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a b s t r a c t

The ubiquitous presence and persistency of microplastics (MPs) in aquatic environments are of particular
concern since they represent an increasing threat to marine organisms and ecosystems. Great differences
of concentrations and/or quantities in field samples have been observed depending on geographical
location around the world. The main types reported have been polyethylene, polypropylene, and poly-
styrene. The presence of MPs in marine wildlife has been shown in many studies focusing on ingestion
and accumulation in different tissues, whereas studies of the biological effects of MPs in the field are
scarce. If the nature and abundance/concentrations of MPs have not been systematically determined in
field samples, this is due to the fact that the identification of MPs from environmental samples requires
mastery and execution of several steps and techniques. For this reason and due to differences in sampling
techniques and sample preparation, it remains difficult to compare the published studies.

Most laboratory experiments have been performed with MP concentrations of a higher order of
magnitude than those found in the field. Consequently, the ingestion and associated effects observed in
exposed organisms have corresponded to great contaminant stress, which does not mimic the natural
environment. Medium contaminations are produced with only one type of polymer of a precise sizes and
homogenous shape whereas the MPs present in the field are known to be a mix of many types, sizes and
shapes of plastic. Moreover, MPs originating in marine environments can be colonized by organisms and
constitute the sorption support for many organic compounds present in environment that are not easily
reproducible in laboratory. Determination of the mechanical and chemical effects of MPs on organisms is
still a challenging area of research. Among the potential chemical effects it is necessary to differentiate
those related to polymer properties from those due to the sorption/desorption of organic compounds.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Plastics is a generic name encompassing most of the synthetic
organic polymers exhibiting the property of plasticity. These
products present many advantages: they are inexpensive, water
and corrosion-resistant, chemically inert, easily molded, and they
exhibit good thermal and electrical insulating properties. All these
features explain why they are massively used in our daily lives.
Since the mid-20th century, several million tons of plastics have
e by Klaus Kummerer.
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been produced (Thompson et al., 2009) and in 2013, worldwide
plastic production was estimated at 288 million tons (Free et al.,
2014). Whilst the societal benefits of plastic are undeniably far-
reaching (Andrady and Neal, 2009), this valuable commodity is
nonetheless the subject of increasing environmental concern.
Indeed, plastics present many disadvantages: being nonrenewable
resources and sources of contamination by additive compounds;
undergoing embrittlement at low temperatures and deformation
under loads; going through a costly recycling process; being highly
resistant to degradation, etc. It has been estimated that ten percent
of the plastics produced end up in the ocean. Jambeck et al. (2015)
recently made the approximate calculation that in 2010 alone, 4.8
to 12.7 million metric tons of plastic wastes entered the ocean and
pointed out that a steady increase is to be expected in the coming
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years. After less than a century of existence, plastic debris already
represent from 60 to 80% of marine litter depending on the loca-
tions investigated (Derraik, 2002). Once in the environment, mac-
rodebris undergo mechanical (erosion, abrasion), chemical (photo-
oxidation, temperature, corrosion) and biological (degradation by
microorganisms) actions (Andrady, 2011; Costa et al., 2010; Zettler
et al., 2013). These different degradation processes lead to their
fragmentation into microplastics (MPs), which accumulate in the
environment.

The term of MP was initially suggested by Thompson
(Thompson et al., 2004). The size defining MPs varies according to
authors with diameters of >1.6 mm (Ng and Obbard, 2006) and
<1 mm (Browne et al., 2007, 2010; Claessens et al., 2011), <2 mm
(Ryan et al., 2009), 2e6 mm (Derraik, 2002), <5 mm (Barnes et al.,
2009), <10 mm (Graham and Thompson, 2009). Nowadays, most
researchers agree with the definition of MPs proposed by Arthur
et al. (2009) of MPs as particles in a size range of less than 5 mm.
Those originating from the fragmentation of larger plastic items are
defined as secondary MPs whereas primary MPs include all micro-
sized particles entering the environment: such as fibers, industrial
pellets and microbeads from cosmetics, for example (Andrady,
2011).

Whatever the definition of their size, MPs represent a very
broad range of polymers. The most commonly used plastic mate-
rials are polyethylene (PE), PP, polyvinyl chloride (PVC), PS and
polyethylene terephthalate (PET). They represent approximately
90% of the total world production (Andrady and Neal, 2009) and, as
non-biodegradable polymers, they are expected to be among the
most widely represented in sampled MPs. What happens to them
in the environment will probably differ according to their chemical
nature and physical properties. Being buoyant in water; PE and PP,
float in seawater, mainly affect ocean surface and deposit ashore
(Engler, 2012; Thompson et al., 2009) whereas PVC, which is denser
than seawater, affects seabed, often next to the source (Engler,
2012). According to the most recent ten years of research, it ap-
pears that all natural habitats from pole to pole are affected by the
presence of MPs (Wright et al., 2013).

The ubiquitous presence and persistency of MPs in aquatic en-
vironments are of particular concern since they represent an
increasing threat to marine organisms and ecosystems. To evaluate
this threat and the potential impacts of MPs on aquatic organisms, a
number of laboratory experiments have been performed over
recent years to mimic exposure (Nobre et al., 2015; Van
Cauwenberghe et al., 2015). The global aim of this review is to
compare the available literature data on MPs (size, form, quantity
or concentration) having been sampled around the world with
those having been employed in laboratory experiments. In this
paper, we try to answer the following questions: i) Which MPs are
found in the different environmental compartments (water, sedi-
ment, biota) of the marine ecosystems? ii) What are the laboratory
conditions of exposure and putative ingestion of MPs by organisms,
as well as their biological transfer and trophic transfer? iii) Are
experimental laboratory exposures indeed consistent with this
exposome? iv) Do the toxicity effects reported on a wide range of
aquatic organisms actually reflect environmental reality?

2. Which MPs are found in the different environmental
compartments?

2.1. MPs in marine waters

Due to their small size and capacity to float on the surface of seas
and oceans, MPs are distributed in all marine ecosystems. At least
29 marine areas in the world have been investigated (detailed in
Table 1).
Differences between sites are observed in MP concentrations
and/or quantities. The Pacific Ocean is the most widely sampled
area. When comparable, the measured concentrations in this ocean
vary from almost 27,000 (Eriksen et al., 2013) to 448,000 (Goldstein
et al., 2013) particles per km2 and from 0.004 (Doyle et al., 2011) to
9200 (Desforges et al., 2014) particles per m3. This uneven distri-
bution is partially accounted for by the well-known zone of con-
centration in the North Pacific Central Gyre, where the large-scale
presence of plastic debris has previously been highlighted. Indeed,
several studies have shown that quantities and distributions of MPs
are pronouncedly dependent on geophysical processes (wave,
wind, water current; Goldstein et al., 2013; Wright et al., 2013). For
example, the highest densities of MPs were detected in the
Northeast Pacific Ocean under low-wind conditions (Goldstein
et al., 2013). In the Atlantic Ocean, all reported plastic concentra-
tions have been significantly lower than in Pacific areas with only
1500 particles per km2 (Law et al., 2010) and 2.5 particles per m3

(Lusher et al., 2014) in the most polluted zones. The Mediterranean
Sea is another high spot of MP presence and a recent publication
reported high levels of concentrations compared to the Atlantic
Ocean (62,000 particles per km2 for the lowest concentration;
Collignon et al., 2014). Considerable research activity in the Euro-
pean zone has recently taken place since theMediterranean Sea is a
“closed sea” surrounded by urbanized areas, whichmay explain the
high quantity of MPs (C�ozar et al., 2015).

A reason other than geographic disparities for which it remains
difficult to directly compare the reported MP concentrations/quan-
tities is that the sampling techniques and analytical methodologies
used in sample analysis are highly varied. For water samples, dif-
ferences in sampling protocols lead to obvious difficulties of com-
parison between studies. Indeed, concentration data are usually
expressed in terms of number of particles either by volume of
filteredwater (cubicmeters) in thecaseofwaterpumping;orbyarea
of waters covered (square meters) when using a trawl along a
transect. The unit difference underlines the lack of standardized
sampling methodology. Number of particles per km2 implies that
samples camemostly fromwater surfaces whereas particles per m3

are likely to correspond to water column sampling. Given the wide
range of polymer densities, these differences in sampling depth will
surely affect results in terms of both concentration and polymer
nature, even though Carson et al. (2011) have shown that in the
water column, 95% of small plastic debris were concentrated in the
top 15 cm. For example, the use of trawl enables MPs to be sampled
on large surface areas.On theotherhand,whilepumped samples are
more representative of MP distribution in the water column, this is
only the case at a sampling point. Moreover, as seen in a few recent
studies, depending on the protocol used the mesh aperture of nets
can vary from around 330 mm (the most commonly used so far) to
less than50mm(Hidalgo-Ruiz et al., 2012). Ashigh volumesof sieved
water lead to a rapid clog the lowest sizes of mesh aperture are less
frequentlyemployed. In addition, extraction andanalysis of particles
smaller than 330 mm is more challenging (Desforges et al., 2014).

Despite differences of MP concentrations/quantities, and even
though the MP type was mentioned in only 6 studies out of 25,
differences in MP types can be noticed are apparent, since PE and
PP fragments have been found in sea water samples from America
and Australia, while PE and PS have been observed in Europe.

2.2. MPs in sediment/sand samples

It is well-known that sediments are the long-term ultimate sink
for of contaminants (Chapman and Wang, 2001). Table 2 illustrates
some examples of MPs reported in the sediment compartment over
the last 40 years.

As it is shown in Table 2, America, Asia and Europe are the most



Table 1
Sampling continent and area, quantity or concentration, type or form of MPs found in sea water samples and references of the corresponding studies.

Continent Area Quantity or concentration Microplastics (type or form) References

America Western North Atlantic 3500 particles/km2 Pellets 2.5e5 mm Carpenter and Smith (1972)
North Pacific Ocean 0.004e0.19 particles/m3 Fragment predominant Doyle et al. (2011)
Atlantic <0.1 particles/m3 Fragment predominant
South Pacific SG 26,898 pieces/km2 Fragment predominant Eriksen et al. (2013)
North Pacific SG 32.76 particles/m3 Fragment predominant Goldstein et al. (2012)
Equatorial Atlantic Ocean 0.01 particles/m3 Fragment predominant Ivar do Sul et al. (2013)
Southern Californian 3.92 items/m3 Fragment predominant Lattin et al. (2004)
North Atlantic Ocean 1534 pieces/km2 PE þ PP 99% Law et al. (2010)
Caribbean Sea 1414 pieces/km2 PE þ PP 99%
North Pacific Gyre 2.23 particles/m3 PP monofilament predominant Moore et al. (2001)
North Pacific Central Gyre 334,271 fragments/km2 Fragment 58.5%
Southern California 7.25 particles/m3 Fragment 92.7e100% Moore et al. (2002)
North Pacific offshore 0.43e2.23 particles/m3 Fragment predominant Moore et al. (2005)
North Pacific, inshore 5e7.25 particles/m3

Pacific Ocean 370,000 particles/km2 Fragment 92.6% Shaw and Day (1994)
NE Pacific Ocean 8 to 9200 particles/m3 Fibers 75% Desforges et al. (2014)
Northeast Pacific Ocean 0.021e0.448 particles/m2 Goldstein et al. (2013)

Asia Western Pacific Ocean 87,000 pieces/km2 Fragment 56% Yamashita and Tanimura (2007)
China 0.167 particles/m3 Fibers, granules Zhao et al. (2014)

Australia Australia 4256-8966 pieces/km2 PE þ PP 98.5% Reisser et al. (2013)
Europe North Sea 50-100 fibers/l Fibers predominant Buchanan (1971)

Mediterranean Sea 0.116 particles/m2 Filaments, PS Collignon et al. (2012)
Italian coast 0.62 particles/m3 Plastic fragment Fossi et al. (2012)
Plymouth, UK <0.04 pieces/m3 Plastic fibers Thompson et al. (2004)
French-Belgian-Dutch 0.1e0.7 particles/l LDPE, HDPE and PS predominant Van Cauwenberghe et al. (2015)
MediterraneaneCorsica 6.2 particles/100 m2 Filaments, PS Collignon et al. (2014)
Northeast Atlantic Ocean 2.46 particles/m3 Plastic fibers > 80.3% Lusher et al. (2014)
Mediterranean Sea 243,853 items/km2 Fragment 87.7% Cozar et al. (2015)
Western Mediterranean 0.15 items/m3 Foam, filament, pellet Lucia et al. (2014)

Table 2
Sampling continent and area, quantity or concentration, type or form of MPs found in sediment/sand samples and references of the corresponding studies.

Continent Area Quantity or concentration Microplastic (type or form) References

America Kamilo Beach** 248 items/m3 PE 85%, PP 14% Carson et al. (2011)
Florida** 116-214 piece/l Fragment predominant Graham and Thompson (2009)
Maine** 105 piece/l Fragment predominant
Canada* <10 particles/m PE predominant, virgin pellets Gregory (1983)
Bermuda* >5000 particles/m PE predominant, virgin pellets
Pacific Ocean* 27 items/m2 (1e4.75 mm) Fragment 89% Hidalgo-Ruiz and Thiel (2013)
Noronha Archipelago* 15 particles/kg Fragment 65%; pellet 23% Ivar Do Sul et al. (2009)
Canada** 2-8 pieces/g Plastic fibers Mathalon and Hill (2014)
Hawaiian beaches* 43.4 particles/l fragment 87%, plastic pellets 11% McDermid and McMullen (2004)

Asia Oman Gulf* >100 particles/m2 PE predominant, virgin pellets Khordagui and Abu-Hilal (1994)
Arabian Gulf* To 80,000 particles/m2 PE predominant, virgin pellets
Sea of Japan* 8e17 particles/m2 Fragment 41% Kusui and Noda (2003)
Singapore** 0e4 particles/sample PE and PS predominant Ng and Obbard (2006)
Indian Ocean** 81.43 mg/kg Fragment 100% Reddy et al. (2006)
India* 68.83 items/m2 Fragment predominant Jayasiri et al. (2013)
Singapore** 36.8 particles/kg PE, PP, nylon and PVC Mohamed Nor and Obbard (2014)
China* 4137.3 particles/m3 Fibers, granules Zhao et al. (2014)
Korea* Up to 27,606 particles/m2 PS expanded > 96% Lee et al. (2013)
SW Indian Ocean** 26 particles/l Plastic fibers Woodall et al. (2014)

Australia New Zealand* >1000 particles/m PE and PP predominant Gregory (1977)
Europe Tamar Estuary, UK** 32 items/sample <1 mm, PVC 26%; Polyester 35% Browne et al. (2010)

Belgian coast** <391 particles/kg <1 mm, fiber 59%, granule 25% Claessens et al. (2011)
Russian beaches* 5-10 particles/m2 Fragment 55.6% Kusui and Noda (2003)
Plymouth, UK** >10 pieces/l Plastic fibers Thompson et al. (2004)
Maltese coast* >1000 pieces/m2 PE, plastic pellets Turner and Holmes (2011)
FrencheBelgianeDutch** 0.3e11.7 particles/kg LDPE, HDPE and PS predominant Van Cauwenberghe et al. (2015)
Venice, Italy** 672-2175 pieces/kg PE þ PP 82% Vianello et al. (2013)
Slovenia* Up to 155.6 particles/kg MPs (1e5 mm) > 74%; fibers, fragments Laglbauer et al. (2014)
North Sea** 1.3e2.3 particles/kg PP, PE, PET, PVC, PS and polyamide Dekiff et al. (2014)
NE Atlantic Ocean** 324 particles/l Plastic fibers (polyester 53.4%) Woodall et al. (2014)
Mediterranean Sea** 350 particles/l

*: sandy samples (mineral deposit); **: sediment samples (deposit rich in organic matter).
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widely studied continents as regards the quantification of MPs in
sandy samples and sediments. Studies in Europe deal mainly with
sediments (8 out of 11) whereas studies on sandy samples are
predominant in Asia (6 out of 10) and in America there are as many
studies on sandy samples as on sediments. Concerning the
geographical comparison of MP quantity in sandy/sediment
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samples, the location of studied areas seemed to be the main factor
influencing MP distribution in the field. When comparable, the
measured concentrations of MPs in the sediments ranged widely,
from almost 0.3 (Van Cauwenberghe et al., 2015) to 2175 (Vianello
et al., 2013) particles per kg and from 27 (Hidalgo-Ruiz and Thiel,
2013) to 80,000 (Khordagui and Abu-Hilal, 1994) particles per m2

in sandy samples.
As for water samples, due to differences in sampling techniques

it remains difficult to directly compare the reported MP concen-
trations/quantities or types. Sandy/sediment samples are usually
collected from the coast at low tide (Hidalgo-Ruiz et al., 2012). The
depth at which they are found, the masses of the samples and the
tide level have tended to vary considerably between the different
studies. For sampling at low tide from the coast, different types of
tools are usually used according to sample location: stainless-steel
spoons, spatula and box corer. For sampling at high tide, it is
possible to use a corer and bottom trawl. The diversified sampling
methods lead to results expressed in different units, making it
difficult to compare between published studies. Quantification of
MPs in sandy samples is usually expressed in number of particles
per unit of distance and surface (Gregory, 1983; Hidalgo-Ruiz and
Thiel, 2013; Kusui and Noda, 2003) while for sediment samples, MP
quantities are usually expressed in number of particles per unit of
volume (Graham and Thompson, 2009; Woodall et al. 2014) or per
m3 (Carson et al. 2011). However, number of particles per unit of
mass has been used for both types of samples, i.e. Ivar Do Sul et al.
(2009) for sandy samples and Claessens et al. (2011) as well as
Vianello et al. (2013) for sediments. This discrepancy is once again
due to a lack of standardization for sampling protocols.

In addition to differences between sample collections, sediment
sample preparation can lead to a variability of results between
studies. Filtration and/or extraction protocols based on separation
by density are usually employed for the quantification of MPs from
sand and sediment samples. However, different sizes of sieves and
filters have been reported. For example, Claessens et al. (2011)
studied MPs between 38 mm and 1 mm and Laglbauer et al.
(2014) from 1 to 5 mm. Besides, solutions of water saturated with
sodium chloride (Thompson et al., 2004) or sodium iodide
(Claessens et al., 2013) have been used to extract MPs from sedi-
ment samples. The use of these two different salts generates
different densities of solutions (1.2 g cm�3 for saturated sodium
chloride and 1.6 g cm�3 for sodium iodide at 3.3 M) leading to
variations in MP extraction capacity.

Concerning the different MP types found in sand/sediment
samples, when mentioned in studies, PE has been largely pre-
dominant. The presence of PE is quite surprising since it is a low-
density polymer and should float at the sea surface. This observa-
tion supports the hypothesis of a possible colonization of organisms
on these MPs leading to increased density (Zettler et al., 2013;
Harrison et al., 2014).

2.3. MPs in marine organisms

The MPs found in marine organisms may be the result of their
ubiquitous presence in highly abundant marine ecosystems. By
using a manta trawl lined with 333 mm mesh at 11 random sites of
the North Pacific Ocean, Moore et al. (2001) showed that although
plankton organisms were approximately five times more abundant
than plastic particles, the total mass of plastic was six times greater
than that of plankton. These results underlined the fact that MPs
have a high potential to affect organisms due to their numerous
contacts with one another, as well as with the different organisms.

The presence of MPs in organisms from marine ecosystems is
now well-established (Desforges et al., 2015; Mathalon and Hill,
2014; Van Cauwenberghe and Janssen, 2014). A majority of
studies have focused on the ingestion of MPs in various species
ranging from invertebrate to marine mammal. However, to date,
data on the biological effects of MPs on marine organisms are still
scarce. The types and quantities of MPs found in different marine
species are indicated in Table 3.

Many types of organisms are represented in these studies,
including zooplankton, polychaete, bivalve, crustacean, fish, sea-
birds and mammals. Fish and seabirds have been the most widely
studied organisms in marine ecosystems. Concerning the compo-
sition of the MPs found in the biota, information remains with only
3 studies having been published on PE, PP or polyamide (Moore
et al., 2001; Lusher et al., 2013; Besselinga et al., 2015). The MP
forms were widely indicated with filaments/fibers having been
found, mostly in less evolved organisms: from zooplankton to
Thaliacea, with and fragments in more evolved organisms from fish
to mammals. As for water and sand/sediment samples, the units of
the measured variables have differed between studies. The units
were particles per gram or per individual or a proportion (%) of
individuals with MPs recovered in part of the digestive tract, which
does not allow evaluation of quantitative contamination in organ-
isms. MPs were detected in many organisms as mentioned in
Table 3 and detailed in the following paragraph.

Regarding the species of zooplankton in the Northeast Pacific
Ocean, Desforges et al. (2015) reported MP quantity in Neocalanus
cristatus and Euphausia pacifia. They showed that MPs were prob-
ably filtered by these species, the ingestion rate being dependent
on their feeding mode, with MPs being found particularly in non-
selective feeding species.

MPs found in the fecal casts of two polychaete species (Clyme-
nella torquata and Alitta virens) were equivalent to those found in
sediment samples suggesting that ingestion of MPs equals egestion
by the polychaete (Mathalon and Hill, 2014).

As a well-known bioindicator for environmental pollution in
marine species, themusselMytilus edulis is themost widely studied
group among marine organisms (4 studies). Low quantities of MPs
were found in bivalves from German and French/Belgian/Dutch
farms (respectively 0.36 ± 0.07 and 0.2 ± 0.3 particles/g of soft
tissues; Van Cauwenberghe and Janssen, 2014; Van Cauwenberghe
et al., 2015). Mathalon and Hill (2014) found greater quantities (up
to 500 times higher) of MPs in the same species from Canada than
those previously reported in bivalves from European areas by Van
Cauwenberghe and Janssen (2014), Van Cauwenberghe et al.
(2015). These discrepant results could be due to the differences in
contamination levels between the sites studied. Moreover, as dis-
cussed above, the results also depend on the method employed for
MP extraction (digestion and filtration) and analysis (microscopy
and spectroscopy). The gut depuration step that was performed by
Van Cauwenberghe and Janssen (2014), but which is notmentioned
in the work of Mathalon and Hill (2014), could lead to differing
results, since a decrease of up to 33% in the quantity of MPs in
mussels appeared after 3 days of gut depuration (Van
Cauwenberghe and Janssen, 2014). Comparison between com-
mercial and wild types of mussels (M. edulis, Mytilus gallopro-
vincialis) showed that the total number of MPs was not significantly
different between the commercial mussels and wild specimens,
with values varying from 2.6 to 5.1 fibers (0.2e1.5 mm in length)
per 10 g of mussel tissues (DeWitte et al., 2014). Regarding another
bivalve, 0.47 ± 0.16 particles/g were found in the soft tissue (wet
weight) of oysters (Crassostrea gigas) (Van Cauwenberghe and
Janssen, 2014) with a decrease of approximately 25% after 3 days
of depuration in clean seawater.

In a crustacean (Nephrops norvegicus), 83% of the animals
sampled in the Clyde Sea contained plastic filaments in their
stomach (Murray and Cowie, 2011). In this study, tightly tangled
balls of plastics were predominantly found in up to 62% of the



Table 3
Type of organisms, species, type or form and quantity of MPs found in biota with references of the corresponding studies.

Organisms Species Microplastics type or form Quantity References

Zooplankton Neocalanus cristatus Fibers (50%) 0.026 particles/individual Desforges et al. (2015)
Euphausia pacifia Fibers (68%) 0.058 particles/individual

Polychaete Clymenella torquata Fibers 2-8/gram (equal in sediment) Mathalon and Hill (2014)
Alitta virens Fibers 2-8/gram (equal in sediment)

Bivalvia Mytilus eduis Fibers 106-178/mussel Mathalon and Hill (2014)
0.36 ± 0.07 particles/g Van Cauwenberghe and Janssen

(2014)
0.2 ± 0.3 particles/g Van Cauwenberghe et al. (2015)

Fibers 0.26e0.51/gram De Witte et al. (2014)
Mytilus galloprovincialis Fibers
Crassostrea gigas 0.47 ± 0.16 particles/g Van Cauwenberghe and Janssen

(2014)
Crustacean Nephrops norvegicus Filaments 83% had MPs in stomach Murray and Cowie (2011)

Crangon crangon Synthetic fibers 0.68 ± 0.55 MP/g Devriese et al. (2015)
Thaliacea Thetys vagina Fragment, PP/monofilament Moore et al. (2001)
Fish Astronesthes indopacifica Fragments MPs predominant Boerger et al. (2010)

Cololabis saira
Hygophum reinhardtii
Loweina interrupta
Myctophum
aurolanternatum
Symbolophorus
californiensis
Merlangius merlangus Polyamide (35.6%), polyester (5.1%), PS (0.9%), LDPE

(0.3%)
32% fish had MPs Lusher et al. (2013)

Micromesistius poutassou 51.9% fish had MPs
Trachurus trachurus 28.6% fish had MPs
Trisopterus minutus 40% fish had MPs
Zeus faber 47.6% fish had MPs
Aspitrigla cuculus 51.5% fish had MPs
Callionymus lyra 38% fish had MPs
Cepola macrophthalma 32.3% fish had MPs
Buglossisium luteum 26% fish had MPs
Microchirus variegates 23.5% fish had MPs

Seabird Puffinus tenuirostris Fragments Observation Tanaka et al. (2013)
Fulmarus glacialis Fragments Observation Bond et al. (2014)
Puffinus gravis Observation
Puffinus griseus Observation
Calonectris diomedea Fragments Observations Codina-García et al. (2013)
Puffinus mauretanicus
Puffinus yelkouan
Morus bassanus
Ichthyaetus audouinii
Ichthyaetus. melanocephalus
Larus michahellis
Rissa tridactyla
Catharacta skua

Mammalia Phoca vitulina 11.2% seal had MPs in
stomach

Bravo Rebolledo et al. (2013)

1% seal had MPs in intestine
Megaptera novaeangliae PE (56.3%) 16 MPs in gastrointestinal Besselinga et al. (2015)
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animals, and there were no significant differences in plastic load
between males and females. Devriese et al. (2015) found fibers in
63% of the shrimp studied (Crangon crangon), with an average value
of 0.68 ± 0.55 MP/g wet weight.

The only species studied in Thaliacea was the salp (Thetys va-
gina), which presented plastic fragments and PP/monofilaments
line firmly embedded in their tissues (Moore et al., 2001).

The same methodology as Moore et al. (2001) was used by
Boerger et al. (2010) to determine the quantity of MPs in the guts of
various common planktivorous fish from the North Pacific Central
Gyre. About 35% of the sampled fish contained MPs in their guts
(N ¼ 670, 6 different species). The average number of MPs was
2.1 ± 5.78 pieces/fish. Furthermore, these authors showed that
there was a positive correlation between size class of fish and
quantity of MPs in the guts. The presence of MPs in the gastroin-
testinal tracts of pelagic and demersal fish from the English Chan-
nel was also investigated by Lusher et al. (2013). The authors
studied 10 different species (5 pelagic and 5 demersal fish;
N ¼ 504). A proportion of 36.5% (184/504) of fish contained MPs in
their gastrointestinal tracts. The average number of pieces of plastic
per fish was 1.90 ± 0.10 (351 pieces in 184 fish). Among the total of
351 plastic pieces 92.4% were MPs. There were no differences be-
tween pelagic and demersal fish.

MPs were also found in many species of seabirds (Bond et al.,
2014; Codina-Garcia et al., 2013; Tanaka et al. 2013).

Bravo Rebolledo et al. (2013) showed that younger animals
phoca vitulia accumulated greater quantities of MPs compared to
older ones, and MPs were found mainly in the stomach (11.2%;
N ¼ 107) and the intestines (1%; N ¼ 100) but not in the feces
(N ¼ 125).

Very recently, MPs were observed in the intestines of baleen
whales (Megaptera novaeangliae), a macro-filter-feeder (Besselinga
et al., 2015). A total of 45 particles were extracted from their in-
testines; 16 particles were identified as MPs of many different
types: PE, nylon, PP etc. Among them, the most abundant type
(56.25%) was PE, which is the most widely produced polymer
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worldwide, and also the most frequently used in fishing gear.

2.4. Characterization and identification of MPs in field samples

The nature and quantities or concentrations of MPs were not
systematically determined in field samples (Tables 1e3) due to the
fact that improved identification of MPs from environmental
samples requires several steps and demands mastery of several
techniques. This is particularly the case for MPs from marine or-
ganisms. Differences in MP distribution due to changes of analytical
procedure from extraction to visual sorting and identification by
spectroscopy have previously been discussed in the literature
(Rocha-Santos and Duarte, 2015). However, as shown in Tables 1
and 2, once when identification was carried out, PE fragments
were clearly shown to be the most frequently present polymer in
both waters and sand/sediment samples. Seawater samples usually
contained greater proportions of low density polymers such as PE
and PP as has been reported in many studies (Law et al., 2010;
Moore et al., 2001; Reisser et al., 2013; Van Cauwenberghe et al.,
2015). Surprisingly enough, in sediment samples some studies
have also reported high proportions of PE and PP in the whole MPs
detected whereas their density in water is lower (Carson et al.,
2011; Gregory, 1977, 1983; Khordagui and Abu-Hilal, 1994; Ng and
Obbard, 2006; Turner and Holmes, 2011; Van Cauwenberghe et al.,
2015; Vianello et al., 2013). This observation tends to support the
hypothesis of increased MP density by colonization of a wide range
of organisms (micro-organisms, algae, invertebrates etc.) and
sorption of organic pollutants. In other studies, MPs with high
density (higher than seawater) were present in a more sizable
proportion in sand/sediment samples compared to the water col-
umn (Browne et al., 2010; Claessens et al., 2011; Lee et al., 2013).
Browne et al. (2010) showed that PVC represented 26%, polyester
35%, polyamide 18% of the MPs found in sediment samples.
Claessens et al. (2011) also showed that PVC, polyester and poly-
amide comprised 80% of the total MPs in sediment samples from
Belgian coastal areas. Lee et al. (2013) found that more than 96% of
the plastic debris on beaches of Korea were Styrofoam (expanded
PS) originating in oyster aquaculture facilities near the sampling
sites and being used to sustain buoyancy with oyster growth,
thereby showing that the nature and concentration of MP may also
be dependent on the presence of industries in the vicinity of the
sampling site. For deep-sea sediment samples, an average propor-
tion of 53.4% for plastic fibers (polyester) was reported by Woodall
et al. (2014) in the Northeast Atlantic Ocean, Southwest Indian
Ocean and the Mediterranean Sea.

Considering their forms, plastic fragments were predominant in
most of the studies in water and sand/sediment samples (Doyle
et al., 2011; Eriksen et al., 2013; Ivar Do Sul et al., 2009, 2013;
Law et al., 2010; McDermid and McMullen, 2004; Moore et al.,
2002). Nevertheless, in some cases, other forms such as fibers
and/or filaments were detected depending on the sampling
method, the method of analysis, and the specific objective of the
studies (Collignon et al., 2012; Desforges et al., 2014; Gregory, 1983;
Lusher et al., 2014; Thompson et al., 2004; Woodall et al., 2014 and
Zhao et al., 2014). Concerning MPs detected in organisms, the form
was shown to depend upon animal with several observations of
filaments/fibers in species from zooplankton to Thaliacea and of
fragments in species from fish to mammals (Table 3).

Concerning the size ofMP,Mor�et-Ferguson et al. (2010) reported
that 60% of the plastic debris sampled within the North Atlantic
subtropical gyre are 2e6 mm long. In addition, the change of size
and abundance of MPs between the 1960e1970s and the
1980e1990s was studied by Thompson et al. (2004) who observed
decreased size parallel to increased abundance, suggesting a phe-
nomenon of fragmentation. As for Lee et al. (2013), they showed
that MP abundance depended on season with a threefold increase
after as compared with before the rainy season, an increase sug-
gesting a more intense fragmentation of MPs by the high physical
energy appearing during typhoons.

Interspecies differences (e.g. specific biological barriers), means
of exposure and MP abundance, type, size and form present in the
field (water and sediment) evidently lead to different bio-
accumulations. For example, some species filter what they ingest;
others choose MPs according to their size, color etc. due to their
resemblance to their usual food (Boerger et al., 2010). Moreover,
depending on the object studied (organisms, water or sediment),
the MPs under consideration are not the same. In organism studies,
focus has typically been placed on small MPs like filaments, largely
because they were the ones most widely found. In environmental
studies, focus on bigger MPs has been easier with the use of manta
nets or water filtration techniques with large pore sizes (>330 mm)
to prevent clogging. Lots of MPs present in the environment have
not been observed in organisms because they did not pass through
the biological barriers or due to the egestion of the organisms; this
phenomenon has been reported in many studies (Van
Cauwenberghe and Janssen, 2014; Mathalon and Hill, 2014).
Consequently, the link between what is found in organisms and
what is found in the environment is complex.

Many different analytical techniques are currently used to assess
the composition and concentration of MPs; they include Fourier-
transform infrared spectroscopy (FT-IR, Thompson et al., 2004;
Vianello et al., 2013; Nor and Obbard, 2014), Raman spectroscopy
(Van Cauwenberghe and Janssen, 2014, 2015) and pyrolysis-gas
chromatography-mass spectrometry (Pyr-GCeMS, Fries et al.,
2013; Dekiff et al., 2014). Their principles are different hence the
results may differ as well. As regardsMPs inmarinewildlife, the use
of chemical digestion for extraction from organisms has seemed to
influence results. For example, nitric acid extraction efficiency de-
pends onMP sizes and natures. Efficiency is 30% higher for particles
of 30 mm compared to 10 mm particles whereas the nylon rope fi-
bers are not extracted (Claessens et al., 2013). There is consequently
an urgent need for standardization of the methods for collection,
extraction and analysis of MP contamination in the field and
animals.

3. Exposure experiments in the laboratory

Over recent years, experimentations designed to assess the
ingestion and biological effects of MPs have been carried out on
many species, ranging from zooplankton to birds (Table 4). The
highest number of studies have involved polychaetes (only one
species: Arenicola marina) and crustaceans whereas zooplankton
has been the most widely investigated in terms of number of
species. Concerning the type of MPs used in exposure experiments,
the majority of the studies have been performed with PE or PS and,
exceptionally, with PVC and PP. Most of the time, the shapes of MPs
were spherical since the sphere, often known as a microbead, is the
most commonly commercialized shape. The size of the MPs has
depended on the study under consideration as well as the con-
centrations/quantities of MPs introduced in exposure media. The
concentrations/quantities used for exposures are very variable and
tend to be expressed in different units, leading to difficulties for
further comparisons. For example, the units employed have been
particle number/medium volume, particle mass/medium volume,
particle number/organism number, particle number/sediment
mass, etc. Exposure time has also greatly varied, ranging from 4 h to
2 months. Consequently, in addition to the above-mentioned dif-
ficulty arising from the use of different unit expressions of MP
quantities, variations in MP sizes, quantities and exposure times
have led to highly problematic comparisons between the results of



Table 4
Type of organisms, species, type, form and concentrations/abundance of MPs as well as time conditions of laboratory exposures with references of the corresponding studies.

Organisms Species Microplastics(MPs)
Type* or form

MP Concentrations/abundance Exposure
time

References

Zooplankton Marenzelleria spp PE sphere 10 mm 1000e10000 particles/mL 12 h Set€al€a et al. (2014)
Acartia spp
Limnocalanus macrurus
Eurytemora affinis
Synchaeta spp
Tintinnopsis lobiancoi
Neomysis integer
Mysis relicta
Mysis mixta
Bosmina coregoni
nordmannii
Evadne nordmannii
Oxyrrhis marina PS 7.3e30.6 mm 635e3000 beads/mL 24 h Cole et al. (2013)
Doliolidae
Euphausiidae Obelia sp
Siphonophorae
Bivalvia
Brachyura
Caridea
Paguridae
Porcellanidae

Bivalvia Mytilus edulis HDPE 0e80 mm no additive 2.5 g/L 96 h Von Moos et al. (2012)
PS 3e9.6 mm 42 particles/mL To 48 days Browne et al. (2008)
PS 0.5 mm 50,000,000 particles/mussel 1 h Farrell and Nelson (2013)
PS microsphere (10e90 mm) 110 particles/mL 14 days Van Cauwenberghe et al.

(2015)
Mytilus galloprovincialis PE and PS (0.1e1 mm) MP ¼ 200e260 ng/g 7 days Avio et al. (2015)

Polychaeta Arenicola marina PS sphere (400e1300 mm) pre-equilibrated
with PCBs

0, 0.074, 0.74 and 7.4% dry weight 28 days Besseling et al. (2013)

PVC pre-equilibrated POPs (NP*, Phe*, PBDE*,
Triclosan)

PVC 5% in sand 10 days Browne et al. (2013)

PE pre-equilibrated with Phe Lower ratio in sediment Teuten et al. (2007)
MP 20e2000 mm 1.5 mg MP/individual Few days Thompson et al. (2004)
PS microsphere (10e90 mm) 110 particles/g sediment 14 days Van Cauwenberghe et al.

(2015)
PVC 130 mm 0e5% in sediment 48 h Wright et al. (2013)

Echinodermata Holothuria floridana MP collected on beach
PVC (fragment and pellet), Nylon <5 mm

16.7 g/L 4 h Graham and Thompson
(2009)Holothuria grisea

Thyonella gemmata
Cucumaria frondosa
Embryo of Lytechinus
variegatus

PE solution MP/solution exposure:
20%

24 h Nobre et al. (2015)

Crustacean Centropages typicus PS 7.3e30.6 mm 635e3000 beads/mL 24 h Cole et al. (2013)
Calanus helgolandicus
Acartia clausi
Temora longicornis PS 0.4e30.6 mm 635e1,000,000 beads/mL
Allorchestes Compressa PE 11e700 mm 0.1 g MP/individual 72 h Chua et al. (2014)
Orchestia gammarellus MP 20e2000 mm 1 g MP/individual Few days Thompson et al. (2004)
Semibalanus balanoides 1 g MP/1 lit/10 individual
Nephrops norvegicus PP rope Eat fish pre-contaminated with

MP
24 h Murray and Cowie (2011)

Carcinus maenas PS 0.5 mm Eat mussels pre-contaminated
with MP

To 21 days Farrell and Nelson (2013)

Calanus helgolandicus PS 20 mm 75 MP/mL 24 h Cole et al. (2015)
Fish Pomatoschistus microps PE 420e500 mm 7 types of prey 24 h De Sa et al. (2015)

PE 1e5 mm 18.4e184 mg/L To 96 h Oliveira et al. (2013)
Oryzias latipes LDPE <0.5 mm 10% of their prey 2 months Rochman et al. (2013b,

2014)
Seabird Calonectris leucomelas PE coastal 1.3e1.4 g/bird To 42 days Teuten et al. (2009)

(*): HDPE: High Density Polyethylene; LDPE: Low Density Polyethylene; NP: Nonylphenol; PBDE: Polybrominated diphenyl ether; PE: Polyethylene; Phe: Phenanthrene; PS:
Polystyrene; PVC: Polyvinyl chloride.

N.N. Phuong et al. / Environmental Pollution 211 (2016) 111e123 117
different studies. Most works have focused on the ingestion and
biological effects of MPs after laboratory exposure of animals.
Nevertheless, in some studies trophic transfer has been studied
with regard to exposure of organisms to preys previously
contaminated with MPs (Farrell and Nelson, 2013; Murray and
Cowie, 2011).
3.1. Ingestion of MPs by organisms

All of the results of marine organism exposures to MPs, from
zooplankton to birds, highlight some common trends. The inges-
tion of MPs has depended on several different factors.

The first factor is the influence of the species studied. For
example, concerning zooplankton, several species originating from
the Baltic Seawere collected and their capacity of MP ingestionwas
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tested by Set€al€a et al. (2014). These authors exposed 11 species to
10 mm fluorescent PS microspheres at 3 concentrations (1000,
2000, 10,000 particles/mL) during 12 h. While 9 out of the 11
species ingested MPs, appreciable differences in the percentages of
MP ingestionwere observed. The highest percentage with ingested
spheres was found in the pelagic polychaete larvae, Marenzelleria
spp. In another study (Cole et al., 2013), 15 zooplankton taxa, which
are representative of abundant mesozooplankton from Northeast
Atlantic coastal systems, were collected in Plymouth, UK. PS
spheres were chosen in the size range of 7.3e30.6 mm for the
purposes of laboratory exposure during 24 h. Their concentrations
ranged from 635 to 3000 beads/mL, inversely correlated to the size
of the beads. As a result, 13 out of 15 exposed species showed MP
ingestion at different proportions depending on taxa. Graham and
Thompson (2009) studied four species of deposit- and
suspension-feeding sea cucumbers (Holothuria floridana, Hol-
othuria grisea, Thyonella gemmate and Cucumaria frondosa) exposed
to PVC pellets (4.0mm) and showed that the large size of the pellets
likely prevented the two smallest species (Thyonella gemmata and
H. floridana) from ingestion, thereby suggesting that feeding ca-
pacity could depend on species size.

Intra-species differences could also be a factor influencing the
ingestion of MPs. Farrell and Nelson (2013) exposed M. edulis to
fluorescent PS microspheres of 0.5 mm for 1 h (411 million particles
for 8 mussels � 3 replicates). In 13 out of 24 mussel organisms, the
microspheres were sufficiently numerous to be visible to the naked
eye when cut open. Moreover, for seabirds (Calonectris leucomelas,
Procellaria aequinoctialis), ingestion of MPs was demonstrated by
Ryan and Jackson (1987) and Teuten et al. (2009). Age appeared to
be a major factor in the contamination by MPs since young and
immature birds were more highly contaminated than older ones.
Nevertheless, the author did not find any hypothesis supporting
this observation (van Franeker and Law, 2015).

In addition to inter- and intra-species differences, another factor
influencing ingestion could be MP size. Cole et al. (2013) showed
that at both life-stages, adult and juvenile, the Holoplankton Cal-
anus Helgolandicus ingested MPs of 20.6 mm while the Hol-
oplankton Acartia clausi adults ingested MPs 30.6 mm MPS but not
20.6 mmMPs. Browne et al. (2008) showed that the accumulation of
smaller particles (3 mm) byM. eduliswas superior to 60% compared
to larger particles (9.6 mm), in accordance with results from Van
Cauwenberghe et al. (2015) who carried out mussel exposures to
PS of three different sizes (10, 30, 90 mm). As a result, the accu-
mulation in the tissues of lugworms of 10 mm particles was greater
than 30 mm particles whereas no accumulation was shown for
90 mm particles.

Type of MP is also likely to affect MP ingestion and could be an
influencing factor. The four species of deposit- and suspension-
feeding sea cucumbers (H. floridana, H. grisea, T. gemmate and C.
frondosa), studied by Graham and Thompson (2009) were exposed
during 4 h of daylight to three types of plastic: PVC fragments
(0.25e15 mm long, most of them smaller than 5 mm), nylon frag-
ments (0.25e15 mm long, 0.27 mm in diameter), and PVC pellets
(4.0 mm in diameter) all of them collected along the east coast of
the USA from Florida to Maine. All of the species ingested MPs in
variable proportions. The researchers observed significantly more
sizable ingestion of nylon and PVC fragments than pellets (2e138
fold), suggesting selective ingestion by organisms.

Only one study has examined the effect of MP color after labo-
ratory exposure and it seemed, in this case, that it was a factor
relevantly influencing MP ingestion. Juvenile fish Pomatoschistus
microps were exposed during 24 h to PE microspheres
(420e500 mm, 3 colors: white, black and red) (De Sa et al., 2015).
The authors observed referential ingestion of white as opposed to
blue or red MPs. They then went on to suggest that MPs could be
confused with food.
Most of the time, when ingestedMPs have been localized within

an organism, the digestive tract has beenmentioned, according to a
study of Von Moos et al. (2012) that highlighted the presence of
HDPE (0e80 mm) in the digestive system of M. edulis after 3 h of
exposure. Concerning other animals, two filter-feeder species, the
barnacle Semibalanus balanoides and the amphipod Orchestia
gammarellus from intertidal habitats close to Plymouth (UK) were
exposed to MPs (20e2000 mm) at high concentrations (1 g MPs/L of
seawater/10 individuals and 1 g MPs/individual respectively) for a
few days (Thompson et al., 2004). Microscopic observation
revealed the presence of MPs in the intestinal tracts of both species.

As mentioned above, several factors were identified as having or
not having an impact on MP ingestion by organisms, e.g. inter- and
intra-species differences, size, type and color of MPs. Combinations
of these factors probably occur, which renders it difficult to fully
comprehend MP ingestion. Nevertheless, after ingestion by or-
ganisms, MPs can potentially be transported in the whole body,
leading to the biological effects investigated in exposure studies
(Table 4) and discussed in the following section.

3.2. Biological effects

The biological effects of MPs have been were explored in
different invertebrate and vertebrate species after laboratory ex-
posures (VonMoos et al., 2012; Oliveira et al., 2013; Cole et al., 2013,
2015). Among the different biological effects, mortality rate, energy
budget, loss of weight, feeding activity, embryonic development,
predation, biomarker responses and alteration of gene expression
have been the most investigated.

The hypothesis that MPs are taken up into cells and can cause
significant effects on tissue and at the cellular level was corrobo-
rated by Von Moos et al. (2012) in mussels (M. edulis). Through the
exposure of mussels to high-density additive-free polyethylene
(HDPE), with non-uniformly shaped grains ranging from 0 to 80 mm
and at a nominal concentration of 2.5 g/L, MPs led to uptake in gills
followed by transport towards the stomach and the digestive gland,
where accumulation occurred in the lysosomal system after 3 h
(VonMoos et al., 2012). In this study, pronounced destabilization of
lysosomal membrane and strong inflammatory responses were
shown to occur when exposure time was increased. Browne et al.
(2008) showed in mussels (M. edulis) that while ingestion and
translocation of MPs did not change the phagocytic activity, it
increased immune response. Concerning fish, specimens of Poma-
toschistus microps were exposed to PE microspheres (1e5 mm) at
concentrations ranging from 18.4 to 184 mg/L (Oliveira et al., 2013).
After 96 h of exposure, a reduction of acetylcholinesterase (AChE)
activity had been shown to occur. In contrast, no significant effect of
PE was found for glutathione S-transferase activity and lipid per-
oxidation. Rochman et al. (2014) mixed low-density PE and preys of
another fish species (Oryzias latipes) at a high proportion (up to 10%
of the prey species) during 2 months. Several negative effects
appeared: down regulation of choriogenin, vitellogenin and es-
trogen receptor (ERa) mRNA gene expression and abnormal germ
cell proliferation. Severe glycogen depletion and fatty vacuolation
were also observed. In the long term, a potential increase of mor-
tality due to the effects observed at molecular level is still under
debate. For example, Rochman et al. (2013, 2014) showed a mor-
tality rate reaching 6% and probably associated with the effects
observed at the molecular level. In contrast, Browne et al. (2008)
showed that in mussel (M. edulis), exposure to PS microspheres
did not affect their viability.

The survival of organisms is also ensured by other processes and
can be impaired by a modified energy budget. While Van
Cauwenberghe et al. (2015) did not measure any changes in the
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energy budget of mussels (M. edulis) ingesting PS microspheres, an
increase of energy consumption in the digestive gland (25%) was
nonetheless observed. At high concentrations of exposure (up to 5%
by weight, in sediment), Wright et al. (2013) showed a depletion of
energy reserves (up to 50%) in lugworms (Arenicola marina), after
10 days of exposure, whereas despite longer exposure time (up to
14 days), Van Cauwenberghe et al. (2015) showed no depletion of
energy reserves for this species at low concentrations. An energy
budget depends not only on energy consumption but also, at a
higher (eco)toxicologic level, on feeding activity. In one example,
the impact of MPs on copepod (Centropages typicus) feeding activity
was investigated by Cole et al. (2013, 2015). A significant decrease
of algal feeding was shown under different conditions of MP
exposure (>4000 beads of PS 7.3 mm/24 h and 75 beads of PS 20 mm/
24 h, Cole et al., 2013, 2015 respectively). For lugworms (Arenicola
marina) exposed to MPs, a reduced feeding activity was likewise
shown in two different studies (Besseling et al., 2013; Wright et al.,
2013). Concerning some vertebrate species, predation can also be
studied. De Sa et al. (2015) showed that predation of a fish species
(Pomatoschistus microps) and its efficiency were reduced by 65%
and 50% respectively in the presence of PE microspheres with a
diameter of 420e500 mm and different colors. A loss of weight in
A. marina was indeed observed when MP concentration increased
in exposure media (Besseling et al., 2013). Consequently, we could
assume that the reduction of predation as well as the abundance of
MPs in the media modify energy consumption, which is directly
linked to the energy budget and loss of organism weight, which
could lead to reduce predation, thereby completing a cycle.

At the ecological level, population survival was demonstrated to
be dependent upon organism survival, reproductive efficiency,
embryonic development, etc. These endpoints were investigated in
the following three studies. Although therewas no significant effect
of MP exposure on production rates and egg size of the copepod
(Centropages typicus), following exposure to MPs the hatching of
eggs seemed depleted (Cole et al., 2013, 2015). The toxicity of PE on
the embryonic development of an Echinodermata (Lytechinus var-
iegatus) was also demonstrated by Nobre et al. (2015). After 24 h of
exposure, PE pellets had negative effects on embryonic develop-
ment, which was assessed in terms of the presence of abnormal
embryos.

3.3. Trophic transfer

In addition to MP exposure from the media, trophic transfer has
been studied in works involving different levels of the food web.
The aim of these studies was to highlight MP intakes occurring
through diet in addition to ingestion from the media (water and
sediments). Trophic transfer is a process leading to a potential
human health risk because humans are at the top of the trophic
chains and consequently have got to be taken into account in
research studies.

Potential MP transfer via planktonic organisms to a higher tro-
phic level was indicated by MP observations in Mysida intestine
after 3 h of incubation with mesozooplankton previously exposed
to PE microspheres (Set€al€a et al., 2014).

Farrell and Nelson (2013) observed MP trophic transfer from
mussels to crabs. M. edulis were exposed to 0.5 mm fluorescent PS
microspheres (411 million particles for 8 mussels) during 1 h. After
that, their tissues were cut and placed in a bucket with crabs
(Carcinus maenas). Crabs were sampled from 1 h to 21 days. Mi-
crospheres were found in the stomach, the hepatopancreas, the
ovary, the gills and the haemolymph of the exposed crabs, in
decreasing numbers over the trial period.

Murray and Cowie (2011) worked on the crustacean N. norve-
gicus originating from the Clyde Sea. After cleaning the guts of
animals for 2 weeks, they were fed with their prey (fish) and pre-
exposed with blue propylene rope (5 mm) for 24 h. The authors
showed that 100% of the animals fed with plastic seeded fish pre-
sented plastics in their stomachs whereas 70% of the control ani-
mals contained plastics which they had accumulated prior to being
captured and had not digested during the 2-week starvation period
prior to the experiment. These results could be worrisome since
this species has a strong socio-economic interest and is consumed
by humans.

Another edible species was studied by Desforges et al. (2015),
who estimated that consumption of the MPs contained in
zooplankton led to the ingestion of 2e7 MP particles/day by
members of the juvenile salmon species (Oncorhynchus spp.) from
coastal British Columbia, and �91 MP particles/day in returning
adults.

Finally, Van Cauwenberghe and Janssen (2014) estimated that
annual dietary exposure for European shellfish consumers can
reach 11,000 MPs per year. These results pose a challenge about
consequences on human health.

4. Discussion

4.1. Are experimental laboratory exposures consistent with the
exposome?

Many studies have focused on the MPs found on the field. Given
the constraints associated with the sampling protocols, sample
treatments and analytical methods, these field studies are hardly
comparable. In this part, the results on MPs from field studies will
be comparedwhen possiblewith the conditions used for laboratory
exposures, in order to determine the degree of consistency be-
tween laboratory exposure and field exposome. Table 5 is a
comparative table to summarize the differences between the MPs
found in the field and those used in laboratory exposures.

Concerning MPs in water, field concentrations expressed in
particles/km2 cannot be used for comparison with laboratory
exposure, which is usually expressed as particles/medium volume,
particle mass/medium volume, particle number/organism number,
and particles/sediment mass. Only the expression of field concen-
trations in particles/m3 can be compared to exposures expressed in
particles/medium volume. The range found in the field was
0.004e9200 particles/m3 (Table 1). In laboratory exposures, the
contamination range expressed in particles/mL was 42 to 10,000
corresponding to 42 million to 10 billion particles/m3. Comparing
these values, it is obvious that the concentrations were not of the
same order of magnitude, the lowest concentration of exposure
being about 4500 times greater than the highest field
concentration.

In the literature, few works have studied the accumulation and
effect of MPs on organisms after sediment exposures. The reported
MP exposure concentrations were 5% in mass of sand (Browne
et al., 2013), up to 5% in mass of sediment (Wright et al., 2013)
and 110 particles/g of sediment (Van Cauwenberghe et al., 2015). In
field studies, a majority of concentrations were expressed as par-
ticle number per m3, m2 or L, rendering impossible any comparison
with the concentrations usually employed in laboratory exposures.
Some field MP concentrations were expressed in particle number/
kg of sediment with values ranging from 0.3 to 8000 corresponding
to 0.0003 to 8 particles/g (Table 2). This value is more than 10 times
below the concentration employed by Van Cauwenberghe et al.
(2015). Only one study on natural sediments from the Indian
Ocean (Reddy et al., 2006) has expressed the concentration as
81.43mg/kg, corresponding to 0.0081%, whichwas about 600 times
lower than the concentrations used by Browne et al. (2013) and
Wright et al. (2013) in laboratory exposures.



Table 5
Overall comparison of the MPs found inwaters and sediments with the different MPs used for laboratory exposures. The number of references citing this type or size or nature
of MP as predominant is indicated in brackets. In gray: PVC; in black: PE; in blue: PP; in yellow: PS.* identification of MP nature was not performed in all references.
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When mentioned (in 6 out of 25 studies), the type of MPs found
in natural waters was PE and at times additional PP or PS. All of the
waterborne exposure studies were conducted with PE or PS, with
some exceptions for PVC and PP, which seems to be consistent with
the field. As regards the MP types found in sediment field samples,
despite their low density, PE was widely predominant when theMP
type was mentioned, and was also sometimes associated with PP,
PVC and PS. The polymers used for sediment exposures were PVC or
PS, which do not predominate in the field. In laboratory exposures,
evenwhen the choice of polymers was consistent with those found
in the field, medium contaminations were usually carried out with
only one type of polymer, whereas the MPs present in the field are
known to be a mix of many types of plastic. Nevertheless, the
justification for use of PE or PS in laboratory exposures could be
that they represent 36% of total production of plastics (Andrady and
Neal, 2009). Moreover, PVC is likely to have been used in sediment
exposures because it is denser than water and consequently flows
and accumulates in sediment. As mentioned above, while PE with
low density can be found in field sediments due to the colonization
of organisms and adsorption of compounds, it remains difficult to
mimic the phenomenon in laboratory experiments. The use of low
density PE for sediment exposure would lead to transfer of MPs
from the sediment to the water column, which could modify
exposure modalities.

Whether the exposure studies were for waterborne or
sediment-containing environments, in terms of forms most of the
time the MPs employed for exposures, were commercialized mi-
crospheres with precise and regular sizes whereas in the field, the
reported MPs presented high polydispersity in size with various
irregular forms, such as fragments, fibers or filaments. These mi-
crospheres can mimic the primary MPs but not the secondary MPs
that are predominant in the environment.

In order to take into account these numerous and important
differences between exposure conditions and exposome, some
authors (Graham and Thompson, 2009; Nobre et al., 2015) have
used MPs extracted from environmental samples to carry out me-
dium contaminations. In their findings, MPs from marine samples
were more in line with exposome, i.e., MPs with a variety of types
and of various sizes as well as irregular and different forms.
Moreover, as previously mentioned, MPs from marine environ-
ments could be colonized by organisms and constitute the sorption
support for many organic compounds present in the environment,
such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), organochlorines (DDEs) … To mimic organic
compound sorption, Rochman et al. (2014) deployed PE pellets in
marine areas during 3 months to obtain MPs more similar to those
found in the environment. In addition, the levels of plastic addi-
tives, like phthalates or bisphenol A, in MPs found in the environ-
ment should be lower than commercialized plastic polymers since
the time spent in marine water is likely to lead to a desorption of
these compounds. In contrast, commercialized polymers are likely
to contain higher levels of additives, except if they are polymers
without additives, which are not currently commercially available
in microsphere shapes.
4.2. Do the toxicity effects reported on a wide range of aquatic
organisms, exposed to MPs in laboratories reflect environmental
reality?

It remains difficult to conclude that experimental exposures are
likely to mimic environmental conditions in terms of MP contam-
ination. Since laboratory MP contaminations are not always
consistent with environmental conditions the toxicity effects
observed on organisms exposed to MPs in laboratory cannot reflect
the reality encountered in the field.

All the laboratory experiments were performed with MP con-
centrations in greater orders of magnitude than those found in the
field in order to depict the associated toxicity mechanisms.
Consequently, the ingestion and associated effects observed in or-
ganisms corresponded to highly pronounced contaminant stress.
Studies employing environmental MP levels are challenging since
the available analytical tools do not yet permit identification of the
biological effects occurring at low concentrations of exposure.
However, in the next decades environmental MP loads are not
likely to decrease since plastic, with its numerous advantages, is
more and more massively used. In this context, the study of bio-
logical impacts on organisms after exposure to high concentrations
of MP may be of considerable interest.
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In addition to the problems associated with highly variable MP
concentrations, it is difficult to differentiate and separatelymeasure
the mechanical and the chemical effects of MPs on organisms. It
would be interesting to determine whether the toxicity effects are
due to the presence of particles or else related to the polymer na-
ture or to the MP size and form. For example, Avio et al. (2015)
showed that the majority of the observed biological variations on
exposed organisms (immunological, lysosomal, cholinesterasic and
antioxidant effects) were not influenced by the type of polymer (PE
vs PS). In order to determine the mechanical effects, the use of
particles similar to MPs in laboratory exposures, except in their
nature (glass particles for example), could be useful.

As it is nowwell-established that MPs play the role of vectors of
organic compounds such as plastic additives or organic pollutants,
to marine organisms (Teuten et al., 2007; Browne et al., 2013;
Besseling et al., 2013), so as to create more environmentally real-
istic conditions, a few impact studies have used MPs associated
with organic pollutants. The organic compounds include non-
ylphenol, triclosan, pyrene, polybromodiphenylethers (PBDEs),
PAHs, PCBs (Browne et al., 2013; Oliveira et al., 2013; Chua et al.,
2014; Avio et al., 2015) which are known to cause toxic effects by
themselves (Meeker et al., 2009; Oehlmann et al., 2009; Talsness
et al., 2009; Vidal-Linan et al., 2015). Consequently, the presence
of these compounds in MPs generated an additional effect,
rendering it difficult to determine fromwhere the toxicity arises. As
a result, most studies have tried to differentiate the effects of the
MPs from the effects of sorbed organic compounds through expo-
sure experiments performed with MPs mixed or not mixed with
organic compounds. In general, in these studies the different or-
ganisms exposed to virgin or contaminated MPs exhibited different
effects, [lugworms (Arenicola marina), mussels
(M. galloprovincialis), common goby (Pomatoschistus microps)],
suggesting that impacts were induced by physical ingestion of the
particles and the chemical toxicity of the adsorbed organic
compounds.

In the case of Rochman et al. (2013, 2014), they used virgin
pellets and pellets previously deployed during 3 months in marine
urban areas for exposure to Japanese medaka (O. latipes). They re-
ported that in a marine environment, PE MPs sorbed environ-
mentally relevant concentrations of contaminants. They also found
effects on gene expression (down-regulation of choriogenin) in
males exposed to marine-plastic treatment, whereas gene expres-
sion (down-regulation of vitellogenin, choriogenin and the estro-
gen receptor) was altered in female fish exposed to both marine-
and virgin-plastic treatment, suggesting that the ingestion of these
plastic debris (and the associated chemical pollutants) at environ-
mentally relevant concentrations may alter endocrine system
function in fish.

In order to ensure more environmentally representative studies,
the toxicity of two different types of PE, i.e., virgin or beach-
stranded plastic pellets, on the embryonic development of an
Echinodermata (L. variegatus) were studied by Nobre et al. (2015).
The toxicity of stranded pellets was found to be lower than that of
virgin pellets. As shown by Rochman et al. (2013, 2014), pellets
from beach had greater concentrations of hydrophobic pollutants
than did virgin pellets. Nevertheless, the authors suggested that
plastic pellets acted as a vector of pollutants, especially for plastic
additives found on virgin particles, and also suggested that the
toxicity of leached chemicals from pellets could depend on the
environmental compartment in which the pellets accumulated.
This is the only study highlighting the effects of potential plastic
additives, which is obviously highly important. While the choice of
the nature of polymer could have no effect as observed by Oliveira
et al. (2013), the use of raw polymers with or without additives has
to be taken into account when biological effects are studied
through laboratory exposure.

5. Conclusion

There is an urgent need to establish standardized protocols for
sampling, sample preparation, MP analysis and data expression so
as to facilitate the comparison of field studies. It would be helpful to
better define exposome in view of producing laboratory exposure
conditions that would be more consistent with the natural envi-
ronment. Guidelines should also be introduced to better mimic
environmental conditions and translate into realistic biological ef-
fects. Many investigations have got to be continued: (i) study of
organic compound sorption on MPs taking different abiotic factors
into account, (ii) mechanical and chemical toxicity evaluation of
exposures to MPs associated with to organic compounds under
realistic environmental conditions, (iii) evaluation of biological ef-
fects after exposure to MPs at different levels of the biological or-
ganization using several approaches such as “omic” methods
(genomic, transcriptomic, metabolomic), biochemical and behav-
ioral biomarkers. New investigations have also got to be carried on
aimed at broadening the MP size ranges studied to “nanoplastics”,
which are challenging because of a need for new and more efficient
analysis methods. To conclude, MPs toxic for organisms are likely to
be present in many marine environments, raising the risk of severe
alterations to human health.
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