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Abstract
The composition, size distribution, and abundance of floating plastic debris in surface

waters of the Mediterranean Sea were analyzed in relation to distance to land. We com-

bined data from previously published reports with an intensive sampling in inshore waters

of the Northwestern Mediterranean. The highest plastic concentrations were found in

regions distant from from land as well as in the first kilometer adjacent to the coastline. In

this nearshore water strip, plastic concentrations were significantly correlated with the

nearness to a coastal human population, with local areas close to large human settlements

showing hundreds of thousands of plastic pieces per km2. The ratio of plastic to plankton

abundance reached particularly high values for the coastal surface waters. Polyethylene,

polypropylene and polyamides were the predominant plastic polymers at all distances from

coast (86 to 97% of total items), although the diversity of polymers was higher in the 1-km

coastal water strip due to a higher frequency of polystyrene or polyacrylic fibers. The plas-

tic size distributions showed a gradual increase in abundance toward small sizes indicating

an efficient removal of small plastics from the surface. Nevertheless, the relative abun-

dance of small fragments (< 2 mm) was higher within the 1-km coastal water strip, suggest-

ing a rapid fragmentation down along the shoreline, likely related with the washing ashore

on the beaches. This study constitutes a first attempt to determine the impact of plastic

debris in areas closest to Mediterranean coast. The presence of a high concentration of

plastic including tiny plastic items could have significant environmental, health and eco-

nomic impacts.
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Introduction
The quantity of plastic entering the ocean from waste generated on land has been recently esti-
mated as on the order of millions of tons per year [1]. Most of the plastic in the waste stream
consist of polymers buoyant in seawater such as polyethylene and polypropylene [2], and as
such could be potentially transported for long periods by wind and water currents to reach the
most remote ocean regions [3–5]. Several surveys have shown the global scale of the marine
plastic pollution, with large accumulations of floating debris in distant offshore regions of sur-
face water convergence [6–10]. However, we still know little about the transport and degrada-
tion that the floating plastic pollution undergoes from the sources to the accumulation regions.
Maritime activities can scatter important amounts of plastic waste over the sea and it seems evi-
dent that a fraction of the marine floating debris can be moved onto the coasts by wind and
waves [11].

Nevertheless, the nearshore likely make up the main zone of release of plastic, and there is
an apparent net transport of floating plastic towards the offshore accumulation zones [4, 5, 8].
Therefore, the distance from coast can be regarded as a proxy of the time at sea of the plastic
[12], and the changes in abundance, size or composition of floating plastic debris could help to
understand the processes controlling distribution of the plastic pollution in the surface waters.

Small plastic particles can directly enter the ocean as industrial and cosmetic abrasives, pre-
production plastic pellets or acrylic textile fibers entering wastewater circuits from clothes
washing machines, commonly referred to as primary plastics. Additionally, by the combined
mechanical, biological, photic and thermal actions, large plastic objects floating on the sea sur-
face progressively break down into numerous small pieces, referred as secondary microplastic
[13]. Surface transport patterns of the marine floating debris are expected to differ in relation
to the size or buoyancy of the plastic items [14]. Although marine plastic inputs comprises a
heterogeneous assemblage of diverse chemical composition, sizes or colors, this diversity
should be modulated over time to select certain characteristics of floating plastic. Plastic debris
is removed from the surface by several ways, affecting the plastic sizes and shapes at varying
degrees [8, 12]. Critchell et al. [15, 16] modeled the accumulation of marine coastal plastics
and suggested that the seeding location and the winds (speeds and directions) are the main fac-
tors affecting the accumulation rate of debris on the coastline. In addition, it has been shown
that the vertical mixing affects the number, mass, and size distribution of plastics suggesting
that that better prediction of winds, vertical transport processes but also ocean plastic proper-
ties is needed to correctly quantify distribution and abundance of fragments in the ocean
[17,18].

The Mediterranean Sea is a large enclosed basin that supports a strong demographic pres-
sure, with 466 million inhabitants settled on its coasts [19]. The problem of the anthropogenic
marine litter was highlighted as an issue of concern in 1976 with the Barcelona Convention for
the Protection of the Mediterranean Sea. In 2013, extensive visual surveys across the central
part of the basin showed that plastics constituted most of the floating litter, comprising some-
times up to 100% of the debris observed [20]. In this same year, using a basin-scale sampling
with surface net tows Cózar et al. [21] demonstrated that the Mediterranean Sea can be
regarded as a great accumulation region of plastic with concentrations comparable to those
found in the inner accumulation regions of the great Subtropical Gyres. The high load of float-
ing plastic likely results from significant plastic input combined with the specific configuration
of the basin and a limited export to the Atlantic Ocean. The patchy distribution suggested that
the variability in the Mediterranean surface circulation hampers the formation of stable plastic
retention areas. Using multi-annual simulations of the transport of floating debris into the
Mediterranean Mansui et al. [22] did not identified permanent structures that may retain
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floating objects given that the circulation variability led to sufficient anomalies to alter their
spatial distribution.

In the present work, we analyzed the floating plastic debris collected by net tows during a
survey carried out in 2013 in waters of the Northwestern Mediterranean, especially within the
1-km water strip adjacent to coast, a gap in the previous basin-scale analyses of the Mediterra-
nean [20, 21].

We hypothesized that there are high concentrations of floating plastic debris in the near-
shore waters of the Mediterranean Sea. The relatively high concentrations of plastics scattered
throughout the Mediterranean [21] together with the leakiness of the offshore accumulations
zones due to the circulation unsteadiness and mixing events [22] could lead to plastic accumu-
lation near the coasts in the periphery of the Mediterranean basin.

The aim of this study was to conduct a wider analysis of floating plastic distribution in the
Mediterranean through integration of our data with recent net tows data [21, 23], and to char-
acterise relationships of abundance (absolute and relative to plankton), size and polymeric
composition in relation to the distance from the land.

Material and Methods
Floating plastic debris and surface plankton were sampled in the framework of the participative
science activities of Expeditions MED (www.expeditionmed.eu) association from July 6th to
August 6th 2013. Sampling was carried out at a total of 33 sites across the Ligurian Sea (NW
Mediterranean sea), with distances to land ranging from 0.3 to 46 km. Fifty four percent of the
sampling sites were within the 1-km water strip adjacent to the mainland coast. Geographical
coordinates and dates of sampling are available at Pangea Data Publisher http://www.pangaea.
de and illustrated in Fig 1. Permission for navigation and research operations in exclusive eco-
nomic zones Sea was granted from the Governments of France and Italy.

Samples were collected using a Manta trawl net with 333 μmmesh size with a rectangular
net opening of 60 x 20 cm. The net was towed at the top 10 cm of the sea surface with an aver-
age speed of 2.5 knots during c.a. 60 min, corresponding to an average covered area of 3000 m2

per tow and an average filtered volume of 371 m3. Sampling did not involve endangered or pro-
tected species. Net tows were always carried out in calm sea conditions, with Beaufort Sea State
varying from 0 to 2, in order to minimize the effect of the wind-induced vertical mixing of the
floating plastic debris.

In the lab, samples were gently mixed and transferred into a 2 L glass jar. Floating plastic
debris was carefully picked from the supernatant. This process was repeated 3 to 6 times to
ensure the removal of all of the smallest floating plastic particles. We also removed plastic par-
ticles that aggregated or sedimented with zooplankton and organic matter under a dissecting
microscope. Plastic items were counted, and measured by imaging analysis using the Zooscan
system [24, 25]. Firstly, they were digitally imaged with a Zooscan digital scanner with a resolu-
tion of 2400 dpi; each pixel is about 10 microns wide. Image post-processing was performed
with the Zooprocess & Plankton Identifier software that gives a set of morphological parame-
ters for each object, including ferret diameter (i.e. the maximal distance between any two points
along the boundary of the object) and surface area (mm). Zooplankton of 30 samples (ranging
from 0.5 and 46 km far from land) was also processed, except 3 samples containing too many
aggregates to be accurately analyzed with ZooScan. We calculated a plastic plankton ratio by
dividing the total concentration of microplastics by zooplankton concentrations for all the 30
stations.

The relationship between plastic concentrations and coastal population densities was per-
formed by consulting the statistical results of the 2012 population census database of the
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French National Institute of Statistics and Economic Studies (INSEE) listing population cate-
gories and their composition [26]. The Italian coastal populations densities, characteristics,
and statistics were consulted on the following official website: http://en.comuni-italiani.it.

A total of 407 plastic items were randomly extracted from 28 manta tows to identify their
chemical structure by Fourier Transform Infrared Spectroscopy (FT-IR) spectra, using a FT-
IR spectrometer (Shimadzu 8400 M) with 4 cm-1 resolution and 40 scans. All spectra were
recorded in the absorbance mode in the 4000–600 cm-1 region. Each sample was put onto the
diamond cell and compressed between two plates into a thin uniform thickness enough to
allow for adequate transmission of IR beam through the sample to the detector and resulting in
a better quality spectrum. FT-IR spectra of the plastic samples were compared with spectra of
known plastics to identify polyacrylics (PAA), polyamides (PA), styrenics (homopolystyrene
(PS), PS-based copolymers or PS foams) and polymers belonging to the family of the polyole-
fins, including polyethylene (PE), propylene (PP) and ethylene vinyl acetate (EVA).

To analyze the changes in the plastic pollution in relation to the distance to land, we com-
bined our data of plastic abundances (n = 33 distance to land: 0.3–46 km) with those recently
reported by de Lucia et al. for the Central-Western Mediterranean (n = 10; distance to land:
0.5–18 km; [23] and by Cózar et al. for the entire Mediterranean basin (n = 28; distance to
land: 7.6–340 km; [21]. Furthermore, to characterize the size distribution pattern of plastics we

Fig 1. Spatial distribution of the surface plastic concentrationsmeasured in the northwestern Mediterranean in July and August 2013. Blue,
green, orange and red, circles represent concentrations of 20–75,000; 75–150,000; 150–500,000 and >500,000 pieces km -2, respectively. Schlitzer, R.,
Ocean Data View, odv.awi.de, 2015.

doi:10.1371/journal.pone.0161581.g001
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integrated our data (total of 10,540 plastic items measured) with the data obtained by Cózar
et al. (3,812 items measured) in Mediterranean Sea.

Overall, the data compilation of the sampling sites were grouped into three strips,< 1 km
from land (8,053 items), between 1 and 10 km from land (1,830 items), and from 10 km to 46
km (4,469 items) in agreement with the local bathymetry and currents. The coastal area of the
Ligurian Sea is characterized by a very narrow continental shelf with deep sea near the coast.
The zone< 1 km (up 500m depth) corresponded to adjacent costal area under direct influence
of fresh anthropogenic litter input. The zone between 1 km and 10 km (~1000 m depth), corre-
sponded to the peripheral zone with mesoscale variability periodically impacted by the geo-
strophic Northern Current. The area beyond 10 km is under intense mesoscale activity,
influenced by the Northern Current and the strong frontal zone separating the peripheral
coastal water from central water masses [27, 28].

Plastic items of the three zones were divided into 28 size classes beginning from 0.33 mm
(mesh size used in our study) and size limits following a 0.1-log series of linear length, thus
using wider bins as plastic items are larger [8]. In addition, we compared the size distributions
in the remote areas far from coast (> 10 km), where the number of plastic items was relatively
high (n = 3756 in Cózar et al. and n = 712 in this study). The size distributions were in good
agreement, with a smoother shape for the sampling with higher data number (S1 Fig). The size
distributions were represented as abundance normalized by the number of items collected in
each of the three zones. We specifically divided the abundance of plastics in each size class per
the total number of large plastics (> 10 mm) to obtain their relative abundances. Using the
large-sized plastic items as reference, we analyzed the possible differences in the transfer of
plastic from large-size classes toward small-size classes by fragmentation.

Results and Discussion
Plastic debris was present in all our surface net tows (Fig 1). We found a few pellets/granules
and beads, but the predominant plastic forms were basically composed by pieces of films, foam
plastic, filaments, and particularly fragments of rigid objects, in agreement with the results
found for offshore Mediterranean waters [21]. It seems that the fragmentation of large plastic
manufactured objects was the main source of microplastics. The estimated concentrations for
each net tow ranged from 2.1 x 104 at the offshore DYFAMED station (43.4167N, 7.8667E
http://sodyf.obs-vlfr.fr) located in the central zone of the Ligurian Sea, to a maximum concen-
tration of 5.78 x 105 plastic debris per km2 near the coast of Nice (France). The study of indi-
vidual particles based on ZooScan optical analysis showed a broad size range of plastics
ranging from 0.32 to 100 mm with particles displaying an asymmetrical frequency distribution
skewed toward smaller size classes. Results showed that across the sampling area, small frag-
ments measuring less than 2.5mm composed 64% of microplastics observed, fragments mea-
suring 2.5–5 mm composed 27% and larger fragments (>5 mm) represented 9% of the total
plastic collected. The median length of plastics was 1.95 mm with an increase in the size of frag-
ments with the distance from the coast 1.85, 2.76 and 3.86 mm respectively at< 1 km, 1–10
km,>10–46 km.

The combined data set of our study with those previously reported for the Mediterranean
Sea [21, 23], showed higher abundance of plastics towards land and towards offshore regions
(Fig 2). High concentrations of plastic debris were commonly measured in the 1-km water
strip adjacent to coast, ranging from 28,000 to 578,000 items km-2 and with most of the con-
centrations (56%) above 100,000 items km-2. Surface samples generally showed low concentra-
tions in waters between 1 and 10 km from the coast (only 25% above 100,000 items km-2), and
again reached high values towards distant waters (54% and 89% above 100,000 items km-2 for
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10–100 km and> 100 km). Aggregating samples by distance to land,< 1 km, 1–10 km, 10–
100 km, and> 100 km, the mean and deviation of the plastic concentrations (in thousands of
items per sq. km) were 158 ±157, 80 ±38, 176 ±216, and 370 ±378, respectively. The increase in
surface plastic concentrations nearshore is expected by the proximity of land-based sources,
and the accumulation of floating plastic in the basin periphery follows energetic mixing forces.
The spatial heterogeneity in these regions was significantly higher probably due to the com-
bined effect induced by wind and water currents. Previous studies on the spatial distribution of
plastic in Mediterranean have referred to these effects as the major cause of the apparent lack
of stable plastic retention areas [21, 22]. The uneven distribution of coastal populations and
land-based pollution sources could also contribute to the heterogeneity observed in the near-
shore waters. However, a significant correlation (R = 0.449, P = 0.010, n = 26) between surface
plastic concentrations and the coastal human population was found for the adjacent coastal
area (Fig 3A). This suggests that a major part of the coastal plastic pollution may come from
the nearby land-based sources and coastal maritime activities linked to densely populated
zones, as proposed for other regions around the world [29, 30]. However, in our dataset the dif-
ferences in numerical concentrations of plastic along the shoreline were due to changes in the
abundance of tiny plastic pieces instead of newly introduced large-sized objects. This was sup-
ported by the considerably higher relative abundance of small plastic particles (< 2 mm) in the

Fig 2. Concentrations and polymeric composition of floating plastic debris in relation to the distance from land in the Mediterranean
Sea. Pie charts show the polymeric composition for the three water strips, <1 km (194 items analyzed), 1–10 km (113 items), and >10 km from
land (99 items analyzed). Plastic fragments’s abundances (lower graph) includes measurements made during this study in the western
Mediterranean (green circles) and data reported by Lucia et al. (blue circles; [17]) and Cózar et al. (red circles; [15]).

doi:10.1371/journal.pone.0161581.g002
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1-km water strip adjacent to coast. Hence, the residence time of the plastic pollution entering
from land within the nearshore waters seems long enough to undergo an important fragmenta-
tion. This is agreement with the model of Isobe et al. [14]; they noted that the largest plastics
(> 5 mm), being more buoyant, are selectively trapped close to the coast by effect of the Stokes
drift produced by the wave. Thus, large plastic objects would be commonly washed ashore on
beaches to degrade into small fragments before leaving the nearshore waters.

A data bank containing the spectra of main plastics has been previously established accord-
ing to the statistics provided by Plastics Europe [31]. All the plastics constituting this database

Fig 3. A-Concentrations of floating plastic adjacent to land in relation to the nearest coastal urban center (# of habitants).We considered
the urban center presenting more than 5000 inhabitants and the sampling stations situated within the 2-km water strip from these urban centers.
B-Plastic to plankton ratios by distance to the coast (km).

doi:10.1371/journal.pone.0161581.g003
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are referenced except the poly(vinyl choride) which is only used nowadays in building and con-
struction for long-term applications. Based on this database we were able to identify more than
95% of plastic samples collected since only a few percent of the samples remain unidentified
(less than 2%), whereas the most abundant types of plastic debris are PE, PP, PS and PA.

In all water strips analyzed, the large majority (from 73 to 79%) of plastic items found and
subjected to FT-IR were made of polyolefins (Fig 2 and S2 Fig), basically polyethylene (PE, 62
to 76%) and polypropylene (PP, 7 to 14%), which agrees with what was found for surface
waters in other regions [32, 11, 8]. PE and PP are light polymers (density: 0.85 to 0.97 g mL1;
[33, 34] widely used in the packaging, typically single-use disposable products with a relatively
short life time, rapidly ending up in waste and litter stream. Additionally, we found an impor-
tant proportion of polyamides (PA, from 10 to 16%), a plastic family missing or reported at
small proportions in other similar studies [35, 11, 8]. The best-known PA polymer is the nylon,
the synthetic fiber commonly used for fishing lines. This suggests an extensive input of plastic
from the fishing activity in the Mediterranean. On the other hand, the particular density of the
Mediterranean waters could also explain the relatively high proportion of PA found in the sur-
face waters. The density of the surface waters of the world ocean typically ranges from 1.02 to
1.03 g mL-1 [36], while PA density ranges from 1.02 to 1.15 g mL-1 [33, 34]. Therefore, only the
less dense PA polymers could float in seawater. The Mediterranean waters, however, are
among the most saline and densest waters (usually> 1.026 g mL-1), which broaden the range
of PA polymers able to float. Another possible reason for the abundance of PA could be the
entanglement of the nylon fibers with natural debris (e.g. pieces of wood, branches of Posido-
nia, bird feathers), generally abundant in our samples. The plastic composition in the coastal
strip (< 1 km) diverged from other regions in the diversity of polymers found. The percentage
of polystyrene (PS) and polyacrylic fibers (PAA) drastically decreased beyond 1-km from land.
PAA fibers mainly have a textile origin, and largely enter the coastal waters via the drainage of
our washing machines [35]. PAA density is generally higher than seawater (1.09–1.20 g mL-1

[34], but the shape and small size of these fibers favor the entanglement in other floating debris
or their resuspension as result of the turbulent mixing [32].

The analysis of the size distributions of plastic particles at different distances from land
showed an increase in plastic abundance from large to small items and an important gap for
the plastic of few millimeters and smaller (Fig 4 and S3 Fig). This is consistent with the general
size distribution found by Cózar et al. [8] for ocean surface waters. However, we found a con-
siderably higher relative abundance of small plastic particles (< 2 mm) in the 1-km water strip
adjacent to coast. The plastic size distributions previously reported for offshore waters did not
show such abundance of small particles [8, 21]. We hypothesize that this singularity in the
nearshore plastic size distribution results from the combination of (i) an efficient removal of
small fragments from the surface and (ii) a faster fragmentation of the plastic objects along the
coastline, providing a faster flux of plastic towards small-size classes within short distances
from coast. The existence of important sinks removing fragments of few millimeters (around 2
mm) was also inferred from the modeling of the plastic size distribution in the open ocean sur-
face [8]. Several processes were suggested as responsible for this size-selective plastic loss,
among them, biofouling was pointed out as particularly relevant and, although it was not sys-
tematically quantified in this study, the presence of biofouled particles was commonly observed
in the samples. Surface to volume ratio increases exponentially as the plastics becomes smaller,
until the ballasting effect by epiphytic growth exceeds the buoyancy of the smallest plastic par-
ticles [8, 12]. From the beaching of the nearshore plastic debris, they are exposed to solar radia-
tion on land, reaching warmer temperatures and becoming brittle at considerably faster rates
than plastic in water [37]. Moreover, the mechanical fragmentation derived from the wave
breaking on the shores must accelerate the generation of small plastic fragments. Therefore in
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our study, changes in the shape of the size spectra from nearshore to offshore waters could be
explained by an important removal of small plastics in conjunction with a fast fragmentation
of the plastic debris along the coastline. However, we cannot rule out the possibility that these
small fragments could also be more vulnerable to vertical transport [17, 18]. The area of 1-km
water-strip of the Mediterranean Sea accounts for 1.8% of the total surface of Mediterranean
Sea. Considering that the basin is extensively polluted by plastic, the contribution of the coastal
floating plastic to the basin-scale load seem quantitatively irrelevant in relation to the available
results. However the presence of high abundance of plastic items in the nearshore water strip,
particularly of tiny (>2 mm) plastic items could generate other threats. The consequences
could be relevant at ecological level as the build up of plastic along the shoreline is leading to
particularly high plastic to plankton abundance ratios. This ratio averaged 0.03 ±1.40 for the
two strips,< 1 km and 1–10 km from land, being one order of magnitude higher than those
found in the NW of Sardinia Sea [38], 0.006 ±0.006 for sites beyond 10 km from coast (Fig 3B).
Although ratios in our study were highly variable in the coastal strip (< 1 km) and not signifi-
cantly different from offshore ratios (Mann-Whitney U, p = 0.488, N 30), they clearly reached
the highest values (range: 0.00–0.11) in this water strip while were below 0.01 for sites>10 km
from land. Coastal planktivorous animals with low prey selectivity show a high probability to
ingest plastic particles. Commercial bivalves are a meaningful example. Significant quantities
of microplastics are commonly reported worldwide in coastal waters in these filter feeders [39,
40]. Moreover, the aged microplastic concentrates pollutants that could be absorbed by marine

Fig 4. Size distribution of floating plastic debris in the Mediterranean Sea at different distances from land.
Abundances are expressed as abundance relative to the total number of large items (> 10 mm) collected within each
zone. The abundances were not normalized by width of the size-class interval in order to stress the differences
between distributions along the size classes with the highest plastic abundances (note that the axis of relative
abundance uses logarithmic scale). The size distributions normalized by both total number of large items and width
of the size-class intervals are shown in S2 Fig. A total of 14,452 plastic items were used for this analysis, 3,812 of
which were measured by Cózar et al. [15].

doi:10.1371/journal.pone.0161581.g004
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life and biomagnified along the marine food web from the planktivorous fauna [41, 42]. There-
fore, the conjunction of high concentrations of microplastics, as reported here, and pollutants
released from industrial, agricultural and urban land-based sources [43] could often take place
in the nearshore waters and create an environment conducive to the plastic-mediated transfer
of pollutants. The coastal plastic accumulation in the Mediterranean has also a perceptible
impact on the touristic attractiveness of the shoreline. The removal of floating patches of debris
by collection boats is a necessary work in many Mediterranean beaches for a long time now.

Conclusions and Final Remarks
In the present work, we show a coherent large-scale pattern, spanning from hundreds of meters
to hundreds of kilometers for the distribution of floating plastic debris in the Mediterranean
Sea in spite of the high spatial heterogeneity at small scales (around tens of kilometers and
less). The 1-km water strip adjacent to land was shown to be a zone with elevated plastic abun-
dance, high diversity of polymers and higher proportion of small-sized fragments (< 2.5 mm).
Our data are focused on the Northwestern Mediterranean coast, where high concentrations of
plastic debris were previously observed [44] and the density of population and recreational
activities is relatively high. The extent and relevance of the coastal plastic accumulation varies
with the regional hydrodynamics and the nearby population density. In our study area the con-
tinental shelf is between 1 and 5 km wide, and the permanent Northern Current flows along-
side the coastline, few kilometers away from land [45]. On one hand, the energetic Northern
Current and its frontal system, characterized by a strong density gradient, could help to con-
centrate plastic nearshore, on the other hand, the current itself may contribute to the dispersal
of floating debris (S4 Fig). Yet it is likely that a higher concentration of plastic found closer to
the coast and an increase in offshore areas is a common feature of marine plastic distribution.

Boundary currents sweeping the shelf border of the basin, as the Northern Current, are
common in the Mediterranean [46, 22] as well as in other ocean basins [3]. At long distances
from land (tens or hundreds kilometers), far from the influence of perimetric currents, the
results showed a high occurrence of samples with abundant plastic. This pattern is also
observed at large scale in the oceanic basins, where the offshore areas of low dispersion and sur-
face convergence are identified as accumulation regions for the floating plastic [6, 8, 9]. In the
Mediterranean Sea, the potential structures of plastic accumulation such as the centers of anti-
cyclonic gyres and isolated eddies, are often instable structures, hampering the formation of
stable plastic accumulations zones [22]. The periodic strong wind stress, that mixes and
spreads seawards riverine waters with land-based plastics, associated with the complex circula-
tion patterns may explain the lack of permanent open sea aggregation zones. Yet, our results
suggest that the hydrodynamic features of the central part of the basin could retain temporarily
high plastic concentrations and set up a basin-scale rising trend in plastic pollution toward off-
shore regions. The additional input of plastic trash from the heavy offshore shipping activities
could also contribute to the plastic accumulations in high seas, although this input of fresh
debris had no apparent effect on the plastic size distribution offshore (Fig 4). Surface coastal
waters remains widely unexplored, and therefore are unaccounted for the global estimates of
floating plastic load [8, 9]. The modeling [4] of the floating debris transport released from the
world coastlines showed that from 36% to 40% of debris sat along the coastline after 30 year of
simulation, suggesting that the coastal plastic accumulations could become relevant at global
scale.

Coastal areas are subjected to fresh inputs of anthropogenic litter from land and riverine
watercourses, mainly carried by winds, urban waterways or directly discharged into coastal
waters [47]. Our results showed a relationship between plastic concentration nearshore and
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coastal populations (Fig 3A). Despite a large heterogeneity, the relationship we found opens a
way to model the variability and fate of coastal plastic although more data are still required.
Other coastal reservoirs of plastic as beaches and coastal seafloor should be also assessed taking
into account specific samplings and assessments on floating micro and macro-plastic fraction.

The concern about the marine plastic pollution is generating multiple initiatives to prevent,
mitigate and monitor this emerging problem. In Europe, the Marine Strategy Framework
Directive (MSFD) recognizes marine litter as one of the descriptors for the environmental state
of the European seas [48]. However, our limited understanding concerning input, distribution
and transformation of the marine plastic debris make this descriptor difficult to deploy. Accu-
rate assessment of oceanic plastic debris including distribution and transport of plastics is
among research priorities to mitigate impacts of this pollution on marine wildlife and threat-
ened species [49]. The present work points at the coastal waters and the tiny plastics as hot
spots for the managing and monitoring actions given the potential ecological, sanitary and eco-
nomic impacts of this kind of pollution.

Supporting Information
S1 Fig. Comparison of floating plastic debris size distributions> 10 km offshore in this
study (n = 712) and in Cózar et al. (n = 3756). The size distributions were in a good match,
with a smoother shape for the sampling with higher data number.
(TIFF)

S2 Fig. FTIR spectra of the most frequent plastic debris -(a): Polyethylene PE; (b): polypro-
pylene PP; (c): polyamides PA and (d): polystyrene PS.
(TIFF)

S3 Fig. Size distribution of floating plastic debris in the Mediterranean Sea at different dis-
tances from land expressed in abundances normalized by the width of the size classes. In
contrast to Fig 4, here the abundances are divided by the total number of large items (> 10
mm) collected within each zone as well as the width of the size-class intervals (in mm). The
plastic count in each size class is independent of the bin width used, allowing for the compari-
son of plastic densities along the size spectrum [8].
(TIFF)

S4 Fig. Direction and intensity of surface currents in the NWMediterranean sea.Maps
fromMay and August 2013. Data derived from the model MARS 3D. Units in are cm/s. with
arrows color-coded with speeds. Reprinted from [http://www.previmer.org] under a CC BY
license, with permission from [PREVIMER].
(TIF)

Acknowledgments
The present study was funded by the French GDF Suez foundation through the ECOSEASTEM
project, French Ministry of Research and EU's Framework Programme 7 MedSeA (EU contract
number FP7-2010-265103). Sampling was conducted by the French citizen science NGO Expe-
ditionMED and analysed in the framework of the European Marine Biological Resource Centre
(EMBRC-France) research infrastructure in Villefranche sur Mer. The present work resulted in
part from a short stay of A. Cózar in the Laboratory of Oceanography of Villefranche (LOV),
supported by the "Salvador de Madariaga" Mobility Program of the Spanish Ministry of Educa-
tion, Culture and Sport (ref. PRX14/00743).

Floating Plastic Pollution of the Mediterranean Sea in Relation to the Distance to Land

PLOS ONE | DOI:10.1371/journal.pone.0161581 August 24, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161581.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161581.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161581.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161581.s004
http://www.previmer.org


Author Contributions

Conceived and designed the experiments:MLP SB GG AC.

Performed the experiments: AE SP SB JCC BD GG.

Analyzed the data:MLP EM SP AE SB AC.

Contributed reagents/materials/analysis tools:MLP GG AC.

Wrote the paper:MLP SB GG AC.

References
1. Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, Andrady A, et al. Plastic waste inputs from

land into the ocean. Science 2015; 347: 768–771. doi: 10.1126/science.1260352 PMID: 25678662

2. US EPA (U.S. Environmental Protection AgencyWashington, DC) 2011. Municipal solid waste genera-
tion, recycling, and disposal in the United States: Facts and figures for 2010. Avalable: www.epa.gov/
solidwaste/nonhaz/municipal/pubs/msw_2010_rev_factsheet.pdf.

3. Maximenko N, Hafner J, Niiler P. Pathways of marine debris derived from trajectories of Lagrangian
drifters. Mar Pollut Bull. 2012; 65(1–3): 51–62.

4. Lebreton LCM, Greer SD, Borrero JC. Numerical modelling of floating debris in the world´s ocean. Mar
Pollut Bull. 2012; 64: 653–661. doi: 10.1016/j.marpolbul.2011.10.027 PMID: 22264500

5. Van Sebille E, England MH, Froyland G. Origin, dynamics and evolution of ocean garbage patches
from observed surface drifters. Env Res Lett. 2012; 7(4): 044040. doi: 10.1088/1748-9326/7/4/044040

6. Law KL, Morét-Ferguson SE, Maximenko NA, Proskurowski G, Peacock EE, Hafner J, et al. Plastic
accumulation in the North Atlantic Subtropical Gyre. Science 2010; 329: 1185–1188. doi: 10.1126/
science.1192321 PMID: 20724586

7. Law KL, Morét-Ferguson SE, Goodwin DS, Zettler ER, DeForce E, Kukulka T, et al. Distribution of sur-
face plastic debris in the eastern Pacific Ocean from an 11-year data set. Environ Sci Technol. 2014;
48 (9): 4732–4738. doi: 10.1021/es4053076 PMID: 24708264

8. Cózar A, Echevarría F, González-Gordillo JI, Irigoien X, Ubeda B, Hernández-León S, et al. Plastic
debris in the open ocean. Proc Nat Acad Sci. 2014; 111(28): 10239–10244. doi: 10.1073/pnas.
1314705111 PMID: 24982135

9. Eriksen M, Lebreton LCM, Carson HS, Thiel M, Moore CJ, Borrero JC, et al. Plastic Pollution in the
World’s Oceans: More than 5 Trillion Plastic PiecesWeighing over 250,000 Tons Afloat at Sea. PLoS
ONE. 2014; 9 (12): e111913. doi: 10.1371/journal.pone.0111913 PMID: 25494041

10. Van Sebille E, Wilcox C, Lebreton L, Maximenko N, Hardesty BD, Van Franeker J A, et al. A global
inventory of small floating plastic debris Environ. Res. Lett. 2015; 10 (12)

11. Reisser J, Shaw J, Wilcox C, Hardesty BD, Proietti M, Thums M, et al. Marine plastic pollution in waters
around Australia: characteristics, concentrations, and pathways. PLoS ONE. 2013; 8(11): e80466. doi:
10.1371/journal.pone.0080466 PMID: 24312224

12. Ryan PG. Does size and buoyancy affect the long-distance transport of floating debris? Environ. Res.
Lett. 2015; 10: 1–5. doi: 10.1088/1748-9326/10/8/084019

13. Andrady AL. Microplastics in the marine environment. Mar. Pollut. Bull. 2011; 62 1596–1605. doi: 10.
1016/j.marpolbul.2011.05.030 PMID: 21742351

14. Isobe A, Kubo K, Tamura Y, Kako S, Nakashima E. Fujii N. Selective transport of microplastics and
mesoplastics by drifting in coastal waters. Mar. Pollut. Bull. 2014; 89 (1–2):324–30. doi: 10.1016/j.
marpolbul.2014.09.041 PMID: 25287228

15. Critchell K, Grechb A, Schlaefera J, Anduttac F.P, Lambrechtsd J, Wolanski E, et al. Modelling the fate
of marine debris along a complex shoreline: Lessons from the Great Barrier Reef. Estuarine, Coastal
and Shelf Science. 2015; 167: 414–426.

16. Critchell K, Lambrechtsd J. Modelling accumulation of marine plastics in the coastal zone; what are the
dominant physical processes? Estuarine, Coastal and Shelf Science. 2016; 171: 111–122.

17. Kukulka TG, Proskurowski S, gMorét-Feruson D. Meyer W, Law KL. The effect of wind mixing on the
vertical distribution of buoy-ant plastic debris, Geophys. Res. Lett. 2012; 39, L07601. doi: 10.1029/
2012GL051116

Floating Plastic Pollution of the Mediterranean Sea in Relation to the Distance to Land

PLOS ONE | DOI:10.1371/journal.pone.0161581 August 24, 2016 12 / 14

http://dx.doi.org/10.1126/science.1260352
http://www.ncbi.nlm.nih.gov/pubmed/25678662
http://www.epa.gov/solidwaste/nonhaz/municipal/pubs/msw_2010_rev_factsheet.pdf
http://www.epa.gov/solidwaste/nonhaz/municipal/pubs/msw_2010_rev_factsheet.pdf
http://dx.doi.org/10.1016/j.marpolbul.2011.10.027
http://www.ncbi.nlm.nih.gov/pubmed/22264500
http://dx.doi.org/10.1088/1748-9326/7/4/044040
http://dx.doi.org/10.1126/science.1192321
http://dx.doi.org/10.1126/science.1192321
http://www.ncbi.nlm.nih.gov/pubmed/20724586
http://dx.doi.org/10.1021/es4053076
http://www.ncbi.nlm.nih.gov/pubmed/24708264
http://dx.doi.org/10.1073/pnas.1314705111
http://dx.doi.org/10.1073/pnas.1314705111
http://www.ncbi.nlm.nih.gov/pubmed/24982135
http://dx.doi.org/10.1371/journal.pone.0111913
http://www.ncbi.nlm.nih.gov/pubmed/25494041
http://dx.doi.org/10.1371/journal.pone.0080466
http://www.ncbi.nlm.nih.gov/pubmed/24312224
http://dx.doi.org/10.1088/1748-9326/10/8/084019
http://dx.doi.org/10.1016/j.marpolbul.2011.05.030
http://dx.doi.org/10.1016/j.marpolbul.2011.05.030
http://www.ncbi.nlm.nih.gov/pubmed/21742351
http://dx.doi.org/10.1016/j.marpolbul.2014.09.041
http://dx.doi.org/10.1016/j.marpolbul.2014.09.041
http://www.ncbi.nlm.nih.gov/pubmed/25287228
http://dx.doi.org/10.1029/2012GL051116
http://dx.doi.org/10.1029/2012GL051116


18. Reisser J W, Slat B, Noble K, du Plessis K, Epp M, Proietti M, et al. "The vertical distribution of buoyant
plastics at sea: an observational study in the North Atlantic Gyre." Biogeosciences 2015; 12: 1249–
1256. doi: 10.5194/bg-12-1249-2015

19. UNEP/MAP. State of the Mediterranean marine and coastal environment. United Nations Environment
Program—Mediterranean Action Plan, Barcelona Convention, Athens. 2012

20. Suaria G, Aliani S. Floating debris in the Mediterranean. Mar Pollut Bull. 2014, 86 (1–2): 494–504. doi:
10.1016/j.marpolbul.2014.06.025 PMID: 25127501

21. Cózar A, Sanz-Martín M, Martí E, González-Gordillo JI, Ubeda B, Gálvez JÁ et al. Plastic Accumulation
in the MediterraneanSea. PLoS ONE. 2015; 10(4): e0121762. doi: 10.1371/journal.pone.0121762
PMID: 25831129

22. Mansui J, Molcard A, Ourmières Y. Modelling the transport and accumulation of floating marine debris
in the Mediterranean basin. Mar. Pollut. Bull. 2015; 91 (1): 249–257. doi: 10.1016/j.marpolbul.2014.11.
037 PMID: 25534631

23. de Lucia GA, Caliani I, Marra S, Camedda A, Coppa S, Alcaro L, et al. Amount and distribution of neus-
tonic micro-plastic off the western Sardinian coast (Central-Western Mediterranean Sea). Mar Environ
Res. 2014; 100: 10–16. doi: 10.1016/j.marenvres.2014.03.017 PMID: 24776304

24. Gorsky G, Ohman MD, Picheral M, Gasparini, Stemmann L, Romagnan JB et al. Digital zooplankton
image analysis using the ZooScan integrated system. J. Plankton Res. 2010; 32 (3): 285–303. doi: 10.
1093/plankt/fbp124

25. Goldstein MC, Titmus AJ, Ford M. Scales of Spatial Heterogeneity of Plastic Marine Debris in the North-
east Pacific Ocean. PLoS ONE. 2013; 8(11): e80020. doi: 10.1371/journal.pone.0080020 PMID:
24278233

26. INSSE—Recensement de la population 2012. décret n° 2003–485 du 5 juin 2003; fixe les catégories
de population et leur composition.

27. Bethoux JP, Prieur L, Bong JH. Le courant Ligure au large de Nice. Oceanol. Acta 9., 1988; 59–67.

28. Picco P, Capelletti A, Sparnocchia S, Schiano ME. Pensieri S, Bozzano R. Upper layer current variabil-
ity in the Central Ligurian Sea. Ocean Science. 2010; 6, 825–836.

29. Barnes DKA, Galgani F, Thompson RC, Barlaz M. Accumulation and fragmentation of plastic debris in
global environments. Philos T Roy Soc B. 2009; 364: 1985–1998. doi: 10.1098/rstb.2008.0205

30. Gilfillan LR, OhmanMD, Doyle MJ, WatsonW. Occurrence of plastic micro-debris in the Southern Cali-
fornia Current System. California Cooperative Oceanic Fisheries Investigations Reports. 2009;
50:123–133.

31. Plastics Europe Annual report of PlasticsEurope «Plastics: The facts 2015 » http://www.
plasticseurope.org

32. Sadri SS, Thompson RC. On the quantity and composition of floatingplastic debris entering and leaving
the Tamar Estuary, Southwest England. Mar Pollut Bull. 2014; 81: 55–60. doi: 10.1016/j.marpolbul.
2014.02.020 PMID: 24613232

33. Morét-Ferguson S, Law KL, Proskurowski G, Murphy EK, Peacock EE. Reddy CM. The size, mass,
and composition of plastic debris in the western North Atlantic Ocean. Mar. Pollut. Bull. 2010; 60 (10):
1873–1878. doi: 10.1016/j.marpolbul.2010.07.020. Epub 2010 Aug 14. PMID: 20709339

34. Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M. Microplastics in the marine environment: a review of
the methods used for identification and quantification. Environmental Science & Technology. 2012; 46:
3060–3075. doi: 10.1021/es2031505

35. Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T, et al. Accumulation of Microplastic
on Shorelines Woldwide: Sources and Sinks. Environ. Sci. Technol. 2011; 45 (21): 9175–9179. doi:
10.1021/es201811s PMID: 21894925

36. Levitus S., 1982: Climatological atlas of the world's oceans. NOAA Professional Paper 13, 173 pp.

37. Andrady AL (1990) Environmental degradation of plastics under land and marine exposure conditions.
In Shomura R. S. and Godfrey H. L. (editors), Proceedings of the Second International Conference on
Marine Debris, 2–7 April 1989. Honolulu. Hawaii. U.S. Dep. Comer. NOM Tech. Memo. NHFS. NOM-
TH-NHFS-SWFSC-154. 1990.

38. Panti C, Giannetti M, Baini M, Rubegni F, Minutoli R, Fossi MC. Occurrence, relative abundance and
spatial distribution of microplastics and zooplankton NW of Sardinia in the Pelagos Sanctuary Protected
Area, Mediterranean Sea. Environ. Chem. 2015, 12, 618, doi.org/10.1071/EN14234

39. Van Cauwenberghe L, Janssen CR. Microplastics in bivalves cultured for human consumption. Environ
Pollut. 2014; 193: 65–70. doi: 10.1016/j.envpol.2014.06.010 PMID: 25005888

40. Li J, Yang D, Li L, Jabeen K, Shi H. Microplastics in commercial bivalves from China. Environ Pollut.
2015; 207: 190–195. doi: 10.1016/j.envpol.2015.09.018 PMID: 26386204

Floating Plastic Pollution of the Mediterranean Sea in Relation to the Distance to Land

PLOS ONE | DOI:10.1371/journal.pone.0161581 August 24, 2016 13 / 14

http://dx.doi.org/10.5194/bg-12-1249-2015
http://dx.doi.org/10.1016/j.marpolbul.2014.06.025
http://www.ncbi.nlm.nih.gov/pubmed/25127501
http://dx.doi.org/10.1371/journal.pone.0121762
http://www.ncbi.nlm.nih.gov/pubmed/25831129
http://dx.doi.org/10.1016/j.marpolbul.2014.11.037
http://dx.doi.org/10.1016/j.marpolbul.2014.11.037
http://www.ncbi.nlm.nih.gov/pubmed/25534631
http://dx.doi.org/10.1016/j.marenvres.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24776304
http://dx.doi.org/10.1093/plankt/fbp124
http://dx.doi.org/10.1093/plankt/fbp124
http://dx.doi.org/10.1371/journal.pone.0080020
http://www.ncbi.nlm.nih.gov/pubmed/24278233
http://dx.doi.org/10.1098/rstb.2008.0205
http://www.plasticseurope.org
http://www.plasticseurope.org
http://dx.doi.org/10.1016/j.marpolbul.2014.02.020
http://dx.doi.org/10.1016/j.marpolbul.2014.02.020
http://www.ncbi.nlm.nih.gov/pubmed/24613232
http://dx.doi.org/10.1016/j.marpolbul.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20709339
http://dx.doi.org/10.1021/es2031505
http://dx.doi.org/10.1021/es201811s
http://www.ncbi.nlm.nih.gov/pubmed/21894925
http://dx.doi.org/10.1016/j.envpol.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25005888
http://dx.doi.org/10.1016/j.envpol.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26386204


41. Browne MA, Niven SJ, Galloway TS, Rowland SJ, Thompson RC. Microplastic Moves Pollutants and
Additives to Worms, Reducing Functions Linked to Health and Biodiversity Current biology. 2013; 23
(23): 2388–2392. doi: 10.1016/j.cub.2013.10.012 PMID: 24309271

42. Rochman CM, Browne MA, Halpern BS, Hentschel BT, Hoh E et al. Policy: classify plastic waste as
hazardous. Nature. 2013; 494, 169–171. doi: 10.1038/494169a PMID: 23407523

43. Islam MS, Tanaka M. Impacts of pollution on coastal and marine ecosystems including coastal and
marine fisheries and approach for management: a review and synthesis. Mar Pollut Bull.2004; 48 (7–
8):624–649. PMID: 15041420

44. Collignon A, Hecq JH, Glagani F, Voisin P, Collard F, Goffart A. Neustonic microplastic and zooplank-
ton in the North Western Mediterranean Sea. Mar Pollut Bull. 2012; 64: 861–864. PMID: 22325448

45. Millot C, Taupier-Letage I. Circulation in the Mediterranean Sea, in The Mediterranean Sea, Handbook
of Env. Chem., vol. 5K, edited by Saliot A., pp. 29–66, Springer, Berlin, Heidelberg. 2005.

46. Poulain PM, Bussani A, Gerin R, Jungwirth R, Mauri E; Menna M, et al. Mediterranean surface currents
measured with drifters: From basin to subinertial scales. Oceanography. 2013; 26 (1):38–47, http://dx.
doi.org/10.5670/oceanog.2013.03.

47. Ryan P.G., Moore C.J., van Franeker J.A., Moloney C.L., 2009. Monitoring the abundance of plastic
debris in the marine environment. Phil. Trans. R. Soc. B 364, 1999–2012. doi: 10.1098/rstb.2008.0207
PMID: 19528052

48. MSFDGES Technical Subgroup on Marine Litter. Marine Litter Technical Recommendations for the
Implementation of MSFD Requirements. 2011, EUR 25009.

49. Vegter AC, et al. "Global research priorities to mitigate plastic pollution impacts on marine wildlife."
Endangered Species Research 25.3 (2014): 225–247.

Floating Plastic Pollution of the Mediterranean Sea in Relation to the Distance to Land

PLOS ONE | DOI:10.1371/journal.pone.0161581 August 24, 2016 14 / 14

http://dx.doi.org/10.1016/j.cub.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24309271
http://dx.doi.org/10.1038/494169a
http://www.ncbi.nlm.nih.gov/pubmed/23407523
http://www.ncbi.nlm.nih.gov/pubmed/15041420
http://www.ncbi.nlm.nih.gov/pubmed/22325448
http://dx.doi.org/10.5670/oceanog.2013.03
http://dx.doi.org/10.5670/oceanog.2013.03
http://dx.doi.org/10.1098/rstb.2008.0207
http://www.ncbi.nlm.nih.gov/pubmed/19528052

