temperature may raise up to 40  C in
summer, plastic weathering is markedly slower in colder seawater
and marine sediments (Andrady, 2011). Coupled with physical
abrasion, such as wave action and sand grinding, degradation leads
to embrittlement and fragmentation. Extensively degraded plastics
become brittle enough to fall apart into powdery fragments and
microsized plastics, typically not visible to the naked eye, called

Table 1
Density range of most common polymers of environmental relevance.
Matrix

Density (g/cm3)

Distilled water
Sea water
Polyethylene (PE)
Polypropylene (PP)
Polystyrene (PS)
Polyvinylchloride (PVC)
Polyamide (PA)
Polyethylene terephthalate (PET)
Polyvinyl Alcohol (PVA)

1
1.025
0.93e0.98
0.89e0.91
1.04e1.11
1.20e1.45
1.13e1.5
1.38e1.39
1.19e1.35

microplastics (Barnes et al., 2009).
Microplastics are generally referred to particles with a grain size
lower than 5 mm, although a recent deﬁnition suggests to consider
fragments smaller than 1 mm (Browne et al., 2015). Their presence
has been reported worldwide, from polar regions to the equator,
from intertidal zone to abyssal sediments (Zarﬂ and Matthies, 2010;
Lusher et al., 2015; Van Cauwenberghe et al., 2015a). Microparticles
can be deﬁned as primary or secondary, depending on their origin
source (Barnes et al., 2009). Majority of microplastics in the oceans
are secondary products derived from degradation and fragmentation of mesoplastics or larger fragments (Gregory and Andrady,
2003); primary microplastics, introduced directly into the oceans
via runoff, are manufactured as micron-sized particles typically
used as exfoliants for cosmetic formulations, in industrial abrasives
and ‘sandblasting’ media, in textile applications and synthetic
clothes (Gregory, 1996; Maynard, 2006; Fendall and Sewell, 2009).
Firstly reported in 2004 in beach sediments of the United
Kingdom (Thompson et al., 2004), since then the scientiﬁc interest
toward this issue has exponentially increased. Searching for
“microplastic” in Scopus indexed journals, 9 documents were
published until 2010 in Environmental Sciences, while the number
increased to 129 in 2011e2015. Microplastics have thus passed
from being considered emerging pollutants to be recognized as an
emerged threat, with the urgent need to better assess their distribution in the oceans, as well as the ecotoxicological and ecological
risks that these particles pose to the marine ecosystem.
2. Distribution, behaviour and occurrence of microplastics in
marine environment
Quantitative estimates of the global abundance and weight of
oceanic plastics are still limited and often controversial, particularly
for the Southern Hemisphere and more remote regions (Lusher,
2015). Several global surveys were carried out in the last 5 years
zar et al.,
to assess the load of ﬂoating macro and microplastics (Co
2014; Eriksen et al., 2014; Reisser et al., 2015), and a more limited
number of studies focused on their presence in sediments and biota
(Lusher et al., 2013; Avio et al., 2015b; Romeo et al., 2015; Van
Cauwenberghe et al., 2015a). Data from different studies are often
difﬁcult to compare due to the lack of standardized sampling
methodologies, normalization units and expression of data, as well
as deﬁnition, size and characterization of described microplastics
(Ryan et al., 2009).
Despite these technical aspects, distribution of plastics has been
documented in several seas, with highly variable concentrations,
normalized to either surface or volume units (Table 2). High concentrations of plastics debris were ﬁrstly observed in the North
Paciﬁc central gyre (Moore et al., 2001) and the term “ocean
garbage patches” has then been introduced (Kaiser, 2010; Zhang
et al., 2010). A minimum of 21.290 tons of ﬂoating plastic debris
was estimated in the accumulation zone of the North Paciﬁc subtropical gyre (Law et al., 2010). At now, a total of 5 ocean gyres have
been identiﬁed (North Atlantic, South Atlantic, South Indian, North
Paciﬁc and South Paciﬁc), and another garbage patch was predicted
to occur in the Barents Sea (van Sebille et al., 2012).
Almost 270.000 tons of plastic would be currently ﬂoating in the
oceans according to results of 24 expeditions (2007e2013) across
all ﬁve sub-tropical gyres, costal Australia, Bay of Bengal and the
Mediterranean Sea during which surface net tows and visual survey
transects of large plastic debris were conducted (Eriksen et al.,
2014). Based on the total number of the plastic particles and their
weight, researchers calibrated these data on an oceanographic
model of ﬂoating debris dispersal corrected for wind-driven vertical mixing, estimating a minimum of 5.25 trillion particles
weighting 268.940 tons.
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Table 2
Average concentrations and weight of ﬂoating plastic items reported for different geographical areas.
Location

Average concentration

Northwest Atlantic (coastal)
Northwest Atlantic (offshore)
Northeast Atlantic (Celtic sea)
Western Mediterranean (Corsica)
Western Mediterranean (Sardinia)
Western Mediterranean

3 items/m3
67 items/m2
2.46 items/m3
0.116 items/m2
0.062 items/m2
135 items/m2
0.15 items/m3
8 items/m3
334.3 items/m2
0.004e0.19 items/m3
0.021e0.448 items/m2
>1000 items/m2
0.00085 items/m3
0.31 items/m2
26,898 items/km2
0.243 items/m2
0.167 þ 0.138 items/m3
4137.3 þ 2461.5 items/m3
13 þ 11 items/m2
20.26 items/m2

Northeast Paciﬁc (South California)
North Paciﬁc (central gyre)
Northeast Paciﬁc
North Paciﬁc subtropical gyre
Australian coast
Ligurian/Sardinian sea
South Paciﬁc subtropical gyre
Mediterranean
East China Sea
Yangtze estuary
South Korea coast
Lake Hovgol (Mongolia)

A recent cruise reported the ﬁrst quantiﬁcation of ﬂoating
plastics in the Mediterranean Sea with an average of 250.000 items/
zar
Km2, and a frequency of occurrence in 100% of sampled sites (Co
et al., 2015). These results were comparable to the accumulation
zones of subtropical ocean gyres, although plastic debris in the
Mediterranean waters was dominated by millimeter-sized fragments and with a higher proportion of large plastic objects, probably reﬂecting the closer connection with pollution sources. The
accumulation of ﬂoating plastic in the Mediterranean Sea (between
1.000 and 3.000 tons) is likely related to the high human pressure
and the peculiar hydrodynamic characteristics of this semienclosed basin, where outﬂow mainly occurs through a deep water layer. Given the biological richness and concentration of economic activities in the Mediterranean Sea, the effects of plastic
pollution on marine and human life are expected to be of particular
concern in this accumulating region.
Until a few years ago, no data on microplastics were available for
polar regions and calculations on the plastic ﬂux into the Arctic
Ocean suggested negligible transport of such materials in this area
(Zarﬂ and Matthies, 2010). However, analyses of ice cores collected
from remote locations in the Arctic Ocean, revealed levels of
microplastics ranging between 38 and 234 particles/m3 (Obbard
et al., 2014), two orders of magnitude greater than those previously reported in the Paciﬁc gyre (Goldstein et al., 2012). Observations of ﬂoating plastics in surface Antarctic and Arctic waters
(Barnes et al., 2010; Lusher et al., 2015), in the deep Arctic seaﬂoor
(Bergmann and Klages, 2012) and in stomachs of birds from the
Canadian Arctic (Mallory et al, 2006; Provencher et al., 2009, 2010),
further support polar areas as an additional global sink of plastics:
this hypothesis has been corroborated by a modeling study suggesting the presence of a sixth garbage patch in the Barents Sea
(van Sebille et al., 2012).
At local geographical scale, spatial patterns of microplastics
distribution have been described along an estuarine shoreline
(English Channel, UK), where proportionately more particles were
deposited downwind, in habitats with slow-moving waters
(Browne et al., 2010, 2011). High spatial variability was found in the
western Mediterranean (Collignon et al., 2012, 2014; de Lucia et al.,
2014), while no distinct geographical pattern was identiﬁed in a
coastal area off South Korea (Song et al., 2014).
Temporal trends of plastic litter have also been discussed. In the
North Paciﬁc Subtropical Gyre, plastic concentration in 1999 was

Average weight

2020 g/km2
187 g/km2

70.96 g/km2
423 g/km2

Reference
Carpenter and Smith, 1972
Colton, 1974
Lusher et al., 2014
Collignon et al., 2012
Collignon et al., 2014
Faure et al., 2015
de Lucia et al., 2014
Moore et al., 2002
Moore et al., 2001
Doyle et al., 2011
Goldstein and Goodwin, 2013
Law et al., 2014
Reisser et al., 2013
Fossi et al., 2012
Eriksen et al., 2013
zar et al., 2015
Co
Moore et al., 2002
Zhao et al., 2014
Song et al., 2014
Free et al., 2014

calculated at 335.000 items/km2 (5.1 kg/km2), approximately one
order of magnitude higher than that measured in 1980 (Ryan et al.,
2009; Moore et al., 2001). Similarly, a long-term study on microplastics in old plankton samples conﬁrmed a time dependent increase from the 1960s up to 2000 (Thompson et al., 2004). On the
other hand, particles of 1 mm size were found in 60% of plankton
samples trawled between 1986 and 2008 in North Atlantic Subtropical Gyre, but no temporal trend was observed over that time
(Law et al., 2010).
Beside ﬂoating particles in pelagic habitats, microplastics
accumulate also on the seaﬂoor sediments, posing additional risk to
such ecosystems. Deposition of microplastics in sediments is
inﬂuenced by many biologically-driven or physico-chemical
transport mechanisms. Colonization by organisms, adherence to
phytoplankton, the aggregation with organic debris and small
particles in the form of marine snow will eventually enhance
settling. Oceanographic processes which facilitate the transfer of
microplastics to depth, include dense shelf water cascading (Canals
et al., 2006), severe coastal storms (Sanchez-Vidal et al., 2012),
offshore convection (Stabholz et al., 2013) and saline subduction
(Talley, 2002). All these processes, induce vertical and horizontal
transfers, from shallow ocean and coastal regions to deeper layers,
of large volumes of particle loaded waters containing a full spectrum of grain sizes, from sand to clay (Galgani et al., 1995, 1996).
Submarine canyons, acting as preferential conduits, may further
enhance downwelling ﬂows and increase the retention of microplastics at particular locations (White et al., 2007; Canals et al.,
2013). Microplastic fragments more than larger items, are also
likely to be inﬂuenced by advection and circulation patterns which
contribute to explain the accumulation of particles in the deep sea,
and the role of marine sediments as an important sink of these
materials (Woodall et al., 2014; Van Cauwenberghe et al., 2015b).
Plastic particles sized in the micrometer range were observed in
deep-sea sediments collected at 1.100e5.000 m from four locations
in Atlantic and Mediterranean (Van Cauwenberghe et al., 2013).
Microplastics in form of ﬁbers were up to four orders of magnitude
more abundant (per unit volume) in deep-sea sediments from the
Atlantic Ocean, Mediterranean Sea and Indian Ocean than in
contaminated sea-surface waters, providing additional evidence for
a large and hitherto unknown repository of microplastics
(Mordecai et al., 2011; Van Cauwenberghe et al., 2013; Pham et al.,
2014; Tubau et al., 2015). With the expansion of sea ﬂoor
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explorations, benthic microplastics are progressively being
revealed to be more widespread than previously assumed with
temporal accumulation trends matching the increasing plastic
production worldwide (Claessens et al., 2011; Mordecai et al., 2011;
Anastasopoulou et al., 2013; Ramirez-Llodra et al., 2013).
It is now crucial to establish consistent methodologies to allow
robust temporal and spatial comparisons, to address how abundance and composition of microplastics vary with depth, location,
topography and habitat. Microplastics behaviour in marine environment should be considered in a dynamic and changing
perspective, since initially ﬂoating particles can sink to sediments,
potentially being remobilized to water column by bioturbation,
resuspension or hydrodynamic conditions.
3. Occurrence of microplastics in wild marine organisms
A recent analysis revealed that 663 marine species experience
adverse effects from interaction with plastic (CBD, 2012), a 40%
increase compared to a previous census (Laist, 1997). Entanglement
in and ingestion by large organisms can have fatal but also sub
lethal consequences, compromising their ability to capture and
digest food, sense of hunger, escape from predators, decrease of
body condition and impairment of locomotion, including migration. Marine mammals, seabirds, turtles, ﬁshes are the most
impacted organisms by macro debris (Laist, 1997; Derraik, 2002;
Allsopp et al., 2006) with an impressive percentage of affected individuals in some species: at least 96% of North Sea fulmars have
been reported to contain at least one piece of plastic in the stomach.
Since plastic waste production is continuously increasing, it is expected that also the number of inﬂuenced species will grow in the
future.
The knowledge on the presence of plastics in small ﬁsh and
invertebrates has been hampered by the greater technical difﬁculty
in isolation and identiﬁcation of microscopic particles from tissues
(Cole et al., 2014; Avio et al., 2015b). Ingestion is the most likely
interaction with microplastics for many organisms particularly
when feeding mechanisms do not allow to discriminate between
particles (Moore et al., 2001). Absorption of microplastics by organisms from the primary trophic level, e.g. phytoplankton and
zooplankton, could be a pathway for transfer into the food chain.
Some organisms such as shore crabs (Carcinus maenas) and ﬁlter
feeding bivalves not only ingest microplastics along with food, but
also contain these particles in the gills due to ventilation mechanisms (Browne et al., 2008; Moore, 2008; Watts et al., 2014).
Microplastics ingestion has been described in several marine
species, including invertebrates and ﬁsh (Thompson et al., 2004;
Von Moos et al., 2012; Avio et al., 2015a,b), but studies on wild
organisms are less common than those obtained in laboratory
conditions. As a few examples, gooseneck barnacle (Lepas spp.)
from the North Paciﬁc subtropical gyre contained microplastics in
33.5% of examined individuals: from 1 to 3 items were observed in
gastrointestinal tracts, indicating that ingestion of microplastics is a
quite common phenomenon in these ﬁlter feeding organisms, with
unknown trophic impacts on such rafting communities (Goldstein
and Goodwin, 2013). Plastic pellets were also found in the stomachs
of mass stranded Humboldt squids (Dosidicus gigas) (Braid et al.,
2012), a large predatory cephalopod which usually feeds at depth
between 200 and 700 m: the route of ingestion was unclear since
the squid may have fed directly on sunken microplastics or, indirectly, through preying organisms with pellets in their digestive
system. Fibers of monoﬁlament plastics, probably derived from ﬁbers of trawls and fragments of plastic bags, were identiﬁed in the
intestines of the Norway lobster, Nephrops norvegicus (Murray and
Cowie, 2011): these organisms have various feeding modes,
including scavenging and predation, but are not adapted to cut

ﬂexible ﬁlamentous materials which are not eliminated by normal
digestive processes (Murray and Cowie, 2011). Microplastics were
identiﬁed in other organisms with commercial value and
consumed whole, like ﬁeld-caught brown shrimps (Crangon crangon) and farmed bivalves, highlighting also potential implications
for human health (De Witte et al., 2014; Pott, 2014; Van
Cauwenberghe and Janssen, 2014; Galloway, 2015; Van
Cauwenberghe et al., 2015a).
The above studies revealed that invertebrates may be efﬁciently
used as indicator species for environmental microplastics, although
additional studies are required to understand the ﬂux of such
particles within water column and sediments, the interactions
between different species of benthic infauna feeding in/or manipulating the sediment; these organisms can both ingest and excrete
microplastics, and the whole individuals or their fecal pellets may
in turn be eaten by secondary consumers, thus affecting higher
trophic levels.
Some of the earliest studies on ingestion of microplastics by
wild-caught ﬁsh include coastal species from the USA (Carpenter
et al., 1972) and the U.K. (Kartar et al., 1973, 1976). More recent
evidences reported microplastic (ﬁbers, fragments and ﬁlms) in
mesopelagic ﬁsh from the North Paciﬁc Central Gyre (Boerger et al.,
2010; Davison and Asch, 2011; Choy and Drazen, 2013), and in
estuarine ﬁsh which are subjected to high riverine input (Possatto
et al., 2011; Dantas et al., 2012; Morritt et al., 2014). Ingestion of
microplastics was observed in bottom-feeding ﬁsh from a tropical
estuary in Northeast Brazil, containing nylon fragments in 13.4% of
the examined stomachs (Ramos et al., 2012); in addition to the
hypothesis that ﬁsh mistakenly identify these fragments as prey
items, the authors suggested that ingestion might have occurred
through consumption of ﬁsh already containing these microplastics, or during suction of sediments.
Lusher et al. (2013) described microplastic polymers in 10 ﬁsh
species from the English Channel. Among the 504 examined
specimens, 37% had ingested a variety of polymers, the most
common being polyamide and the semi-synthetic material rayon.
Similarly, microplastics were recorded in 35% of planktivorous ﬁsh
examined from the North Paciﬁc central gyre (Boerger et al., 2010),
while ﬁsh from the northern North Sea ingested these items at
signiﬁcantly lower level (1.2%) compared to specimens from the
southern North Sea (5.4%) (Foekema et al., 2013).
Recent analyses on the stomach content of three different species of large pelagic Mediterranean species (Xiphias gladius, Thunnus thynnus, Thunnus alalunga) demonstrated the occurrence of
microplastics in the 18,5% of collected organisms, providing the ﬁrst
evidence of microplastics ingestion for Mediterranean top predators (Romeo et al., 2015). Microplastics were also extracted from
ﬁsh with high commercial interest along the Central-North Adriatic
Sea with 28% of analyzed organisms containing these particles in
their gastrointestinal tract (Avio et al., 2015b). Microplastics were
found in all analyzed species (Sardina pilchardus, Squalus acanthias,
Merluccius merluccius, Mullus barbatus and Chelidonichthys lucerna),
the frequency of ﬁsh positive to microplastics ingestion was higher
in benthic compared to pelagic species but the number of items was
typically greater in pelagic organisms. These results suggested the
effects of a different distribution of microplastics in the marine
environment, where ﬂoating microplastics are commonly aggregated in patches (elevated density but irregular spatial distribution), while sinking particles are more homogeneously distributed
in sediments (Avio et al., 2015b).
Beside studies describing the presence of microplastics in tissues of marine organisms, a few investigations considered the
potential for microplastics to be transferred between trophic levels
following ingestion. Many zooplankton species undergo diurnal
migrations, possibly acting as vectors of microplastics to greater
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depths and relative inhabitants, either through predation or production of fecal pellets sinking to the seaﬂoor (Wright et al., 2013a).
Field observations highlighted the presence of microplastics in the
scats of fur seals (Arctocephalus spp.) and the authors suggested
that microplastics had initially been ingested by the planktonfeeding ﬁsh, Mycophii, which is the main prey consumed by fur
seals (Eriksson and Burton, 2003). In feeding experiments under
controlled conditions, microplastics previously been ingested by
blue mussels (Mytilus edulis), were identiﬁed in the gut and haemolymph of the shore crab (Carcinus maenas) (Farrell and Nelson,
2013): caution was suggested in interpreting these results due to
large variability in the amount of microspheres in tissues samples,
the low number of analyzed individuals, and the exposure levels
exceeding those from natural ﬁeld conditions. Fish fed with
Nephrops norvegicus containing polypropylene ﬁlaments, were
found to ingest but not to excrete the microplastic strands (Murray
and Cowie, 2011), further corroborating the potential for trophic
transfer.
4. Biological hazards from plastic and microplastic pollution
The impact of large plastic debris on the marine environment
has long been the subject of environmental debates (Cole et al.,
2011). Well recognized effects include loss of aesthetic perception
and environmental value, economic repercussions for the tourism
and for numerous marine-related industries (e.g. shipping, ﬁshing,
energy production, aquaculture), and signiﬁcant biological concerns for the injury and death of marine birds, mammals, ﬁsh and
reptiles (Moore, 2008; Gregory, 2009; Lozano and Mouat, 2009;
Lusher et al., 2015). In recent years, new environmental hazards
have been highlighted following the scientiﬁc evidence of the
widespread and ubiquitous presence of plastic and microplastic
pollution in the marine environment (Derraik, 2002; Barnes et al.,
2009; Sivan, 2011). Beside the transport of non-native or pathogen species to new habitats on ﬂoating plastic debris (Barnes,
2002; Derraik, 2002; Zettler et al., 2013), microplastics might
release plasticizers and adsorbed pollutants after the ingestion by a
wide variety of marine organisms. In this respect, microplastics
may introduce species, biological toxins and chemicals in the food
chain, with still unpredictable ecological effects for bioaccumulation and biomagniﬁcation (Teuten et al., 2009).
4.1. Plastics as vector of alien species
The huge amount of plastic debris into the ocean has massively
increased the opportunity for the dispersal of marine organisms
through rafting material, representing a potential mechanism for
invasions by alien species in new habitats (Barnes, 2002; Barnes
and Milner, 2005; Andrady, 2011).
Organisms ranging from algae to reptiles (i.e. iguanas) have
been observed to raft on ﬂoating objects, but the most common
species include barnacles, polychaete worms, bryozoans, hydroids
and mollusks (Barnes, 2002). At now, 32 reports documented the
transport of 270 species belonging to 85 taxa, and 3 studies speciﬁcally distinguished the presence of 5 invasive species (CBD,
2012). It is however likely that this phenomenon is still underestimated due to the limited number of studies and observations
to species level.
The occurrence of diatoms, hydroids, and bacteria was initially
documented in early 70s on small plastic fragments (0.1e5 mm
long) collected by plankton nets (Carpenter and Smith, 1972;
Carpenter et al., 1972). Additional studies on microplastic fouling
emerged in the 2000’s (Carson et al., 2011; Goldstein et al., 2013;
Zettler et al., 2013), and the ﬁrst comprehensive characterization
of epi-plastic microbial communities introduced the concept of
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“Plastisphere” (Zettler et al., 2013). Scanning electron microscopy
(SEM) and next-generation sequencing on polyethylene and polypropylene particles (approx. 2e20 mm long) from the North
Atlantic revealed a unique, diverse, and complex microbial community with approximately 8600 differential OTUs from bacteria,
diatoms, cyanobacteria and predatory ciliate. This pioneer study
conﬁrmed that plastic debris may act as a vector for dispersal of
these organisms which, on their side, can inﬂuence biodegradation
rate and leaching of contaminants from polymers (Zettler et al.,
2013).
Scanning electron microscopy (SEM) allowed to characterize
organisms on the surface of 68 small plastic particles (length
range ¼ 1.7e24.3 mm, median ¼ 3.2 mm) from inshore and
offshore waters around the Australian continent (Reisser et al.,
2014). Authors described new taxa associated with millimetersized microplastics: diatoms were the most represented group of
plastic colonizers, with 14 genera, followed by ‘epiplastic’ coccolithophores (7 genera), bryozoans (4 genera), hydroids (3 genera),
polychaetes (2 genera), in addition to individual genera for barnacles (Lepas spp.), dinoﬂagellate (Ceratium), isopod (Asellota), marine
insect eggs (Halobates sp.), and numerous rounded, elongated, and
spiral cells putatively identiﬁed as bacteria, cyanobacteria, and
fungi. Furthermore, a variety of plastic surface microtextures,
including pits and grooves conformed to the shape of microorganisms, supporting an important role that such biota may play in
plastic degradation (Reisser et al., 2014).
All these studies highlighted that anthropogenic polymers have
created a new pelagic habitat for microorganisms and invertebrates. The ecological ramiﬁcations of this phenomenon for
species dispersal, ocean productivity, palatability and trophic
transfer of microplastics in food webs, degradation and leaching of
plastic-associated pollutants, remain an open ﬁeld of research.
4.2. Microplastics and chemicals
Although plastics were typically considered as biochemically
inert (Roy et al., 2011; Teuten et al., 2009), plastic additives are
incorporated into polymers during manufacturing processes to
improve their properties or extend resistance to heat (e.g. by using
polybrominated diphenyl ethers), oxidative damage (with nonylphenol) and microbial degradation (with triclosan) (Browne et al.,
2007; Thompson et al., 2009). Phthalates, used as emollients to
soften plastics can constitute up to 50% of the polymer weight in
some PVC objects (Oehlmann et al., 2009; Talsness et al., 2009).
These additives are of environmental concern since they can
increase the degradation times of plastic, but are also desorbed
from the polymer at rates depending on the pore size of the synthetic matrix, the amount and typology of the additive, and various
environmental factors which inﬂuence the size and weathering of
plastic (Ng and Obbard, 2006; Moore, 2008; Barnes et al., 2009;
Teuten et al., 2009 Lithner et al., 2011).
Commonly used additives, including phthalates, bisphenol A
(BPA), alkylphenols, polybrominated diphenyl ethers are hazardous
to biota acting as endocrine-disrupting chemicals that can mimic,
compete with, or disrupt the synthesis of endogenous hormones
(Talsness et al., 2009). These compounds have been measured at
high concentrations in plastic fragments sampled both at remote
and urban beaches, as well as in those ﬂoating in the open ocean
(Hirai et al., 2011): alkylphenols were identiﬁed at values up to
3940 ng/g, bisphenol A up to 35 ng/g with outliers up to 700 ng/g,
whereas levels of PBDEs were found to range between 0.1 and
400 ng/g with outliers up to 9900 ng/g (Hirai et al., 2011; Rochman
et al., 2014). Adverse effects of plasticizers were observed in the ng/
lemg/l range and associated to endocrine disruption and transcriptional down-regulation of choriogenin (Chg H) and

Please cite this article in press as: Avio, C.G., et al., Plastics and microplastics in the oceans: From emerging pollutants to emerged threat, Marine
Environmental Research (2016), http://dx.doi.org/10.1016/j.marenvres.2016.05.012

6

C.G. Avio et al. / Marine Environmental Research xxx (2016) 1e10

vitellogenin I (Vtg I) in ﬁsh exposed to polyethylene (Rochman
et al., 2014). The increasing concern on the endocrine-disrupting
effects of some plastic additives prompted industry to seek alternative chemicals. In this respect, bisphenol A is now banned in
several “BPA-free” labeled products, although some of the chemical
substitutes are also bisphenols, e.g. bisphenol S (BPS) and bisphenol
F (BPF). A recent comparison of their hormonal activity revealed the
endocrine potency to be in the same order of magnitude of BPA,
with similar mode of action (estrogenic, antiestrogenic, androgenic,
and antiandrogenic) and physiological effects in organisms
(Rochester and Bolden, 2015). Data on chronic effects of traditional
and new additives are actually lacking for aquatic species in longterm exposures (Oehlmann et al., 2009; Rochester and Bolden,
2015).
In addition to the leaching of additives, chemical risk of microplastics derives also from the adsorption of a wide array of organic
and inorganic contaminants on these particles (Wang et al., 2016).
Due to the great speciﬁc surface area and the afﬁnity of organic
pollutants for the hydrophobic characteristics of polymers, concentrations of environmental chemicals on microplastics are often
orders of magnitude higher than those detected in seawater (Ogata
et al., 2009). The presence of organisms fouled on the plastic debris,
including diatoms, hydroids, ﬁlamentous algae and tarry residues,
could act as additional sorbent for contaminants (Endo et al., 2005;
Zettler et al., 2013). In general, the combination of physical,
chemical and biological factors allow concentrations of chemical
pollutants to increase over time via sorption by particles and
accumulation by bioﬁlms (Wang et al., 2016).
The possibility for plastic particles to adsorb chemical pollutants
from the surrounding environment has been widely characterized
in laboratory conditions. Different polymers, like polyvinyl chloride, polyethylene, polypropylene, polystyrene, were shown to
have a high sorption capacity for DDTs, polycyclic aromatic hydrocarbons (PAHs), hexachlorocyclohexanes and chlorinated benzenes (Bakir et al., 2012; Lee et al., 2014; Avio et al., 2015a).
Consistent with these studies, persistent organic pollutants (POPs),
like polychlorinated biphenyls (PCBs), organo-halogenated pesticides, nonylphenol, PAHs and dioxins have been detected in plastic
pellets stranded on different beaches around the world (Endo et al.,
2005; Ogata et al., 2009; Hirai et al., 2011; Heskett et al., 2012).
Polycyclic aromatic hydrocarbons on beached plastic fragments
showed mainly petrogenic signature, with total PAH concentrations
up to 45.000 ng/g (Hirai et al., 2011; Antunes et al., 2013; Mizukawa
et al., 2013); polychlorinated biphenyls and organochloride pesticides were detected at values up to 450 ng/g and 200 ng/g,
respectively (Hirai et al., 2011; Karapanagioti et al., 2011; Antunes
et al., 2013; Mizukawa et al., 2013).
Metals also showed a strong adsorption capacity to plastic with
measured levels up to 300 mg/g for Al, Fe, Cu, Pb and Zn and up to
80 ng/g for Cd, Cr, Co, Ni in beached pellets (Holmes et al., 2012).
Little is known about mechanisms of metal adsorption which is
higher in weathered compared to virgin plastics, due to an
increased polarity of particles (Mato et al., 2001; Turner and
Holmes, 2015): environmental conditions like pH, have also been
suggested as crucial factors for the adsorption of metals onto
plastics polymer (Turner and Holmes, 2015).
Despite the importance of microplastics in adsorption and
transport of xenobiotic pollutants, it has long been debated
whether they also represent a source of chemical exposure within
marine food webs. In this respect, the ingestion of microplastics by
biota, could highlight an additional concern for their potential
toxicological effects to the organisms (Bowmer and Kershaw, 2010).
Various indirects evidences, including the use of a thermodynamic
approach and of models simulating physiological conditions in the
gut, suggested that both adsorbed pollutants and chemical

additives of plastics might be released to organisms after ingestion
(Gouin et al., 2011; Tanaka et al., 2013; Bakir et al., 2014). The ﬁrst
direct demonstration of a similar possibility was provided in
mussels, Mytilus galloprovincialis, exposed to PAH-contaminated
microplastics (polyethylene and polystyrene), which revealed a
marked bioaccumulation of adsorbed chemicals in both digestive
gland and gills (Avio et al., 2015a).
Further studies are actually needed to better elucidate the
magnitude of chemical load on environmental microplastics and
the real potential to transfer such compounds to marine biota.
4.3. Microplastics and biological effects
Until a few years ago scientiﬁc interest was mostly focused toward the ecological impacts of macro-debris, while recently the
ecotoxicological effects of microplastics are drawing researchers
attention (Browne et al., 2015). In ﬁeld conditions, it is difﬁcult to
distinguish possible adverse effects modulated by exposure to
microplastics from those caused by other, including chemical,
stressors.
In this respect, several laboratory studies were carried out to
better characterize and predict the potential ecotoxicological risk of
microplastics in the marine environment. Adsorption and effects of
microplastics at the base of the marine food web were demonstrated by the presence of charged nano-polystyrene beads into the
cellulose of the Chlorophycea alga, Scenedesmus spp., with consequent inhibition of photosynthesis and onset of oxidative stress
(Bhattacharya et al., 2010). Ingestion of microplastics was shown to
affect the physiology and health of marine zooplankton, e.g.
decreasing feeding rate and fecundity success (Cole et al., 2013,
2015). Furthermore, adult females and nauplius larvae of the
copepod, Tigriopus japonicas, survived acute exposure, but higher
mortality rates were observed following a two-generation chronic
toxicity tests (Lee et al., 2013).
The uptake and consequences of microplastic ingestion have
also been investigated in a number of benthic invertebrates
exposed under laboratory conditions (Cole et al., 2011; Wright et al.,
2013a). These studies demonstrated that lugworms (Arenicola
marina), amphipods (Orchestia gammarellus), sea cucumbers (Holothuria sp.), sea urchins (Tripneustes gratilla) and mussels (Mytilus
sp) feed directly on microplastics which may be partly excreted
through the intestinal tract (Thompson et al., 2004; Graham and
Thompson, 2009; Wegner et al., 2012; Kaposi et al., 2014; Avio
et al., 2015a). Adverse effects were reported after the ingestion of
such particles in lugworms, with a positive correlation between
weight loss and concentration of microplastics spiked in sediments
(Besseling et al., 2013). In the same organisms exposure to 5% unplasticised polyvinyl chloride (U-PVC) caused inﬂammation processes, a signiﬁcant decrease of feeding activity and reduction of
energy reserves, while onset of oxidative stress was caused by
ingestion of mm-sized PVC microplastics (Browne et al., 2013;
Wright et al., 2013a).
Recent studies provided experimental evidences that ingested
microplastics can be retained within the organisms and even
translocated between different tissues. In mussels, Mytilus edulis,
plastic particles (3 and 9.6 mm) were accumulated in digestive tissues and translocated to haemolymph after three days (Browne
et al., 2008). In the same organisms, the uptake of microplastics
caused notable histological changes in digestive cells with strong
inﬂammatory responses, formation of granulocytomas and lysosomal destabilization that increased with exposure time (Von Moos
et al., 2012). A wide range of molecular, biochemical and cellular
alterations were assessed in M. galloprovincialis exposed to polyethylene and polystyrene microplastics, both virgin or previously
contaminated with pyrene (Avio et al., 2015a). Transcriptomic
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proﬁle showed the modulation of several pathways involved in the
responses to microplastics which partly differed according to the
presence or absence of adsorbed chemical. Transcriptional responses were mostly related to lysosomal metabolism, immunological function and apoptotic events; additional genes
differentially expressed after microplastics ingestion were those
involved in antioxidant defense, detoxiﬁcation and repair of DNA
damage. The effects of virgin and contaminated microplastics were
also conﬁrmed at the cellular level by changes of several biomarkers. “Clean” particles caused alterations of immune system
parameters, a strong destabilization of lysosome membrane and
loss of DNA integrity, while contaminated particles also increased
the frequency of micronuclei and inhibited the activity of acetylcholinesterase. The overall results were elaborated in a quantitative
hazard model, based on weighted criteria which evaluate biological
relevance and magnitude of observed effects: the summarized
hazard for biomarker responses ranged from slight to moderate for
virgin polymers, and from major to severe for contaminated
microplastics, further corroborating that these particles could be
potentially hazardous for marine organisms (Avio et al., 2015a).
A more limited number of studies evaluated the toxic effects of
microplastics in ﬁsh. Common goby, exposed to polyethylene with
or without pyrene, showed a signiﬁcant decrease in the activity of
AchE, conﬁrming the susceptibility of this enzyme involved in
neurotransmission signaling (Oliveira et al., 2013). Early signals of
endocrine disruption appeared in the Japanese medaka exposed to
mm-sized polyethylene particles (Rochman et al., 2014), while
larvae of Dicentrarchus labrax did not exhibit effects on growth and
inﬂammatory responses but a signiﬁcant correlation of cytochrome
P4501A1expression with the number of polyethylene microbeads
scored per larva (Mazurais et al., 2015).
Effects of microplastics in sediments were investigated in
mesocosm experiments by comparing three different typologies of
polymers, the biodegradable polylactic acid and the conventional
polyethylene and polyvinylchloride. Metabolic rates of lugworms,
Arenicola marina increased at higher concentrations of microplastics in wet sediment (0.02, 0.2 and 2%) while microalgal
biomass decreased (Green et al., 2015). The overall results showed
as both conventional and biodegradable microplastics in sandy
sediments can affect the health and behaviour of lugworms and
reduce primary productivity of these habitats. Responses were
strongest to polyvinylchloride, highlighting that various materials
may have differential effects which should not be generalized when
characterizing the ecological and toxicological risks of microplastic
pollution in the marine environment.
The above studies clearly demonstrated that microplastics
should not be considered as biologically inert materials, often
highlighting the cellular pathways adversely affected after their
ingestion by marine organisms. Growing scientiﬁc evidence corroborates the ecotoxicological hazard of microplastics, whether due
to a simple mechanical or physical damage induced by these particles, or for a more complex activation of molecular, biochemical
and cellular pathways.
5. Conclusion and recommendations
Plastic pollution in the marine environment is now recognized
as a real threat with a global-scale distribution and adverse effects
spanning from molecular level, physiological performance and organisms health, up to the loss of ecosystemic services. Due to the
long-life of plastics on marine ecosystems, harm to marine life
would continue for many decades even if the production and
disposal of plastics suddenly stopped.
In this respect, it is imperative that severe measures are taken to
address the problem at both international and national levels.
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Further studies are needed to better elucidate factors inﬂuencing
the occurrence of microplastics in marine organisms, and modulation of biological effects. New scientiﬁc data should sustain input
for conservation management, provide marine scientists with
better evidence for political authorities responsible for normative
guidelines, and strengthen the basis for educational campaigns.
At the same time, the rise of public awareness on environmental
microplastics should also stimulate technological innovation to
reduce the use and consumption of plastics, minimize their input
into the environment, stimulate a new approach toward collection
and re-use of stranded materials.
Acknowledgments
This work has been carried out in the framework of Ephemare
Project (supported by JPI Oceans).
References
Allsopp, M., Walters, A., Santillo, D., Johnston, P., 2006. Plastic Debris in the World’s
Oceans. Greenpeace, Netherlands.
Anastasopoulou, A., Mytilineou, C., Smith, C.J., Papadopoulou, K.N., 2013. Plastic
debris ingested by deep-water ﬁsh of the Ionian Sea (eastern Mediterranean).
Deep-Sea Res. I 74, 11e13.
Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62,
1596e1605.
Antunes, J.C., Frias, J.G.L., Micaelo, A.C., Sobral, P., 2013. Resin pellets from beaches of
the Portuguese coast and adsorbed persistent organic pollutants. Estuar. Coast.
Shelf Sci. 130, 62e69.
Avio, C.G., Gorbi, S., Milan, M., Benedetti, M., Fattorini, D., d’Errico, G., Pauletto, M.,
Bargelloni, L., Regoli, F., 2015a. Pollutants bioavailability and toxicological risk
from microplastics to marine mussels. Environ. Pollut. 198, 211e222.
Avio, C.G., Gorbi, S., Regoli, F., 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, 18e26.
Bakir, A., Rowland, S.J., Thompson, R.C., 2012. Competitive sorption of persistent
organic pollutants onto microplastics in the marine environment. Mar. Pollut.
Bull. 64, 2782e2789.
Bakir, A., Rowlans, S.J., Thompson, R.C., 2014. Enhanced desorption of persistent
organic pollutants from microplastics under simulated physiological conditions.
Environ. Pollut. 185, 16e23.
Barnes, D.K.A., 2002. Biodiversity-invasions by marine life on plastic debris. Nature
416, 808e809.
Barnes, D.K.A., Milner, P., 2005. Drifting plastic and its consequences for sessile
organism dispersal in the Atlantic Ocean. Mar. Biol. 146, 815e825.
Barnes, D.K.A., Galgani, F., Thompson, C.R., Barlaz, M., 2009. Accumulation and
fragmentation of plastic debris in global environments. Phil. Trans. R. Soc. B
364, 1985e1998.
Barnes, D.K.A., Walters, A., Gonçalves, L., 2010. Macroplastics at sea around
Antarctica. Mar. Environ. Res. 70, 250e252.
Bergmann, M., Klages, M., 2012. Increase of litter at the Arctic deep-sea observatory
Hausgarten. Mar. Pollut. Bull. 64, 2734e2741.
Besseling, E., Wegner, A., Foekema, E., Van Den Heuvel-Greve, M., Koelmans, A.,
2013. Effects of microplastic on ﬁtness and PCB bioaccumulation by the
lugworm Arenicola marina (L.). Environ. Sci. Technol. 47, 593e600.
Bhattacharya, P., Lin, S., Turner, J.P., Ke, P.C., 2010. Physical adsorption of charged
plastic nanoparticles affects algal photosynthesis. J. Phys. Chem. C 114,
16556e16561.
Boerger, C.M., Lattin, G.L., Moore, S.L., Moore, C.J., 2010. Plastic ingestion by
planktivorous ﬁshes in the north Paciﬁc central gyre. Mari. Pollut. Bull. 60,
2275e2278.
Bowmer, T., Kershaw, P., 2010. June 2010. In: Proceedings of the GESA Microplastic
International Workshop on Micro-plastic Particles as a Vector in Transporting
Persistent, Bio- Accumulating and Toxic Substances in the Oceans. UNESCO-IOC,
Paris, pp. 28e30, 69 pp.
Braid, H.E., Deeds, J., DeGrasse, S.L., Wilson, J.J., Osborne, J., Hanner, R.H., 2012.
Preying on commercial ﬁsheries and accumulating paralytic shellﬁsh toxins: a
dietary analysis of invasive Dosidicus gigas (Cephalopoda Ommastrephidae)
stranded in Paciﬁc Canada. Mar. Biol. 159, 25e31.
Browne, M.A., Galloway, T.S., Thompson, R.C., 2007. Microplastic-An emerging
contaminant of potential concern. Integr. Environ. Assess. Manag. 3, 559e566.
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, 5026e5031.
Browne, M.A., Galloway, T.S., Thompson, R.C., 2010. Spatial patterns of plastic debris
along estuarine shorelines. Environ. Sci. Technol. 44, 3404e3409.
Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T.S.,
Thompson, R.C., 2011. Accumulation of microplastic on shorelines worldwide:
sources and sinks. Environ. Sci. Technol. 45, 9175e9179.

Please cite this article in press as: Avio, C.G., et al., Plastics and microplastics in the oceans: From emerging pollutants to emerged threat, Marine
Environmental Research (2016), http://dx.doi.org/10.1016/j.marenvres.2016.05.012

8

C.G. Avio et al. / Marine Environmental Research xxx (2016) 1e10

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, 2388e2392.
Browne, M.A., Underwood, A.J., Chapman, M.G., Williams, R., Thompson, R.C., van
Franeker, J.A., 2015. Linking effects of anthropogenic debris to ecological impacts. Proc. Biol. Sci. 282, 20142929.
Canals, M., Puig, P., de Madron, X.D., Heussner, S., Palanques, A., Fabres, J., 2006.
Flushing submarine canyons. Nature 444, 354e357.
Canals, M., Company, J.B., Martín, D., Sanchez-Vidal, A., Ramirez-Llodra, E., 2013.
Integrated study of Mediterranean deep canyons: novel results and future
challenges. Prog. Oceanogr. 118, 1e27.
Carpenter, E.J., Smith, K., 1972. Plastics on the sargasso sea surface. Science 175,
1240e1241.
Carpenter, E.J., Anderson, S.J., Harvey, G.R., Miklas, H.P., Peck, B.B., 1972. Polystyrene
spherules in coastal waters. Science 178, 749e750.
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, 1708e1713.
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, 155e163.
Claessens, M., De Meester, S., Van Landuyt, L., De Clerck, K., Janssed, R.C., 2011.
Occurence and distribution of microplastics in marine seiments along the
Belgian coast. Mar.Pollut. Bull. 62, 2199e2204.
Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants in the marine environment: a review. Mar. Pollut. Bull. 62, 2588e2597.
Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J.,
Galloway, T.S., 2013. Microplastic ingestion by zooplankton. Environ. Sci.
Technol. 47, 6646e6655.
Cole, M., Webb, H., Lindeque, P.K., Fileman, S.E., Halsband, C., Galloway, T.S., 2014.
Isolation of microplastics in biota-rich seawater samples and marine organisms.
Sci. Rep. 4, 4528.
Cole, M., Lindeque, P.K., Fileman, S.E., Halsband, C., Galloway, T.S., 2015. The impact
of polystyrene microplastics on feeding, function and fecundity in the marine
copepod. Calanus Helgol. Environ. Sci. Technol. 49, 1130e1137.
Collignon, A., Hecq, J.H., Galgani, F., Voisin, P., Collard, F., Goffart, A., 2012. Neustonic
microplastic and zooplankton in the north western mediterranean sea. Mar.
Pollut. Bull. 64, 861e864.
Collignon, A., Hecq, J.H., Galgani, F., Collard, F., Goffart, A., 2014. Annual varia- tion in
neustonic micro-and meso-plastic particles and zooplankton in the Bay of Calvi
(MediterraneaneCorsica). Mar. Pollut. Bull. 79, 293e298.
Colton Jr., J.B., 1974. Plastics in the Ocean, vol. 18. Oceanus, pp. 61e64.
Convention on Biological Diversity (CBD), 2012. Secretariat of the convention on
biological diversity and the scientiﬁc and technical advisory panel-GEF. In:
Impacts of Marine Debris on Biodiversity: Current Status and Potential Solutions, Montreal, p. 61. Technical Series No.67.
Cooper, D.A., Corcoran, P.L., 2010. Effects of chemical and mechanical processes on
the degradation of plastic beach debris on the island of Kauai, Hawaii. Mar.
Pollut. Bull. 60, 650e654.
zar, A., Echevarría, F., Gonza
lez-Gordillo, J.I., Irigoien, X., Ubeda, B., Herna
ndezCo
 n, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-deLeo
puelles, M.L., Duarte, C.M., 2014. Plastic debris in the open ocean. P. Natl. Acad.
Sci. U. S. A. 111, 10239e10244.
 G
zar, A., Sanz-Martín, M., Martí, E., Gonza
lez-Gordillo, J.I., Ubeda, B., JA.,
Co
alvez,
Irigoien, X., Duarte, C.M., 2015. Plastic accumulation in the mediterranean sea.
PLoS One 10, 0121762.
Dantas, D.V., Barletta, M., Da Costa, M.F., 2012. The seasonal and spatial patterns of
ingestion of polyﬁlament nylon fragments by estuarine drums (Sciaenidae).
Environ. Sci. Pollut. Res. 19, 600e606.
Davison, P., Asch, R., 2011. Plastic ingestion by mesopelagic ﬁshes in the north Paciﬁc subtropical gyre. Mar. Ecol. Prog. Ser. 432, 173e180.
de Lucia, G.A., Caliani, I., 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, 10e16.
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, 146e155.
Derraik, J.G.B., 2002. The pollution of the marine environment by plastic debris: a
review. Mar. Pollut. Bull. 44, 842e852.
Doyle, M.J., Watson, W., Bowlin, N.M., Sheavly, S.B., 2011. Plastic particles in coastal
pelagic ecosystems of the Northeast Paciﬁc ocean. Mar. Environ. Res. 71, 41e52.
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 beaches resin pellets: variability among individual particles and regional
differences. Mar. Poll. Bull. 50, 110e1114.
Eriksen, M., Maximenkob, N., Thiel, M., Cumminsa, A., Lattin, G., Wilson, S.,
Hafner, J., Zellers, A., Rifman, S., 2013. Plastic pollution in the South Paciﬁc
subtropical gyre. Mar. Pollut. Bull. 68, 71e76.
Eriksen, M., Laurent, C.M.L., Henry, S.C., 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.
Eriksson, C., Burton, H., 2003. Origins and biological accumulation of small plastic

particles in fur seals from Macquarie Island. AMBIO 32, 380e384.
Plastic Europe, 2014. Plastics- the Fact 2014/2015.
Farrell, P., Nelson, K., 2013. Trophic level transfer of microplastic: Mytilus edulis (L.)
to Carcinus maenas (L.). Environ. Pollut. 177, 1e3.
Faure, F., Saini, C., Potter, G., Galgani, F., de Alencastro, F.L., Hagmann, P., 2015. An
evaluation of surface micro- and mesoplastic pollution in pelagic ecosystems of
the Western Mediterranean Sea. Environ. Sci. Pollut. R. 22, 12190e12197.
Fendall, L.S., Sewell, M.A., 2009. Contributing to marine pollution by washing your
face. Microplastics in facial cleansers. Mar. Pollut. Bull. 58, 1225e1228.
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,
8818e8824.
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,
2374e2379.
Free, C.M., Jensen, O.P., Masonb, 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, 156e163.
Galgani, F., Jaunet, S., Campillo, A., Guenegen, X., His, E., 1995. Distribution and
abundance of debris on the continental shelf of the north-western Mediterranean Sea. Mar. Pollut. Bull. 11, 713e717.
Galgani, F., Souplet, A., Cadiou, Y., 1996. Accumulation of debris on the deep sea
ﬂoor off the French Mediterranean coast. Mar. Ecol. Prog. Ser. 142, 225e234.
Galloway, T.S., 2015. Chapter 13 micro- and nano-plastics and human health. In:
Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine anthropogenic Litter.
Springer, Berlin, pp. 347e370.
Goldstein, M.C., Goodwin, D.S., 2013. Gooseneck barnacles (Lepas spp.) ingest
microplastic debris in the North Paciﬁc subtropical gyre. PeerJ 1 (e184), 17.
Goldstein, M.C., Rosenberg, M., Cheng, L., 2012. Increased oceanic microplastic
debris enhances oviposition in an endemic pelagic insect. Biol. Lett. 8, 817e820.
Goldstein, M.C., Titmus, A.J., Ford, M., 2013. Scales of spatial heterogeneity of plastic
marine debris in the Northeast Paciﬁc Ocean. Plos One 8.
Gouin, T., Roche, N., Lohmann, R., Hodges, G., 2011. A thermodynamic approach for
assessing the environmental exposure of chemicals adsorbed to microplastic.
Environ. Sci. Technol. 45 (4), 1466e2142.
Graham, E.R., Thompson, J.T., 2009. Deposit- and suspension-feeding sea cucumber
(Echinodermata) ingest plastic fragments. J. Exp. Mar. Biol. Ecol. 368, 22e29.
Green, D.S., Boots, B., Sigwart, J., Jiang, S., Rocha, C., 2015. Effects of conventional and
biodegradable microplastics on a marine ecosystem engineer (Arenicola marina)
and sediment nutrient cycling. Environ. Pollut. 208, 426e434.
Gregory, M., 1996. Plastic ‘Scrubbers’ in Hand Cleansers: a further (and minor)
source for marine pollution identiﬁed. Mar. Pollut. Bull. 32 (12), 867e871.
Gregory, M.R., 2009. Environmental implications of plastic debris in marine settings
entanglement, ingestion, smothering, hangers-on, hitch-hiking and alien invasions. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 2012e2025.
Gregory, M.R., Andrady, A.L., 2003. Plastics in the marine environment. In:
Andrady, AnthonyL. (Ed.), Plastics and the Environment. John Wiley and Sons,
ISBN 0-471-09520-6.
Heskett, M., Takada, H., Yamashita, R., Yuyama, M., Ito, M., Geok, Y.B., Ogata, Y.,
Kwan, C., Heckhausen, A., Taylor, H., Powell, T., Morishige, C., Young, D.,
Patterson, H., Robertson, B., Bailey, E., Mermoz, J., 2012. Measurement of
persistent organic pollutants (POPs) in plastic resin pellets from remote islands:
toward establishment of background concentrations for International Pellet
Watch. Mar. Pollut. Bull. 64, 445e448.
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 plastics
debris from the open ocean and remote and urban beaches. Mar. Pollut. Bull. 62,
1683e1692.
Holmes, L.A., Turner, A., Thompson, R.C., 2012. Adsorption of trace metals to plastic
resin pellets in the marine environment. Environ. Pollut. 160, 42e48.
Kaiser, J., 2010. The dirt on ocean garbage patches. Science 328, 1506.
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, 1638e1645.
Karapanagioti, H.K., Endo, S., Ogata, Y., Takada, H., 2011. Diffuse pollution by
persistent organic pollutants as measured in plastic pellets sampled from
various beaches in Greece. Mar. Pollut. Bull. 62, 312e317.
Kartar, S., Milne, R.A., Sainsbury, M., 1973. Polystyrene waste in the severn estuary.
Mar. Pollut. Bull. 4, 144.
Kartar, S., Abou-Seedou, F., Sainsbury, M., 1976. Polystyrene spherules in the Severn
Estuaryda progress report. Mar. Pollut. Bull. 7, 52.
Laist, D.W., 1997. Impacts of marine debris: entanglement of marine life in marine
debris including a comprensive list of species with entanglement and ingestion
records. In: Coe, J.M., Rogers, D.B. (Eds.), Marine DebriseeSources, Impact and
Solutions. Springer-Verlag, New York, pp. 99e139.
t-Ferguson, S., Maximenko, N., Proskurowski, G., Peacock, E.E.,
Law, K.L., More
Hafner, J., Reddy, C.M., 2010. Plastic accumulation in the North Atlantic subtropical gyre. Science 329, 1185e1888.
t-Ferguson, S.E., Goodwin, D.S., Zettler, E.R., DeForce, E., Kukulka, T.,
Law, K.L., More
Proskurowski, G., 2014. Distribution of surface plastic debris in the Eastern
Paciﬁc Ocean from an 11-year data set. Environ. Sci. Technol. 48, 4732e4738.
Lee, J., Hong, S., Song, Y.K., Hong, S.K., 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.

Please cite this article in press as: Avio, C.G., et al., Plastics and microplastics in the oceans: From emerging pollutants to emerged threat, Marine
Environmental Research (2016), http://dx.doi.org/10.1016/j.marenvres.2016.05.012

C.G. Avio et al. / Marine Environmental Research xxx (2016) 1e10
Bull. 77, 349e354.
Lee, H., Shim, W.J., Kwon, J.H., 2014. Sorption capacity of plastic debris for hydrophobic organic chemicals. Sci. Total Environ. 470e471, 1545e1552.
Lithner, D., Larsson, Å., Dave, G., 2011. Environmental and health hazard ranking and
assessment of plastic polymers based on chemical composition. Sci. Total Environ. 409, 3309e3324.
Lobelle, D., Cunliffe, M., 2011. Early microbial bioﬁlm formation on marine plastic
debris. Mar. Pollut. Bull. 62, 197e200.
Lozano, R.L., Mouat, J., 2009. Marine litter in the north-East atlantic region:
assessment and Priorities for response. KIMO International.
Lusher, 2015. Chapter 10 microplastics in the marine environment: distribution,
interactions and effects. In: Marine antrophogenic Litter Melanie Bergmann
Lars Gutow Michael Klages.
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, 94e99.
Lusher, A., Milian, G.H., O’Brien, J., Berrow, S., O’Connor, I., Ofﬁcer, R., 2015. Microplastic and macroplastic ingestion by a deep diving, oceanic cetacean: the
True’s beaked whale Mesoplodon Mirus. Environ. Pollut. 199, 85e191.
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, 325e333.
Mallory, M.L., 2006. The northern fulmar (Fulmarus glacialis) in Arctic Canada:
ecology, threats, and what it tells us about marine environmental conditions.
Environ. Rev. 14, 187e216.
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, 318e324.
Maynard, A., 2006. Nanotechnology: a Research Strategy for Addressing Risk.
Woodrow Wilson International Center for Scholars Project on Emerging
Nanotechnologies. Available at: (Meenakumari). http://www.nanotechproject.
org/ﬁle_download/ﬁles/PEN3_Risk.pdf.
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, 78e85.
Mizukawa, K., Takada, H., Ito, M., Geok, Y.B., Hosoda, J., Yamashita, R., Saha, M.,
Suzuki, S., Miguez, C., Frias, J., Antunes, J.C., Sobral, P., Santos, I., Micaelo, C.,
Ferreira, A.M., 2013. Monitoring of a wide range of organic micropollutants on
the Portuguese coast using plastic resin pellets. Mar. Pollut. Bull. 70, 296e302.
Moore, C.J., 2008. Synthetic polymers in the marine environment: a rapidly
increasing, long-term threat. Environ. Res. 131e139.
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. Poll. Bull. 42, 1297e1300.
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, 1035e1038.
Mordecai, G., Tyler, P.A., Masson, D.G., Huvenne, V.A.I., 2011. Litter in submarine
canyons off the west coast of Portugal. Deep-Sea Res. II 58, 2489e2496.
Morritt, D., Stefanoudis, P.V., Pearce, D., Crimmen, O.A., Clark, P.F., 2014. Plastic in
the Thames: a river runs through it. Mar. Pollut. Bull. 78, 196e200.
Murray, F., Cowie, P.R., 2011. Plastic contamination in the decapod crustacean
Nephrops norvegicus (Linnaeus, 1758). Mar. Pollut. Bull. 62, 1207e1217.
Ng, K.L., Obbard, J.P., 2006. Prevalence of microplastics in Singapore’s coastal marine
environment. Mar. Pollut. Bull. 52, 761e767.
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, 2014EF000240.
Oehlmann, J., Schulte-Oehlmann, U., Kloas, W., Jagnytsch, O., Lutz, I., Kusk, K.O.,
2009. A critical analysis of the biological impacts of plasticizers on wildlife.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 2047e2062.
Ogata, Y., Takada, H., Mizukawa, K., Hirai, H., Iwasa, S., Endo, S., Mato, Y., Saha, M.,
Okuda, K., Nakashima, A., Murakami, M., Zurcher, N., Booyatumanondo, R.,
Zakaria, M.P., Dung, L.Q., Gordon, M., Miguez, C., Suzuki, S., Moore, C.,
Karapanagioti, H.K., Werts, S., McClurg, T., Burres, E., Smith, W., Van
Velkenburg, M., Lang, J.S., Lang, R.C., Laursen, D., Danner, B., Stewardson, N.,
Thompson, R.C., 2009. International Pellet Watch: global monitoring of
persistent organic pollutants (POPs) in coastal water.1. Initial phase on PCB, DDT
and HCHs. Mar. Pollut. Bull. 58, 1437e1446.
Oliveira, M., Ribeiro, A., Hylland, K., Guilhermino, L., 2013. Single and combined
effects of microplastics and pyrene on juveniles (0þ group) of the common
goby Pomatoschistus microps (Teleostei, Gobiidae). Ecol. Indic. 34, 641e647.
Pham, C.K., Ramirez-Llodra, E., Alt, C.H.S., Amaro, T., Bergmann, M., Canals, M.,
Company, J.B., Davies, J., Duineveld, G., Galgani, F., Howell, K.-L., Huvenne, V.A.,
Isidro, E., Jones, D.O., Lastras, G., Morato, T., Gomes-Pereira, J.N., Purser, A.,
Stewart, H., Tojeira, I., Tubau, X., Van Rooij, D., Tyler, P.A., 2014. Marine litter
distribution and density in European Seas, from the shelves to deep basins.
PLoS One 9, e95839.
Possatto, F.E., Barletta, M., Costa, M.F., do Sul, JA.Ivar, Dantas, D.V., 2011. Plastic
debris ingestion by marine catﬁsh: an unexpeted ﬁsheries impact. Mar. Pollut.
Bull. 62, 1098e1102.
Pott, A., 2014. A new method for the detection of microplastics in the North Sea
brown shrimp (Crangon crangon) by Fourier Transform Infrared Spectroscopy
(FTIR). M.Sc. thesis. RWTH Aachen University/Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, 61 pp.

9

Provencher, J.F., Gaston, A.J., Mallory, M.L., 2009. Evidence for increased ingestion of
plastics by northern fulmars (|Fulmarus glacialis|) in the Canadian Arctic. Mar.
Pollut. Bull. 58, 1092e1095.
Provencher, J.F., Gaston, A.J., Mallory, M.L., O’Hara, P.D., Gilchrist, H.G., 2010.
Ingested plastic in a diving seabird, the thick-billed murre (Uria lomvia), in the
eastern Canadian Arctic. Mar. Pollut. Bull. 60, 1406e1411.
Ramirez-Llodra, E., De Mol, B., Company, J.B., Coll, M., Sard
a, F., 2013. Effects of
natural and anthropogenic processes in the distribution of marine litter in the
deep Mediterranean Sea. Prog. Ocean. 118, 273e287.
Ramos, J.A.A., Barletta, M., Costa, M.F., 2012. Ingestion of nylon threads by Gerreidae
while using a tropical estuary as foraging grounds. Aquat. Biol. 17, 29e34.
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, e80466.
Reisser, J., Shaw, J., Hallegraeff, G., Proietti, M., Barnes, D.K.A., Thums, M., Wilcox, C.,
Hardesty, B.D., Pattiaratchi, C., 2014. Millimeter-sized marine plastics: a new
pelagic habitat for microorganisms and invertebrates. PLoS One 9, e100289.
Reisser, J., Slat, B., Noble, K., du Plessis, K., Epp, M., Proietti, M., de Sonneville, J.,
Becker, T., Pattiaratchi, C., 2015. The vertical distribution of buoyant plastics at
sea: an observational study in the North Atlantic Gyre. Biogeosciences 12,
1249e1256.
Rochester, J.R., Bolden, A.L., 2015. Bisphenol S and F: a systematic review and
comparison of the hormonal activity of bisphenol A substitutes. Environ. Health
Perspect. 123, 643e650.
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, 656e661.
Romeo, T., Battaglia, P., Ped
a, C., Consoli, P., Andaloro, F., Fossi, M.C., 2015. First
evidence of presence of plastic debris in stomach of large pelagic ﬁsh in the
Mediterranean Sea. Mar. Pollut. Bull. 95, 358e361.
Roy, P.K., Hakkarainen, M., Varma, I.K., Albertsson, A.-C., 2011. Degradable polyethylene: fantasy or reality. Environ. Sci. Technol. 45, 4217e4227.
Ryan, P.G., Moore, Charles J., van Franeker, Jan A., Moloney, Coleen L., 2009.
Monitoring the abundance of plastic debris in the marine environment. Philos.
Trans. R. Soc. B Biol. Sci. 364, 1999e2012.
mies, R.,
Sanchez-Vidal, A., Canals, M., Calafat, A.M., Lastras, G., Pedrosa-Pa
ndez, M., Alcoverro, T., 2012. Impacts on the deep-sea ecosystem by a
Mene
severe coastal storm. PLoS One 7 (1), e30395.
Singh, B., Sharma, N., 2008. Mechanistic implications of plastic degradation. Polym.
Degrad. Stabil. 93, 561e584.
Sivan, A., 2011. New perspectives in plastic biodegradation. Curr. Opin. Biotech. 22,
422e426.
Song, Y., Hong, S., Jang, M., Kang, J., Kwon, O., Han, G., Shim, W.J., 2014. Large
accumulation of micro-sized synthetic polymer particles in the sea surface
microlayer. Environ. Sci. Technol. 48, 9014e9021.
Stabholz, M., de Madron, D.X., Canals, M., Khripounoff, A., Taupier-Letage, I.,
Testor, P., Heussner, S., Kerherve, P., Delsaut, N., Houpert, L., Lastras, G.,
Dennielou, B., 2013. Impact of open-ocean convection on particle ﬂuxes and
sediment dynamics in the deep margin of the Gulf of Lions. Biogeosciences 10,
1097e1116.
Talley, L.D., 2002. Salinity patterns in the ocean. In: MacCracken, M.C., Perry, J.S.
(Eds.), Encyclopedia of Global Change, The Earth System: Physical and Chemical
Dimensions of Global Environmental Change, vol. 1. JohnWiley & Sons, Chichester, UK, pp. 629e640.
Talsness, C.E., Andrade, A.J.M., Kuriyama, S.N., Taylor, J.A., vom Saal, F.S., 2009.
Components of plastic: experimental studies in animals and relevance for human health. Philos. Trans. R. Soc. B Biol. Sci. 364, 2079e2096.
Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M., Watanuki, Y.,
2013. Accumulation of plastic-derived chemicals in tissues of seabirds ingesting
marine plastics. Mar. Pollut. Bull. 69, 219e222.
€rn, A.,
Teuten, E.L., Saquing, J.M., Knappe, D.R.U., Barlaz, M.A., Jonsson, S., Bjo
Rowland, S.J., Thompson, R.C., Galloway, T.S., Yamashita, R., Ochi, D.,
Watanuki, Y., Moore, C., Viet, P.H., Tana, T.S., Prudente, M., Boonyatumanond, R.,
Zakaria, M.P., Akkhavong, K., Ogata, Y., Hirai, H., Iwasa, S., Mizukawa, K.,
Hagino, Y., Imamura, A., Saha, M., Takada, H., 2009. Transport and release of
chemicals from plastics to the environment and to wildlife. Philos. Trans. R. Soc.
B Biol. Sci. 364, 2027e2045.
Thompson, R.C., Moore, C., vom Saal, F.S., Swan, S.H., 2009. Plastics, the environment and human health: current consensus and future trends. Philos. Trans. R.
Soc. B Biol. Sci. 364, 2153e2166.
Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, J.S., John, A.W.G.,
McGonigle, D., Russell, A.E., 2004. Lost at sea: where is all the plastic? Science
304, 838.
Tubau, X., Canals, M., Lastras, G., Rayo, X., Rivera, J., Amblas, D., 2015. Marine litter
on the ﬂoor of deep submarine canyons of the northwestern mediterranean
sea: the role of hydrodynamic processes. Prog. Ocean. 134, 379e403.
Turner, A., Holmes, L.A., 2015. Adsorption of trace metals by microplastic pellets in
fresh water. Environ. Chem. 12, 600e610.
Van Cauwenberghe, L., Janssen, C.R., 2014. Microplastics in bivalves cultured for
human consumption. Environ. Pollut. 193, 65e70.
Van Cauwenberghe, L., Vanreusel, A., Mees, J., Janssen, C.R., 2013. Microplastic
pollution in deep-sea sediments. Environ. Pollut. 182, 495e499.
Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M.B., Janssen, C.R., 2015a.
Microplastics are taken up by mussels (Mytilus edulis) and lugworms (Arenicola

Please cite this article in press as: Avio, C.G., et al., Plastics and microplastics in the oceans: From emerging pollutants to emerged threat, Marine
Environmental Research (2016), http://dx.doi.org/10.1016/j.marenvres.2016.05.012

10

C.G. Avio et al. / Marine Environmental Research xxx (2016) 1e10

marina) living in natural habitats. Environ. Pollut. 199, 10e17.
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, 5e17.
van Sebille, E., England, M.H., Froyland, G., 2012. Origin, dynamics and evolution of
ocean garbage patches from observed surface drifters. Environ. Res. Lett. 7,
044040.
Von Moos, N., Burkhard-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), 11327e11335.
Wang, J., Tan, Z., Peng, J., Qiu, Q., Li, M., 2016. The behaviors of microplastics in the
marine environment. Mar. Environ. Res. 113, 7e17.
Watts, A., Lewis, C., Goodhead, R.M., Beckett, D.J., Moger, J., Tyler, C., Galloway, T.S.,
2014. Uptake and retention of microplastics by the shore crab Carcinus Maenas.
Environ. Sci. Technol. 48 (15), 8823e8830.
Wegner, A., Besseling, E., Foekema, E.M., Kamermans, P., Koelmans, A.A., 2012. Effects of nanopolystyrene on the feeding behaviour of the blue mussels (Mytilus
edulis L.). Environ. Toxicol. Chem 31, 2490e3297.
White, M., Bashmachnikov, I., Aristegui, J., Martins, A., 2007. Physical processes and
seamount productivity. In: Pitcher, T.J., Morato, T., Hart, P.J.B., Clark, M.R.,
Haggan, N., Santos, R.S. (Eds.), Seamounts: Ecology, Conservation and Management. Oxford, UK: Blackwell, pp. 65e84.

Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L.J., 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., 2013a. Microplastic ingestion
decreases energy reserves in marine worms. Curr. Biol. 23, 1031e1033.
Wright, S.L., Thompson, R.C., Galloway, T.S., 2013b. The physical impacts of microplastics on marine organisms: a review. Environ. Pollut. 178, 483e492.
Ye, S., Andrady, A.L., 1991. Fouling of ﬂoating plastic debris under Biscayne Bay
exposure conditions. Mar. Pollut. Bull. 22, 608e613.
Year Book and Valuing Plastic, Nairobi, 2014.
Zarﬂ, D.C., Matthies, M., 2010. Are marine plastic particles transport vectors for
organic pollutants to the Arctic? Mar. Pollut. Bull. 60, 1810e1814.
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,
7137e7146.
Zhang, Y., Zhang, Y.B., Feng, Y., Yang, X.J., 2010. Reduce the plastic debris: a model
research on the great Paciﬁc ocean garbage patch. Adv. Mat. Res. 113e116,
59e63.
Zhao, S., Zhu, L., Wang, T., Li, D., 2014. Suspended microplastics in the surface water
of the Yangtze Estuary System, China: ﬁrst observations on occurrence, distribution. Mar. Pollut. Bull. 86, 562e568.

Please cite this article in press as: Avio, C.G., et al., Plastics and microplastics in the oceans: From emerging pollutants to emerged threat, Marine
Environmental Research (2016), http://dx.doi.org/10.1016/j.marenvres.2016.05.012

