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ARTICLE INFO ABSTRACT
Editor: Damia Barcel6 The Mediterranean Sea is recognized as one of the most polluted areas by floating plastics. During the Tara Mediterra-
nean expedition, an extensive sampling of plastic debris was conducted in seven ecoregions, from Gibraltar to Lebanon
Keywords: with the aim of providing reliable estimates of regional differences in floating plastic loads and plastic characteristics.
Plfmic dEbfiS The abundance, size, surface, circularity and mass of 75,030 pieces were analyzed and classified in a standardized
rﬁp&ajﬁenmem expedition multi-parameter database. Their average abundance was 2.60 x 10° items km ™2 (2.25 x 10°to 8.50 x 10° km~?%)
Z00Scan resulting in an estimate of about 650 billion plastic particles floating on the surface of the Mediterranean. This corre-
Mediterranean Sea sponds to an average of 660 metric tons of plastic, at the lower end of literature estimates. High concentrations of plastic
Sea surface were observed in the northwestern coastal regions, north of the Tyrrhenian Sea, but also off the western and central

Mediterranean basins. The Levantine basin south of Cyprus had the lowest concentrations. A Lagrangian Plastic Pollu-
tion Index (LPPI) predicting the concentration of plastic debris was validated using the spatial resolution of the data.
The advanced state of plastic degradation detected in the analyses led to the conclusion that stranding/fragmentation/
resuspension is the key process in the dynamics of floating plastic in Mediterranean surface waters. This is supported
by the significant correlation between pollution sources and areas of high plastic concentration obtained by the LPPI.
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1. Introduction

Plastic waste pollution has become a major concern. Human discharges
of plastics and chemicals into the oceans and continents have now reached a
critical point (Persson et al., 2022). It is a priority issue and the G20 coun-
tries have committed to reduce further pollution to zero by 2050 (Kato
et al., 2021). Still, the global plastic production is growing exponentially,
with annual production exceeding 348 million tons, and this quantity is ex-
pected to increase tenfold by 2025 (Plastics Europe, 2019). The projected
increase in production is, in large part, due to the lack of policies in place
to end the use of single-use plastics (Morales-Caselles et al., 2021). Despite
current efforts by governments, industry, and society to curb plastic pollu-
tion, it has spread worldwide, leading to the emergence of a global problem.

About 8 million metric tons (Mt) of plastic entered the global ocean
from land-based sources in 2010 (Jambeck et al., 2015) and according to
Borrelle et al. (Borrelle et al., 2020), 19-23Mt of plastic entered aquatic sys-
tems in 2016 including rivers and lakes. While these estimates are consis-
tent with annual riverine inputs of 0.8-2.7Mt calibrated from field
observations by Lebreton et al. (Lebreton et al., 2017), a recent reanalysis
of the data suggests that riverine fluxes are overestimated by two to three
orders of magnitude (Weiss et al., 2021). On the other hand, a reassessment
of the load of microplastics (MPs <5 mm) floating in the oceans estimates
24 .4 trillion MPs representing between 82,000 and 578,000 metric tons
(Isobe et al., 2021), which is a significant increase from previous estimates
(Cézaretal., 2014; Eriksen et al., 2014). With respect to the Mediterranean,
arecent estimate revealed that the total annual load of plastic entering the
Mediterranean is approximately 17,600 metric tons and that approximately
3760 metric tons of plastic are currently floating in the Mediterranean
which is consistent with previous projections (750-3000 metric tons),
(Cézar et al., 2015; Ruiz-Orején et al., 2016; Suaria et al., 2016). The dis-
crepancy between plastic input and plastic loads floating on the ocean sur-
face, referred to as “missing” plastic problem, remains relevant today and
reflects our lack of knowledge about the key processes that bring and selec-
tively remove plastic debris from the surface (Fazey and Ryan, 2016; Lusher
et al., 2015). Despite the increase in scientific data on the distribution,
quantities, sources, and impacts of plastics in the ocean a proper assessment
of mass fluxes from terrestrial and marine sources remains to be achieved
(Lebreton et al., 2019; Pabortsava and Lampitt, 2020). Once plastics enter
the environment, weathering and fragmentation of larger debris leads to
the formation of smaller particles down to the nanometer scale called
nanoplastics (Andrady, 2011). In addition, microparticles produced from
cosmetic beads, textile fibers, paints, ropes, and tires, enter the ocean di-
rectly as MPs (Ryan et al., 2009). These MPs persist in the marine environ-
ment because degradation in seawater is particularly slow due to reduced
UV exposure and lower temperatures in water compared to land (Jahnke
et al., 2017). The longevity of plastics implies that they can be transported
over long distances favoring their colonization by various organisms,
forming an ecosystem at sea with a specific reservoir of microbes that is
still little explored (Scales et al., 2021).

In the Mediterranean Sea, the issue of marine litter has been highlighted
since the 1970s and has been of political interest as outlined in the Barce-
lona Declaration (Declaration, 1995). The Mediterranean Sea is the largest
and deepest sea on the planet, with intense economic and tourist activity.
The basin is one of the busiest maritime routes in the world, with 30% of
the world's maritime traffic and a strong demographic pressure of the 466
million inhabitants around the coastal areas, which constitute an enormous
human impact on the environment (UN/MAP, 2017).

Due to the almost closed nature of the Mediterranean Sea, surface flow
is not significant and, therefore, a permanent input of waste enters the con-
tinental shelf from river mouths, overland flow and winds (Hanke et al.,
2013). Plastics represent more than 80% of the marine litter observed
and constitute the largest share of floating marine litter, sometimes com-
prising up to 100% items (Morales-Caselles et al., 2021). Unlike oceanic
gyres, where plastic accumulation is predictable based on ocean circula-
tion, the high seasonal variability and the intense mesoscale activity of sur-
face currents in the Mediterranean Sea prevent the formation of stable areas
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where plastic can concentrate (Millot and Taupier-Letage, 2005). Although
models of drift and transport of floating marine debris have proposed areas
of seasonal plastic accumulation mainly related to proximity to sources
such as large cities and rivers (Liubartseva et al., 2018; Mansui et al.,
2015; Zambianchi et al., 2017), inconsistencies exist between these models
and field data, in part due to poor sampling coverage of the basin (Cozar
et al., 2015; Paper et al., 2016; Ruiz-Orejon et al., 2016).

To date, the majority of studies on spatiotemporal abundance and char-
acterization of plastics have been conducted in the northwestern and west-
central Mediterranean (Llorca et al., 2020; Paper et al., 2016) and only a
few studies in the eastern basin address polymeric characterization of par-
ticles (Adamopoulou et al., 2021; Kedzierski et al., 2022). Furthermore,
quantification of plastics is often reduced to total abundance or weight
measurements and abundance values do not distinguish fragments of vary-
ing size and shape. Because plastics are heterogeneous in nature, plastic sur-
face area has been suggested as a key metric for quantification alongside
plastic count data (Rivers et al., 2019).

To contribute this critical knowledge gap, TARA Mediterranean, a large-
scale expedition with a cross-disciplinary approach, crossed the entire
Mediterranean Sea in 2014 between June 3 and November 8 with the
aim to gain a better understanding on the sources, transport, distribution
and characteristics of surface floating plastic in the different Mediterranean
sub-basins. A systematic and standardized analysis was carried out on the
samples from 124 stations allowing the study of geographical distribution,
abundance, weight, size, surface, circularity and category of plastic frag-
ments. An important dataset of ~75,000 plastic debris was built and is
available for further studies. In addition, a set of 4723 polymer spectra of
different size classes of plastics was also constituted (Kedzierski et al.,
2019b, 2022).

We tested the hypothesis that the distribution and properties of plastics
are not homogeneous across the Mediterranean and that regional differ-
ences exist in terms of loads and characteristics of plastics. Knowledge con-
cerning the distributions and properties of plastic debris is essential in
assessing the efficacy of existing regional policies in the Mediterranean,
and the actions required from producers and consumers to reduce plastic
pollution.

2. Materials and methods
2.1. Samples collection and preservation

Surface floating plastics were collected onboard the R/V Tara between
June and November 2014 in the framework of the TARA Mediterranean
Expedition (https://oceans.taraexpeditions.org/en/tara-mediterranee-
expedition/). Plastic debris and plankton were sampled at 154 locations
across the basins, in coastal and offshore areas (Fig. 1). Five out of seven
main marine Mediterranean ecoregions proposed by Spalding et al.
(Spalding et al., 2007) were sampled during the Tara Mediterranean expe-
dition. These were the Alboran Sea, the western Mediterranean Sea, the Io-
nian Sea, the Aegean Sea, and the Levantine Sea. They have potentially
distinct hydrodynamical, biogeochemical and ecological characteristics.
To better refine the analyses, the western Mediterranean Sea ecoregion
was separated into the Ligurian-Provencal Sea, Tyrrhenian Sea and the
other stations in the Balearic, Algerian and Sardinian seas were referred
to as the WEST-Med stations. In order not to interfere with an ongoing pro-
ject we did not sample the Adriatic Sea (DeFishGear.net). Due to legal is-
sues, it was not possible to sample the Gulf of Sidra and the coastal areas
of most of the Levantine basin. Geographical coordinates of sampling sites
and data are available at Zenodo Data Publisher (https://doi.org/10.
5281 /zenodo.6551501).

Sea surface temperature and salinity were continuously recorded by a
thermosalinograph (TSG, Seabird SBE45) that measured temperature and
conductivity at a sampling frequency of 0.1 Hz. A high spectral resolution
spectrophotometer (WETLabs ACs) measured at 4 Hz the absorption and at-
tenuation of light from which the concentration of Chlorophyll a, particu-
late organic carbon concentration, and a size parameter for micron-sized
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Fig. 1. Concentration of plastic debris (items km ~2) collected in surface waters during the Tara Mediterranean expedition. Microplastic concentrations in the different
regional basins and the main characteristics of the Mediterranean as defined by Spalding et al. (2007) and the upper layer circulation (Millot and Taupier-Letage, 2005).
In light and dark gray are the source, concentration, and flux of microplastics derived from numerical modeling (Liubartseva et al., 2018).

particles were derived as in Boss et al. (Boss et al., 2013). Ocean Colour sat-
ellite images supplied by ACRI-ST and Mercator circulation model were
combined to determine the zones of interest prior to the sampling.
Samples were collected from the surface using Manta nets (height
25 cm, width 60 cm, mesh size 333 pm) towed at an average speed of
2.5-3 knots for 60 min. This strategy was adopted to sample an appropriate
volume of microplastics to reduce the influence of heterogeneous distribu-
tions (Hidalgo-ruz et al., 2012; van der Hal et al., 2017). The area sampled
was calculated firstly using the towing distance derived from the TSG,
synchronized with the vessel's GPS, which gives its position continuously
every 10 s. This distance multiplied by the effective mouth net area
(0.6 m X 0.16 m) provided the measured volume in cubic meters. We
also measured the volume of filtered seawater in each tow using a mechan-
ical flowmeter positioned at the center of the net mouth (Hydro-Bios). Com-
parisons of the data by the 2 methods showed that the values are
significantly correlated with the flowmeter data (y = 1.59 %, r* = 0.52,
p < 0.001, N 124) underestimating the volumes given by the GPS. This
means that plastic abundance was consistently lower with the GPS than
with the flowmeter data. We therefore chose to express the results using
the distances traveled calculated by the TSG based on the observations
made during the survey that the submerged part of the net (0.16 m) always
remained in the water filtering the entire sampled area due to the low
towing speed of the net thus avoiding possible clogging, backflow and ver-
tical movements of the net. The average surface area sampled was 2640 m*
per tow and the average filtered volume was 422 m®. To minimize vertical
mixing due to wind (Kukulka et al., 2012), net tows were conducted during
periods of calm seas (Beaufort scale 1 to 3) for all sites selected for this anal-
ysis. Therefore, they were not corrected to include vertical mixing. In rough
weather, we opted to use the Bongo net (300 pm) instead of the Manta net
and to collect samples from the subsurface (a total of 30 samples). The data
from Bongo net samples were not included in this study. Samples were

fixed immediately with a 4% buffered formaldehyde. Sampling did not in-
volve endangered or protected species.

2.2. Sample processing

In the laboratory, the samples were gently transferred to a Petri dish.
Plastic-like particles were manually separated from other components
such as wood, zooplankton, and organic tissues. We also individually recov-
ered plastics entangled in zooplankton and aggregates during a time-
consuming sorting process, for that we used a light box and a dissecting ste-
reomicroscope to ensure the collection of small and transparent debris. The
visual criteria used to classify a microfiber as synthetic were the absence of
cellular structures and scales on the surface, a curved shape with a uniform
surface, the presence of equal thickness along the entire length, spots, and
strong strands (Barrows et al., 2018; Hidalgo-Ruz et al., 2018). During pro-
cessing, microfibers that could not be confirmed as synthetic were
discarded. Therefore, in this study, we included a category of synthetic fi-
bers hereafter referred to as “Microfibers” and their abundance and size
measurements were included in the results. Each sample was examined
twice to ensure the detection of most of the plastic particles. The zooplank-
ton was analyzed separately. To minimize the contamination in our sam-
ples, a quality control approach was undertaken following the protocol
described by Pedrotti et al. (Pedrotti et al., 2021). All equipment was
cleaned with milli-Q and a cotton jacket was worn during sampling
and post-processing. During plastic sorting in the laboratory and analy-
sis with the ZoosCan, an ambient air blank was made by placing a cellu-
lose acetate filter (Whatman®) in a clean 47 mm glass Petri dish held
open throughout the experiment. The filter was then inspected under
stereomicroscopy and the synthetic microfibers, if present, were
counted (between 2 and 15 items) and blanks were subtracted from
the samples.
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2.3. Plastic analysis

The sorted plastic was counted, measured, and weighted. Plastic items
were then scanned twice, in black and white and in colour to optimize pro-
cessing, using the ZooScan Hydroptic system (Gorsky et al., 2010). A total
of 75,030 items were analyzed. Particles are automatically detected and
their morphological attributes are extracted through post-processing with
Zooprocess and Plankton Identifier softwares (Fig. S1). The following pa-
rameters were calculated for each particle: the surface area (mm?), length
(mm), the equivalent spherical diameter, the circularity (defined as 4n
area/perimeter?) with values ranging from 0 to 1; 1 indicating a perfectly
circular object. The circularity was only given for rigid fragments. By in-
cluding recovered microplastics entangled with zooplankton and aggre-
gates, microplastics were identified down to a size of 333 pm. Plastics
were also semi-automatically classified into six shape categories (rigid frag-
ments, films, foam, granules, rope filaments, and microfibers) through an
Al-based machine learning process. Firstly, a dataset corresponding to
the typology of each plastic was built. Then the software classifies plas-
tics scanned into different categories based on multiple parameters (as
size, transparency, and shape) incrementing the database, and at the
end of the process, a human validation corrects the errors in classifica-
tion. Once digitized, all the plastics particles were transferred to the
Ifremer LERPAC laboratory (France) to be re-analyzed following guide-
lines for monitoring, analysis, and evaluation by the MFSD and GESAMP
(Galgani et al., 2013; Kershaw et al., 2019). Briefly, plastics were
counted and the three-size fractions (< 5 mm, between 5 and 20 mm,
> 20 mm) were dried in an oven at 50 °C for 24 h and weighed on an
electronic balance (accuracy: 0.1 mg) and separated in 5 categories using
the MFSD protocol. In order to validate the post-processing performed on
the plastics typology, for future analyses, we standardized and compared
the results obtained with ZooScan and those from visual counts during a
two-day workshop.

Plastic concentrations were calculated by dividing the numerical and
mass concentration of plastics in each tow by the sea-covered area per
tow. The abundance and mass concentration as well as the surface area
occupied by plastic debris were expressed in items/km? (or items/m?>), g/
km?, and m?/km?, respectively. Mean values and lower and upper limits
of 95% bias-corrected and accelerated bootstrap (BCa) confidence intervals
(CIs) were calculated as well as the mean and confidence interval using the
prediction of the “Lagrangian Plastic Pollution Index” (see below). The plas-
tic particles size distribution was determined by separating the plastic items
into 94 size classes ranging from 0.330 mm to 62 mm according to the
harmonic progression (HP), a mathematical model where the maximum
size range calculated for each size class is equal to 1.060*minimum
ESD (equivalent spherical diameter) size range, and thus using larger
bins as the plastic items get larger. The size distributions were then
normalized by the width of the considered size class. Plastic debris
were referred to as micro- (<5 mm), meso- (5 mm to 2.0 cm), and
macroplastics (> 2.0 cm), using the standards adopted by UNEP. All results
were then uploaded in EcoTaxa http://ecotaxa.obs-vlfr.fr, (Picheral and
Irisson, 2017) a free access tool for the taxonomic classification of images
(Fig. S1).

2.4. Polymeric composition

To certify the polymeric nature of the collected material, Fourier trans-
form infrared spectroscopy (FTIR) analyses were performed at the Institut
de Recherche Dupuy de Lome (IRDL, Lorient, France). For that, 4723 parti-
cles (from 0.315 to 5 mm) from 54 selected sites were analyzed following a
computational method developed (Kedzierski et al., 2019a) that provides a
representative view of the particle size distribution and chemical nature of
the particles, and calculates the associated margin of error. Analyses
confirmed that 97% of the MPs particles were synthetic materials, mainly
polyolefins, with polyethylene (PE) and polypropylene (PP) accounting
for 67.3 £ 2.4% and 20.8 = 2.1% of the polymers collected, respectively
(Kedzierski et al., 2022).
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2.5. Statistical analysis

Principal component analysis (PCA) was performed on the concentra-
tions of different plastic categories transformed, using the Hellinger
transformation, to investigate the different compositions of the plastic pop-
ulation in the basin. The data set consisted of 124 concentration values
(items/km ~2) for each of the 6 plastic categories. To understand the extent
to which this composition changes with geographic location, each sample
was colored using its relative position in the first 3 axes of PCA space
using a simple red-green-blue code, which allowed these PCA values to be
re-projected directly onto the map. To better understand whether plastic
composition is influenced by the environment or by other particle proper-
ties (abundance, weight, size fractional abundance, or polymer composi-
tion), a posteriori correlation of these external variables with the PCA
component was established. Linear regression models 2 and Pearson corre-
lations were used to compare the relationships between plastic category,
concentration, weight, surface area, and size. Outliers were detected
using Tukey's Hinges percentiles of 25% and 75% and 1.5 X interquartile.
The Kruskal-Wallis test using Chi-Square distribution was used to test for
differences in plastic concentrations (abundance and weight), plastic area,
and sizes between Mediterranean sub-basins. Data from the Alboran Sea
do not meet this significance criteria and are not included. Analyses of co-
variance (ANCOVA) and post hoc tests were carried out to test differences
in the plastic size distribution among basins and differences in categories
of plastics (data from foams do not meet the criteria and are not included).
All analyses were performed using Matlab (TheMathWorks). Normality and
homogeneity of variance were checked and the level of statistical signifi-
cance was set to p < 0.05.

2.6. Lagrangian Plastic Pollution Index

In order to understand whether the plastic stock measured at a given
station depends on specific sources encountered by the water mass carrying
it, we developed a new Lagrangian diagnostic, the “Lagrangian Plastic
Pollution Index” (LPPI). The LPPI is calculated by combining the simu-
lated path traveled by the water parcel in the previous days with the
land-based plastic sources encountered. Thus, the LPPI estimates the
plastic content, which is expected at a given station, and its values are
compared with in situ observations. Details of the LPPI calculation are
provided below.

2.6.1. Surface area representing the water sampled at each site

We considered 122 out of 124 sites sampled with Manta net because
two of them were located outside the Mediterranean Basin, close to Gibral-
tar, and consequently their positions fell outside the domain of the hydro-
dynamical field. Each site was characterized by the starting and the final
coordinates of the tow. To represent the water mass sampled we considered
an around of each transect using a ‘stadium’ shape (a rectangle with two
semicircles on opposite sides). The centers of the two stadium semicircles
corresponded to the start and end sampling coordinates of the tow, and
had a radius of 0.01°. Each stadium was filled with virtual water particles
separated by 0.0025°, for an amount of ~200 virtual particles for each
towing site, and the mean value was selected. In this way, we did not extract
properties at the specific site location but considered a buffer around them.
This choice was made in order to smooth out possible errors in the velocity
field (which has a resolution of about 4 km). It was also corroborated by
previous studies comparing in situ measurement with model and remote
sensing observations (Baudena et al., 2021; Ser-Giacomi et al., 2021). The
duration of the Manta sampling is on the order of the velocity field time
step (one hour). Therefore, as sampling time T of each site, we considered
the average of the sampling start and end times.

2.6.2. Velocity field and trajectory calculation

The hydrodynamical velocity field used to simulate the advection was
obtained through the combination of two hydrodynamical fields, both
downloaded from the Copernicus Marine Environment Monitoring Service
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(CMEMS, http://marine.copernicus.eu/). The first product was the
MEDSEA_REANALYSIS PHYS_006_004 (MED_RE), which provides horizon-
tal currents at the surface and includes geostrophic and Ekman components.
It has a spatial resolution of 1/16° and is supplied at a daily frequency. The
second product was the MEDSEA_HINDCAST WAV _006_012 (MED_HI),
which furnishes the Stokes drift (not provided in MED_RE). It has a spatial
resolution of 1/24° and a temporal resolution of 1 h. The two velocity fields
were combined as follows: the MED_RE data, which has a temporal resolu-
tion of 1 day, were interpolated at an hourly frequency to overlap the tem-
poral resolution of MED_HI. The hourly interpolations of the MED_RE data
were then spatially interpolated on the grid of the MED_HI. These two fields
were then added together, giving the final velocity field, which therefore
has a spatial resolution of 1/24° and a temporal resolution of 1 h. This com-
bination allowed us to consider the geostrophic component, the Ekman
effect, and the Stokes drift, which implicitly considers the windage effect.
This choice is supported by recent Lagrangian models built specifically for
the Mediterranean basin considering the importance of the effect of Stokes
drift in plastic debris transport (Baudena et al., 2022; Liubartseva et al.,
2018). Backward advection was computed with a 4th order Runge-Kutta
scheme, with a time step of 0.5 h.

2.6.3. Terrestrial sources of plastics

Plastic debris is considered to enter the marine environment from
two main land-based sources: cities and rivers. Even though plastic de-
bris generated in cities may reach oceans via rivers, information about
how to express city and river contribution together is lacking. There-
fore, we consider them separately, in agreement with previous studies
(Baudena et al., 2022; Liubartseva et al., 2018). Usually, city and river
relative contribution to the total flux of plastic entering the oceans is es-
timated to be p. = 40% and p, = 40% respectively (Lebreton et al.,
2012; Li et al., 2016) while the rest (20%) is expected to originate
from ships. Based on recent studies (Baudena et al., 2022; Liubartseva
et al., 2018; Soto-Navarro et al., 2020) we changed these values to
Pe = 50% and p, = 30%.

Here, we define the Plastic Emission Probability of each land-based source
as follows.

2.6.3.1. Cities. Cities with more than 50,000 inhabitants and less than 20 km
from the coast were selected, for a total of 185 cities. The positions and pop-
ulations of the cities, updated for 2015, were downloaded from the Urban
Cities Database of the Global Human Settlement database. This
dataset also provided the outline of each city, which was used to identify
the city location along the coast. The Plastic Emission Probability of each
city was obtained by multiplying its population, the rate of mismanaged
plastic waste of its country (Jambeck et al., 2015), the percentage of rela-
tive city contribution p. (50%), and finally by normalizing it. The following
formula was employed:

pop; - MPW (country,)
SN pop, + MPW (country;)

i=1

PEP¢, = - p./100 1)

where PEPg; is Plastic Emission Probability of the i-th city, pop; is the pop-
ulation of the i-th city, and MPW (country) is the mismanaged plastic
waste rate of the country where the city is found. This formulation has
been used in a recent model validated with in situ observations
(Baudena et al., 2022) to quantify the number of plastic particles re-
leased by cities.

2.6.3.2. Rivers. We used the estimates of plastic entering the Mediterranean
Sea by rivers (plastic river input PRI) calculated by Lebreton et al. (Lebreton
et al., 2017). From this data set, we consider the first 200 Mediterranean
rivers for the amount of plastic injected into the sea, as they contribute ap-
proximately to 99.3% of the total amount of plastic entering the Mediterra-
nean from rivers.
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The Plastic Emission Probability of the i-th river PEPg; was obtained by
normalizing its plastic river input PR]; and multiplying it with the percent-
age of relative river contribution (p, = 30%):

PRI;

PEPp = ——\—
"SR

- ,/100, @

2.6.4. Lagrangian Plastic Pollution Index calculation

Virtual particles representing the water mass sampled at each of the
sites were advected backward from T until a time Ts-t, with t varying
from 0 to120 days (see below). 120 days was chosen as limit for the back-
ward simulation as (i) the reliability of the hydrodynamical field to prop-
erly describe particle trajectories decreases with time (ii) plastic debris
fate on longer time scales is affected by dynamics other than transport,
such as biofouling, beaching, washing-off, fragmentation, etc. Trajectories
positions were saved with a 6 h timestep. Beached trajectories were ex-
cluded from the analysis.

For each virtual particle, we compute its LPPI as follows. For each point
of the trajectory of the virtual particle: (a) we counted the terrestrial sources
(defined in Section 2.6.3) falling below a distance threshold d from the
point. We considered these sources as being “encountered” by the virtual
particle, and therefore potentially contributing to its plastic pollution.
Then, (b) we summed the plastic emission probabilities (Section 2.6.3) of
each source encountered. This was repeated for all the points of the trajec-
tory, and the plastic emission probabilities summed together. Finally, (c) the
LPPI of a site was calculated as the average of the LPPIs computed for all vir-
tual particles within the shape of the stadium surrounding the site.

Thus, the Lagrangian diagnostic obtained considers (i) whether a water
mass has come into contact with a terrestrial source in the preceding days
(defined by the interval 1), (ii) the magnitude, in terms of plastic emission
probability, of the source (or sources) encountered backward, (iii) the time
spent in vicinity of the source (or sources). The LPPI index depends on
two parameters: the distance threshold d, necessary to consider a source
as “encountered” by the water particle, and the time of backward advection
7. The distance thresholds tested ranged from 0.025° to 2°. The T employed
varied between 0 and 120 days backward in time.

We also computed two complementary indices, the Lagrangian Plastic
Pollution Indices for cities and for rivers (LPPIC and LPPIR, respectively)
that report the plastic contribution of cities and rivers only, respectively.
Another LPPI, calculated by considering vessel density, which is considered
proportional to the amount of plastic discarded by vessels (Lebreton et al.,
2012) did not show a significant correlation with the Manta station mea-
surements and was not considered in this study.

2.6.5. Bootstrap test

LPPI values were splitted in two groups according to a threshold, fixed
at the 75 percentiles of the LPPI distribution. A Mann-Whitney or U test
was used to test the statistical independence of the two groups. Subse-
quently, the bootstrap test was applied following the methodology
(Baudena et al., 2021). This allowed us to estimate the probability
that the difference between the in situ plastic concentrations, over and
under the LPPI threshold, was significant and not the result of statistical
fluctuations.

3. Results
3.1. Plastic concentrations, types and environmental variables

The median abundance of plastic debris over the entire survey was 1.07
10° items km ~2. The average was 2.60 x 10° items km 2 (lower and
upper BCa confidence intervals: 1.74 x 10° and 5.61 x 10° items km ™2,
respectively; Table 1). The abundance ranged over three orders of magni-
tude across the entire basin, from 2.25 x 10° items km ™2 in the eastern-
most part of the basin to a maximum of 8.50 x 10° items km 2 in the
Corsica Channel in the border between the Tyrrhenian Sea and the Ligurian
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Table 1
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a) Average concentration of all plastic debris collected in surface waters during the Tara Mediterranean Expedition. b) Mean concentration of plastic debris predicted for the
entire Mediterranean Sea, in billions of items and in tons, calculated using the Bootstrap method (BCa). CIs are the confidence intervals. ¢) Same as in (b), but using the LPPI

model.
a- Tara Observations b- BCA Prediction over the Med  c- LPPI Prediction over the Med
Size BCA Mean BCA BCA Mean BCA BCA Mean BCA
lower CI value upper CI lower CI  value  upperCI lowerCI  value upper CI
All Plastic abundance 1.74 2.60 5.61 Plastic Prediction 435 650 1403 259 470 680
0.3-1 mm (items 10° km~2) 0.81 1.22 2.56 (billions of items) 203 304 639 - - -
<5 mm 1.64 2.48 5.61 411 621 1404 - - -
5-20 mm 0.04 0.08 0.26 9.49 20.95 65.28 - - -
>20 mm 0.001 0.002 0.004 0.33 0.51 0.91 - - -
All Plastic weight (g km~?2) 179 264 450 Plastic Prediction (tons) 447 660 1125 - - -
<5 mm 49.9 62.5 80.6 125 156 202 47 135 223
5-20 mm 47.9 59.9 76.1 120 150 190 - - -
>20 mm 69.1 141.8 317.5 173 354 794 - - -
All 0.72 0.97 1.46 1.80 2.43 3.64 - - -
. o —2 . P 2
Fl::,g:el;:,ty Plastic surface area (m* km ™) 0.52 0.70 118 Plastic Prediction (km®) 131 174 274 _ _ _

Sea (Fig. 1). Areas identified as having high plastic concentration (greater
than 5 x 10° items km ~2; 90th percentile) were the coastal areas from
Nice to Toulon (Ligurian Sea), northern East Sicily, Messina Channel, and
Naples coasts (Tyrrhenian Sea), the Gulf of Taranto (Ionian Sea), and the
Saronic Gulf (Aegean Sea). In addition, significant amounts of plastics
were found between Sardinian Sea and the Balearic Islands (average
2.6 x 10° items km ~2, WEST-Med) and from eastern Tunisia to southeast-
ern Crete (average concentration over a 15-station transect: 3.7 x 10>
items km ™2, 82.13 g km ™2, Ionian Sea). During the expedition we sampled
the north-western African coastal zone where the concentration of plastic
debris was highly variable in abundance and mass (0.16 to 3.34 x 10°
items km ™% 3 to 488 g km ™ ?). Relatively less polluted areas (less than
<1.6 10* items km ~2; 10th percentile) were identified further west of
Sicily, south of Crete (lonian Sea), south and east Cyprus (Levantine Sea)
and in near the Gibraltar strait (Atlantic station) (Fig. 1). Average
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Ny,
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c)
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42°N|*
39°N
36°N

33°N

30°N

Mesoplastics (g/ km'z)

abundances of micro-, meso-, and macroplastics in the Mediterranean
were respectively 2.48 x 10°,8.38 x 103, 2.02 x 107 items km ~2 corre-
sponding to 97.70%, 2.21% and 0.09% of all the plastic debris collected
(Table 1).

The median mass concentration of plastic particles in the study area was
86.4 g km ™ 2. The average abundance was 264 g km~? (lower and upper
BCa confidence intervals: 179 and 450 g km ™2, respectively), with a very
high spatial heterogeneity, spanning four orders of magnitude (Fig. 2 a,
Table 1). The highest mass concentration values were observed in the Bay
of Marseille (5340 g km ~2), which is explained by the fact that 93% of
the total weight of the debris mass was in the macroplastics category
(Fig. 2 b). Other areas with high mass concentration were the Corsica chan-
nel (4260 and 2380 g km™2), the coastal area of Naples (1730 g km™?),
Barcelona (951 g km ~?2) and one station in the Strait of Gibraltar (1010 g
km ™~ 2). The lowest mass values were located in the vicinity of Cyprus

b)
45°N

Macroplastics (g/ km’z)

45°N - = I_ : - _I'h
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Fig. 2. Concentration of plastic debris (g km~?) collected in surface waters during the Tara Mediterranean expedition. a) total mass concentration, b) macroplastics (size

>20 mm), ¢) mesoplastics (5 < size <20 mm), d) microplastics (size <5 mm).
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(0.31 gkm™ 2). The average mass of micro-, meso- and macroplastics in the
Mediterranean was 63, 60 and 142 g km ™2, corresponding respectively to
46.6%, 34.1% and 19.3% of the total plastics collected (Table 1). The
individual weight of a micro-, meso-, and a macroplastic was on average
0.3 mg, 5.8 mg, and 83.2 mg, respectively. The average sea surface area oc-
cupied by plastic debris in the basin was 0.97 m? km ~2 (BCa confidence in-
tervals: 0,72 and 1.46 m? km ™2 respectively; Table 1). It corresponded to
0.11 m? km™? in the Levantine Sea and increased to 2.62 m? km ~2 in the
Tyrrhenian Sea (Table 2 and Fig. S2).

There was no significant variation in plastic abundance as a function to
distance to land (p = 0.29). Although coastal stations up to 7 miles
displayed higher concentrations 4.56 + 2.78 10° items km? (N46) than sta-
tions offshore in the strip of 50 miles with 1.48 = 1.53 items km? (N59) and
> 50 miles with 1.14 + 1.05 items km? (n = 19). Significant correlations
were found between plastic abundance (item km~?2) and total surface
area of plastic (m® km™2), (r* = 0.91; p < 0.001; N 124) and plastic abun-
dance and plastic weight @ =0.72; p <0.001; n = 122), (Fig. 3a and b).
Total plastic area was also correlated with plastic weight (g km ™), (y =
0.007 x %8 2 = 0.86, p < 0.001; n = 122). However, some outliers
were observed when plotting the results of total plastic weight with other
parameters, implying that the use of a single quantification parameter
may lead to misinterpretation of the extent of plastic contamination.

The latter relationship was compared to those observed in the open
oceans (Cozar et al., 2014), Although the differences are small, they are
probably related to processing and sampling methods. This work includes
microfibers although the former discarded them when present in the sam-
ples. Microfibers significantly increased the total plastic number in the sam-
ples, but they contribute little to the total weight. Moreover, we included
plastics entangled with zooplankton and aggregates, mainly recovering rel-
atively small particles such as fibers. In contrast, Cézar et al. (2014) did not
make a special effort to collect these plastic particles. These are key factors
for the size of the plastic particles observed. We have given the percentage
of fibers separately (Fig. S3) as well as the concentrations of plastics with-
out fibers and the concentrations of fibers (items km ~2), (Fig. S4).

Table 2
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In the western basin (65% of the sampled sites), 70% of the stations
have a plastic mass > 50 g km ™2, while in the eastern basin this percentage
drops to 14%. An increase in the contribution of MPs to the total plastic
mass (53.8%) and a decrease in the contribution of macroplastics (11.7%)
were observed towards the eastern basin, while mesoplastics show compa-
rable values in the 2 basins. As a result, the surface to mass ratio of plastics
is greater in the eastern basin (mean 3.10), with decreasing values towards
the western basin (mean 1.78).

At the sub-basin level, significant differences were observed in the
amounts of plastics (Table 2, Table S1). The Levantine Sea has signifi-
cantly lower abundances than the other 5 sub-basins (Kruskall-Wallis
Hy2 = 17.15,p = 4.23 x 10~ %), which do not show significant differ-
ences between them. The plastic mass was not homogeneous between
the sub-basins with comparable values between the Levantine and
Aegean Seas, which they are lower than the other 4 sub-basins that
have comparable values (Kruskall-Wallis H x* = 23.04, p = 3.31 X
10~ ). The surface area occupied by plastics follows the same pattern
as the distribution of plastic mass (Kruskall-Wallis H x> = 22.64,p =
3.95 x 1074,

Considering the approximate surface of the Mediterranean Sea being
2.51 million km?, we estimated that it likely contains a total of 650 billion
pieces of plastic debris floating on its surface (BCa confidence intervals: 435
and 1403 billion pieces, respectively; Table 1). Considering only particles
<5 mm, it represents 621 billion pieces. The total load is 660 tons (BCa
confidence intervals: 477 and 1125 tons, respectively). The total surface
occupied by plastics is 2.43 km? (BCa confidence intervals: 1.80 and
3.64 km?, respectively); considering the surface area only for fragments
(hard plastic objects) we obtained 1.74 km? (BCa confidence intervals:
1.31 and 2.79 km?, respectively).

Plastic typology analyzed by ZooScan showed that hard plastic frag-
ments objects were the most common forms of non-fibrous MPs averaging
81% of all collected plastics, with the Ionian Sea having the highest percent-
age (86.8%) and the Levantine Sea the lowest (70%). Films (e.g., pieces of
bags or packaging) represented on average 2.6%, with the Levantine Sea

Median and mean plastic concentrations (km™ 2 m~3, g), total surface area occupied by plastics (m? km ~?), size length (mm) and
surface area of particles in the different sub-basin of the Mediterranean Sea. Differences among basins were detected by the
Kruskal-Wallis tests using Chi-Square distribution with multiple pairwise comparisons. In red are underlined the significant differ-

ences between the sub-basins (see Table S1).

Bassin Alboran Tyrrhenian Ligurian- WEST Med  Ionian Sea Levantine = Aegean Sea
Sea Provengal Sea
median 171 115 0.93 1.68 1.69 0.21 1.02
abll)xlr?;:rfce mean 1.85 4.69 1.63 1.67 2.08 029 249
(tems 105km 2 std (+1.61) (+1.36) (+1.81) (*121) (+2.10) (+0.26) (+4.10)
n 4 35 25 17 20 11 12
median 1.07 0.72 0.56 115 1.06 0.13 0.64
ab‘;‘;‘gs;ce mean 1.15 2.93 1.02 118 130 0.18 1.56
(tems m-) std (*1.0) *9.11) TS (+0.84) *131) (+0.16) (+2.56)
n 4 33 22 17 20 11 12
median  524.81 88.1 175.18 149.05 83.75 11.9 42.15
Flastio Wlght  “mean  514.68 380.18 395.87 23118 127.15 19.66 97.20
(gl std | (£425.00)  (£850.52) (+1043.48) (£23622)  (£12097)  (£2243)  (+166.10)
n 4 33 25 17 20 11 12
median 0.70 0.53 0.73 0.58 0.54 0.90 0.30
Is:;‘;cl:*;i: mean 0.73 2.60 0.890 0.67 0.94 0.1 0.74
(m2Km"?) std (£2.59) (+0.88) (+ 1.04) (= 1.26) ( 1.16) (= 1.56) ( 1.50)
n 4 35 25 17 20 11 12
mean 111 1.14 1.17 112 1.25 1.18 1.17
P 1‘:;;;:?;‘3;‘;“ std (£0.16) (+0.05) (£ 0.06) (+0.08) (£0.07) (£0.10) (£0.09)
n 4 35 25 17 20 11 12
mean 3.70 8.05 8.39 6.30 5.10 4.93 530
Pljrsetjf(;lﬁ)ce std (£3.82) *129) (* 1.53) (*1.85) *1.71) (+2.30) *221)
n 4 35 25 17 20 11 12
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Fig. 3. Regression Model 2 with scatter plot showing the relationships between
a) plastic abundance (item km ~2) and plastic total surface area (m? km?) (r? =
0.91; p < 0.001; n = 124), b) plastic abundance and plastic weight (g km™?)
(r? = 0.72; p < 0.001; n = 122), during the Tara Mediterranean expedition.
Overlaid in red are the results of Cézar et al. (2014) for the open ocean. Black line
shows the log-log linear-square fitting on the dataset.

having the highest percentage (6.5%) and the WEST-Med and Alboran
basin the lowest (1.8 and 1.2%). Filaments (e.g., ropes, fishing lines) ac-
counted for 2.8% of total debris, with the Levantine Sea having the maxi-
mum percentage (6.3%) while in the other sub-basins exhibited
comparable values (2.2- to 2.7%). Foam and pre-production plastic pel-
lets/granules were present in lower proportions (0.7 and 1.0%) throughout
the basin (Fig. S3). The concentration of Microfibers accounted for 11.2%
of all plastics collected, with the Levantine Sea showing the highest percent-
age (16.5%) and the Ionian Sea the lowest (7.8%), while the other sub-
basins showed comparable percentages (10-12%). The abundance of
microfibers in our samples was significantly correlated with the abundance
of total plastic (r = 0.9, p < 0.0001, Fig. S5a) and with the abundance of
synthetic microfibers (SFPs) collected simultaneously from 10 stations
and filtered through a 20 pm sieve (r = 0.868 p < 0.001; n = 10) and re-
ported in Pedrotti et al. (2021), (Fig. S5b). Comparisons between ZooScan
and visual analysis showed that the film categories are underestimated by
ZooScan, that likely includes 4% of total films in the fragment category,
however the percentages between sub-basins do not change.
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During the cruise, temperature and salinity in Mediterranean waters
ranged from 17.12 to 28.60 °C and 35.66 to 38.35 PSU respectively, show-
ing a seasonal gradient from spring to late summer and increased
oligotrophy from west to east. PCA analysis performed on particle proper-
ties (abundance, weight) with a posteriori correlation of environmental var-
iables (T°C, salinity, particulate organic carbon (POC), gamma- optical size
parameter) and polymer composition (Kedzierski et al., 2022), showed that
areas of low plastic abundance were correlated with low chlorophyll, low
particulate organic carbon (POC) concentrations, and an eastward longitu-
dinal gradient (Fig. 4a). The PCA performed on the concentrations of the
different plastic categories and their geographical distribution produced a
two-dimensional diagram with axis 1 (40%) representing the concentra-
tions of Microfibers present throughout the basin in contrast to the other
plastic types. Axis 2 represents the concentrations of the other plastic
categories, with films and filaments present in greater concentration to-
wards the east of the Mediterranean and fragments in greater concentration
towards the west (Fig. 4b and c). In addition, the presence of polyethylene
was significantly correlated with a higher proportion of fragments and
polyamide and polystyrene were correlated with the presence of
Microfibers (Fig. 4a and b).

3.2. Size distribution and circularity of plastic debris

ZooScan-derived individual particle analysis showed that the median
length of all collected plastics was 1.04 mm (mean 1.43 mm). The median
length of micro-, meso-, and macroplastics was respectively 1.02, 6.72, and
25.2 mm. The median surface area of plastic debris was 1.05 mm? (mean
4.45 mm?). The median surface area of micro-meso and macroplastics
was respectively 1.0, 43 and 609 mm? (Table 3). The circularity for the ty-
pology of plastic fragments derived from ZooScan data, varies from 0.05 to
0.90 with the mean value of 0.424; CI 5% 0.422 --0.425. Circularity corre-
lates with the length of plastic fragments with a significant increase with
decreasing particle size (Spearman rank correlation r = —0.564, p <
0.001, N = 64,967). The cumulative size frequency distribution (for all
75,030 particles) skewed towards the lower size range with an increase in
particle number with decreasing size and a strong correlation between
micro and mesoplastic abundance (y = 0.0597 X - 6662.7;r = 0.95, p <
0.001). Indeed, a gradual increase in abundance towards the size of 1 mm
was observed, followed by a flattening of the slope below 1 mm. Among
microplastics, the size class]1-0.3 mm] mm was the most abundant
(48.8%; of the collected microplastic objects), followed by the size class]
2-1 mm] and]5-2 mm] (34.4% and 16.8%, respectively).

Based on these results, we separated the particle size distribution (PSD)
into two regression-fitted curves and estimated the slopes of the power-law
model (Fig. 5a). The overall size distribution of items <1 mm scales with
an exponent a = —0.37 and those of plastics >1 mm with a = —1.96.
The associated values of the coefficients of determination were quite high
(r2 = 0.99 and 0.75 respectively, p < 0.002) and suggest that this model
can explain different patterns regarding fragmentation and loss processes.
At the sub-basin scale, ANCOVA analysis showed significant differences
for both plastic size distribution curves (Fig. 5b, Table S2). The power
law exponent for each sub-basin provides information on the relative con-
centration of small versus large plastic debris. The steeper the slope in abso-
lute value, the greater the proportion of small particles. For the size class
debris <1 mm (F = 143.26; p = 1.34-93) the slope of the Levantine Sea
differs significantly from that of the Aegean Sea, Alboran Sea and WEST
Med, while the other sub-basin does not show significant differences be-
tween them. For debris >1 mm (F = 322.48; p = 1.72 ~77) the slope of
the Levantine Sea differs significantly from the slopes of the other 6 basins.
In addition, the Ligurian Provencal basin has a significantly different slope
from the Aegean, Alboran and WEST-Med and the Aegean Sea has a differ-
ent slope from the Ionian Sea and Tyrrhenian. (Table S2). Power-law regres-
sions were fitted to the size distribution of the different plastic categories
and ANCOVA analysis showed that the slopes differed significantly accord-
ing to the type of plastic (Fig. 5c). For items <1 mm (F = 231.07;p =
1.94 ~“*%) Microfibers have slopes significantly different from the others
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Fig. 4. a) Principal Component Analysis (PCA) with ordination of samples performed on the particle properties (abundance, weight) with a posteriori correlation of
environmental variables (T°C, Salinity, particulate organic carbon (POC), gamma) and polymer composition (Kedzierski et al., 2022).b) PCA performed on the
concentrations of different plastic categories and their geographical distribution ¢) To understand the extent to which this composition changes with geographic location,
each sample was colored using its relative position in the first 3 axes of PCA space using a simple red-green-blue code, which allowed these PCA values to be re-projected

directly onto the map.

categories as well as filaments, while fragments, films and pellets, have sim-
ilar slopes. For items >1 mm (F = 224.85; p = 7.52 ~77), fragments have
slopes significantly different from the others categories, pellets have slopes
significantly different from filaments and films (Table S3).

3.3. Validation of the Lagrangian Plastic Pollution Index with Manta plastic
observations

We assessed whether the amount of plastic debris sampled during the
Tara Mediterranean expedition could be associated with the history of the

Table 3
Average size (mm) and surface area (mm?) of the plastic debris collected during the
Tara Mediterranean expedition.

Size ESD (mm) Area (mmz)

Mean Median Min Max Mean  Median Min Max

All 1.43 1.04 0.15 61.97 4.45 1.05 0.07 3493.16
0.3-1mm  0.61 0.61 0.15  1.00 0.41 0.35 0.07 2.18
<5 mm 1.26  1.02 0.15  5.00 2.29 1.00 0.07 45.34
5-20 mm 7.71 6.72 5.00 1998 65.29 43.80 20.18  404.57
>20mm 28.70 25.52 20.44 61.97 841.08 609.98 359.06 3493.16

water parcel sampled. For this reason, the waters from the 122 Manta
sites were tracked through a backward advection, and their Lagrangian
Plastic Pollution Index (LPPI) calculated (details in Section 2.6). We used
an advection time 7 = 15 days, and a distance threshold from land-based
plastic sources d; = 0.2°. The LPPI values were compared to the measured
plastic concentration, using both the plastic mass (g km ~2) and the number
of plastic items (items km~2). Results showed a significant correlation of
the LPPI with mass and number of collected plastics debris (Fig. 6a; r =
0.41 and 0.59; p < 0.01 respectively). In addition, the bootstrap test showed
that the plastic mass and the number of plastic items were significantly
higher in stations with larger LLPI (Fig. S6; p < 0.05; p < 0.001 respec-
tively). These relationships were present for 34 sites with a non-zero
LPPL, i.e., the sites where the water had passed near a land-based plastic
source in the previous 7 days. To test the robustness of the results, the R
and significance were calculated repeatedly for incremental changes in
the advection time t used to calculate the LPPI (between 0 and 120 days
backward in time). The correlation between the plastic concentration mea-
surements and the LPPI was significant for advection times between 5 and
15 days (Fig. 6b), as well as the bootstrap test (Fig. S6). When decreasing
the distance threshold d; to 0.05°, the correlation was significant for a
large range of advection times, between 5 and 95 days, depending whether
the plastic concentration was expressed as mass or number of items
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Fig. 5. Size distribution of plastics fitted to a power-law regression a) overall size distribution of 75,030 plastics for particles >1 mm and < 1 mm. The solid blue and red lines
show the fit of the logarithmic regression model used to estimate the slope of the PSD over the 2 selected size ranges. b) size distribution of sub-basins for plastics >1 mm and
< 1 mm C) size distribution for different plastics typologies. Black dot line shows the 95% confident interval.

(Fig. S7). When the pollution index is calculated using only cities (LPPIC) or
rivers (LPPIR), the significance is confirmed (Fig. S8). These results show
that the LPPI is a robust diagnostic that can be used to predict plastic con-
centrations across the basin (Table 1). An LPPI was also calculated by con-
sidering vessel density, considered as proportional to the amount of plastic
discharged by vessels (Lebreton et al., 2012). However, this index did not
show a significant correlation with our measurements. This can be due to
the different nature of debris released by vessels and to the relatively coarse
resolution of the vessel density product (1/6°).

4. Discussion
4.1. Dynamics of plastics in the Mediterranean

Our measurements suggest that the Mediterranean plastic debris is in a
more advanced stage of degradation than those detected in several areas of
the Pacific and the Atlantic oceans. They have a smaller size, a smaller sur-
face area, and a lighter mass (Cézar et al., 2014; Goldstein et al., 2013;
Morét-Ferguson et al., 2010; Rivers et al., 2019). Comparison of PP/PE
ratio in Kedzierski et al. (Kedzierski et al., 2022) with that of Enders et al.
(Enders et al., 2020) seems to point to a more advanced segregation process
in the Atlantic (PP/PE = 0.14) than in the Mediterranean Sea (PP/PE =
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0.31). This could mean more regular inputs of microplastics in the Mediter-
ranean Sea than in the central Atlantic Ocean, or a shorter drift time at the
surface of the marine environment. Other regional scale studies in the Med-
iterranean, although more coastal, have also reported an average size and
surface area of plastic in agreement with our results (de Haan et al., 2019;
Pedrotti et al., 2016; Ruiz-Orejon et al., 2016).

The surface-to-perimeter ratio (circularity) is also lower for small plas-
tics, suggesting that large marine debris with irregular edges are eroded
progressively to smaller and more round forms through mechanical degra-
dation. The same relationship was also found in the California Current sys-
tem and was attributed to a long residence time of the particles in the ocean
undergoing weathering and getting rounder in shape (Gilfillan et al., 2009).
When analyzing the surface of the fragments collected during the Tara Med-
iterranean expedition, almost all MPs showed multiple cracks and rough-
ness on the surface indicating that they had undergone photodegradation
and/or aging processes (Fig. S9). However, in the Mediterranean, the resi-
dence time of plastics in surface waters is estimated to be relatively short,
between 7 and 90 days (Baudena et al., 2022; Liubartseva et al., 2018), so
such a degraded state is difficult to explain by a long residence time in
the water. Given the limited area of the basin and the lack of long-term ac-
cumulation (Cézar et al., 2015; Mansui et al., 2015), an alternative explana-
tion is an input of MPs in a more advanced state of fragmentation from
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Fig. 6. a) Plastic concentration (y-axis; g km ~2 and items km 2, left and right panels, respectively) versus Lagrangian Plastic Pollution Index (LPPI, x-axis) in the 34 sites
where LPPI = 0. For the LPPI computation, the advection time t used was — 15 days and the distance threshold dt = 0.10°. The red lines represent the result of the linear
fit. Note that both axes are in log scale. The number of stars in each panel indicates the significance of the linear interpolation (Pearson test: * p < 0,05; ** p < 0,01;
**% p <0,001). b) Linear correlation coefficient (solid blue lines) between the plastic concentration (y-axis: g km ™2, left panel; items/km?, right panel) and the LPPI for
the sites where LPPI= 0, computed by varying the backward advection time t (x-axis). The solid red lines indicate the r of the linear interpolation. Dashed lines indicate
the same correlation, but computed by considering all sites. Black dots, when present, indicate that the linear correlation is significant; their size is proportional to the
significance of the fit, as indicated in the legend (Pearson test, * p < 0,05; ** p < 0,01; *** p < 0,001). On both panels, the LPPI has been computed with a distance
threshold of 0.20°.

nearshore waters. Indeed, according to a numerical model reproducing exponential a = 1.6 + 0.5 (n = 19), suggesting that fragmentation of plas-
plastic retention, larger debris are trapped close to the coast due to Stokes tic in the environment may be partially two-dimensional (Kooi and
drift, while smaller items, less buoyant, are more prone to be transported Koelmans, 2019). Our results for particles >1 mm are consistent with this
offshore (Isobe et al., 2014). Larger plastic debris, retained in the coastal result, with the prevalence of flat rigid fragment debris showing an expo-

waters, are washed up on the beaches, undergoing accelerated degradation nent of 1.96 (95% confidence interval). As size decreases, a break in slope
(Morales-Caselles et al., 2021) into microplastics and then move progres- is observed for particles <1 mm with a smaller increase than expected by
sively offshore. This hypothesis is supported by a significant correlation be- continuous fragmentation, probably caused by size-selective removal pro-

tween coastal source cities (LPPIC index) or rivers (LPPIR index) and areas cesses. These results are also confirmed by previous work, and highlight
of high plastic concentration, and by recent work predicting high retention the strong similarities between ocean regions (Cézar et al., 2014, 2017;

of debris near coastal sources (Baudena et al., 2022; Liubartseva et al., Reisser et al., 2015). However, the constant supply of particles back and
2018). This indicates that stranding/fragmentation/resuspension is one of forth from coastal areas may counteract some losses. A discontinuity in
the key processes in the dynamics of plastics in the Mediterranean Sea. the rate of fragmentation has been predicted, when the fragments become

This may explain the discrepancy between the relatively short lifetime of very small it tends to a cubic shape fragmenting much faster (Ter Halle
microplastics in the surface layer and the time required for their aging in etal., 2016). Little is known about the extent to which marine biodegrada-

the marine environment. Furthermore, the size distribution of plastic debris tion contributes to these faster fragmentation rates, as small weight loss
confirms that the dominant pathway for the formation of secondary MPs is (= 1%/year) has been found for polyethylene, polypropylene in a labora-
their progressive fragmentation, leading to a gradual increase in the num- tory seawater microcosm (Gerritse et al., 2020).
ber of fragments to smaller sizes. Irregular rigid fragments resulting from the breakdown of larger objects
The theoretical linear fragmentation model assumes an equal distribu- were the most common types of non-fibrous plastics collected in agreement
tion of total volume over the number of size classes, leading to a scaling ex- with other studies in Mediterranean (Caldwell et al., 2019; Cdzar et al.,
ponent of 3 (Cézar et al., 2014; Enders et al., 2015). In our study power law 2015; Suaria et al., 2016; van der Hal et al., 2017) with higher proportion
regression fitted to particle concentration levels follows a slightly lower in the western than eastern basin. Whether detected by ZooScan or by
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visual analysis counts, plastic films were found in lower concentrations
than fragments even though they represent a significant proportion (37%)
of polyolefins (Plastics Europe, 2019). This is likely due to their higher
surface-to-volume ratio, which increases biofouling rates compared to
other plastics, allowing for faster sinking (Chubarenko et al., 2016). As
the separation of categories by ZooScan is based on morphological criteria,
improvements are being made to increase the reliability of the analysis.

We showed that the size spectrum of the <1 mm plastic categories
differed in their structure. While flat fragments and films showed a
flattened curve, Microfibers and filaments were indeed present in surface
waters with increasing abundance as size decreased. Although the particle
size range in our study (300-1000 pm) is larger than the size range
(10-100 pm) studied by Enders et al.(Enders et al., 2015) in the Atlantic
Ocean, the slopes display similar behavior. This confirms that fragmenta-
tion kinetics are not fully understood and that the intrinsic characteristics
of the particles influence their dynamics. For example, settling rates depend
on particle surface-to volume ratio, which increases with decreasing parti-
cle size upon fragmentation, (Andrady, 2011; Chubarenko et al., 2016;
Reisser et al., 2015), as well as on particle shape characteristics such as
sphericity and circularity (Van Melkebeke et al., 2020). Biofouling by
algae, inclusion in marine snow, ingestion and egestion by zooplankton
are biological mechanisms which are likely to affect the fate of plastic de-
bris depending on their characteristics (Cole et al., 2016; Kooi et al.,
2017; Kvale et al., 2020). In addition, the density of water particularly
high in the case of the Mediterranean may explain that some of the denser
particles remain at the surface, as is the case of polyamide contributing to
longer residence times and therefore more homogeneous horizontal distri-
butions (Pedrotti et al., 2016). This is the case in our study, although
underestimated microfibers are significantly correlated with the presence
of polyamide and present throughout the basin. Notably, according to the
RCP scenarios adopted by the IPCC, the Mediterranean Sea will become
warmer and saltier throughout most of the basin. Our result on the size dis-
tribution of the different types of plastics gives us relevant information on
their origin and also suggests that the losses of plastics observed for the
lower size class may be counterbalanced by the contribution of small frag-
ments from the shoreline.

4.2. Plastic distribution at basin scale

Plastic debris was present at all surface sampling sites in the Mediterra-
nean Sea, confirming widespread contamination throughout the basin. The
average plastic abundance (2.60 x 10° km~?) was similar to the single
study conducted in 2013 with 30 sites sampled throughout the Mediterra-
nean basin (Cézar et al., 2015) while the average mass concentration is
twice as low (423 g km™~?), but comparable to the average concentrations
measured in the inner accumulation areas of the subtropical oceanic
gyres, which ranged from 281 to 639 g/km? (Cézar et al., 2014). Our
total estimates of surface plastic load, although slightly lower, are consis-
tent with previous estimates based on field surveys (750-3000 metric
tons); (Cozar et al., 2015; Ruiz-Orejon et al., 2016; Suaria et al., 2016).
This improved estimation based on a large set of data are an order of
magnitude lower than those derived from calibration models that estimate
5000-30,000 metric tons, (5%-13% of global mass) and 3-28 trillion
particles, (21%-55% of global items) circulation in the basin (Eriksen
et al., 2014; Lebreton et al., 2012; van Sebille et al., 2015). These differ-
ences are likely related to model constraints, as some key loss processes
(sinking, stranding) were not included.

In a recent model, the low plastic loads estimated at the surface
(240-390 tons), those being washed ashore (54%) and sinking to the bot-
tom (45%) (Kaandorp et al., 2020), are instead related to the model con-
straint of low plastic input (4000 tons) compared to previous models that
estimated about 100,000 tons (Liubartseva et al., 2018). The latter extrap-
olated the amount of floating plastic entering the Mediterranean Sea in
2010 from the Jambeck et al. (2015) study by considering that about half
of the plastic debris is less dense than sea water. Therefore, there is still de-
bate about these values.
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The LPPI allowed us to link the plastic concentration to the history of a
water parcel and the magnitude of the land-based plastic sources it encoun-
tered in the previous days. The significance is confirmed also when the pol-
lution index was calculated using only cities (LPPIC) or rivers (LPPIR), as
well when applying a bootstrap test. These results remain robust within
the limits of the variation of distance threshold from terrestrial sources
between 0.05 and 0.2°, and the advection period between 5 and 90 days.
Beyond this time period the inconsistency between predictions and obser-
vations may be due to the difficulty to realistically describe the velocity
field i.e., the trajectories of water parcels over a long period of time. This
is particularly true while advecting relatively small areas (of the order of
the velocity field resolution or less). This may explain also why several lo-
cations presented a LPPI value equal to zero: the advection time may
have not been long enough for the plastic debris to reach its source. In ad-
dition, plastic debris is affected by dynamics other than physical transport,
such as biofouling, beaching, washing-off, fragmentation, etc. which were
not considered. For instance, plastic debris may be generated from break
of larger items in a location far from their source. However, on the other
hand, the short time scale (a few weeks) obtained agrees with the average
residence time of plastics in the Mediterranean Sea reported in previous
studies (Baudena et al., 2022; Liubartseva et al., 2018). Overall, the LPPI,
despite these limitations, seems a promising diagnostic to predict plastic
concentration. Indeed, it has the advantage of needing a single backward
advection of a water parcel in order to estimate its plastic content. Classical
plastic-tracking models need to perform a simulation over the entire basin
and possibly over multiple years, which is both complex, time consuming
and computationally expensive.

Although field data converge on the occurrence of relatively small loads
compared to expected inflows, they should be supported by a better assess-
ment of leakage mechanisms. For example, in the Mediterranean, the PP/
PE ratio tends to increase as size decreases, which may indicate faster deg-
radation of PP that sediment or fragment more rapidly (Kedzierski et al.,
2022). If this ratio is much lower than riverine (and other) inputs and the
estimated mean residence time is low, it is possible that most PP
microplastics are at the bottom of the Mediterranean Sea. Reliable data
on the environmental pathways of plastic waste would allow for a better es-
timate of global inputs, as shown by Weiss et al. (Weiss et al., 2021), who
obtained estimates that were two to three orders of magnitude lower than
currently estimated riverine fluxes.

4.3. Plastic distribution at a regional scale on the surface of the Mediterranean
Sea

During the Tara Mediterranean expedition, we sampled floating plastic
in most of the Mediterranean basins from Gibraltar to Lebanon. Our results
show that the distribution of plastic debris in terms of abundance, mass and
size at the surface of the Mediterranean Sea is uneven and marked by
regional differences with areas of very high abundance, such as Cape
Corsica, and very low abundance, such as the inner part of the Levantine
basin reflecting the high temporal and spatial variability of the currents
(Fig. 1).

4.3.1. Western Mediterranean Sea

Although few measurements have been made, a great variability of con-
centrations in abundance and weight of plastic has been observed in the
Alboran Sea and near Gibraltar. This was likely due to differences in plastic
input induced by the mesoscale circulation associated with Atlantic Water
(AW) inflow (Millot and Taupier-Letage, 2005). It has been suggested
that some of the floating plastic pollution in the Mediterranean originates
from outside the basin (Cézar et al., 2015). The AW form the Algerian Cur-
rent (AC) which flows along the African coast, the concentrations of plastic
found are not homogeneous, it may be inputs from large cities such as Al-
giers or Bizerte because few rivers have their confluences on these coasts
and the construction of dams reduces the flow of rivers to the sea and
traps sediments in the reservoirs of the dams, including plastics from the
catchments.
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Tyrrhenian Basin: near the Sicily Strait level, the light surface AW divides
into two branches. The first one is directed northwards entering the
Tyrrhenian Sea flowing along the Italian coasts creating the Northern Cur-
rent (NC). The Tyrrhenian Basin, although not statistically different, had
the highest average concentrations of plastic debris, which can be explained
by its presence in large quantities near northern Sicily and in the Gulf of Na-
ples. In addition, the relatively lower number-to-mass ratio and a high sur-
face area occupied by plastics (1463 m2 km ~2), suggest that particles were
less aged in this area than in other regions, indicating the existence of local
sources of microplastic pollution. This is also corroborated by a significantly
lower proportion of poly(ethylene) (PE) than the average value for the
Mediterranean Sea (57.9 * 10.5%), (Kedzierski et al., 2022) results
interpreted as the possible signal of nearby plastic sources. Another source
that could be added to explain this high contamination is the maritime ac-
tivity in the Tyrrhenian Sea; more locally, in the strait of Bonifacio, a
model-derived estimate that sea-based litter has been shown to account
for 87% of total litter, as a consequence of shipping routes and leisure
boating (Liubartseva et al., 2019). Plastic debris, pushed by currents and
winds, reaches the Strait of Corsica where the highest abundance of plastic
was observed in our study (up to 8 million items km ™~ 2). The Corsica Chan-
nel in the border between the Tyrrhenian Sea and the Ligurian Sea was also
identified as a plastic hotspot by other studies (Caldwell et al., 2019; Suaria
et al., 2016). While not a true accumulation area, the high level of contam-
ination is likely induced by seasonal circulation, particularly during summer
when the East Corsican Current is less intense than in winter (Fossi et al.,
2017; Mansui et al., 2015). Furthermore, a recent study on plastic debris
tracking in the Mediterranean, where the slope of the coastline was incorpo-
rated into the model, showed that the effect of stranding is regulated by the
length and topography of the coastline. When currents are directed towards
Cape Corsica, plastic debris accumulates there because the steepness of the
local shoreline prevents it from being beached (Baudena et al., 2022).

The Ligurian-Provengal and Balearic Sea: Corsica Channel is one of the en-
trances to the Pelagos Sanctuary, a marine protected area (MPA), where fin
whales are exposed to microplastic ingestion during the summer feeding sea-
son (Fossi et al., 2012). In this region, where the NC flows cyclonically along
the continental slope of the Ligurian-Provencal sub-basin (Millot and
Taupier-Letage, 2005) we observed high concentrations of plastic especially
between Nice and Toulon (> 5 x 10°items km ~2). The Ligurian Sea has also
been identified by other authors (Collignon et al., 2012; Pedrotti et al., 2016)
as having a plastic concentration about seven times higher than that of the
Sardinian Sea in the southern direction (average value of 0.13 items m~ %)
(de Lucia et al., 2014). Further east in the Gulf of Lion, in the bay of Mar-
seille, the average abundance of plastic (1.2 x 10° items km ™ ?) is similar
to that observed over the same period (1.1 10° items km~2) by Schmidt
et al. (2018) whereas the average weight observed is 5 times greater in our
study. This suggests that large cities like Marseille and the rivers like
Rhone are sources of plastics displaying very short scale variability. Indeed,
Ourmieres et al. (Ourmieres et al., 2018) showed that on the French Riviera,
the winds and the NC drive the stranding or the transport of floating plastic
debris either by forming a cross-shore transport barrier, keeping them close
to the coast as in our results, or by exporting them offshore. The main branch
of the NC continues along the Balearic Sea, considered one of the most
plastic-polluted areas in the Mediterranean (de Haan et al., 2019). In our
sampling stations, 89% of the plastic mass collected was composed of
macroplastics, which corroborates that this area is probably a source of plas-
tics from large cities like Barcelona or adjacent rivers (Gonzalez-Ferndndez
et al., 2021). Plastic debris was also detected in the Sardinian Sea in greater
quantities than in other studies (Ruiz-Orejon et al., 2016). This could be at-
tributed to the confluence of the Balearic Current (BC) associated with the
Stokes drift, which tends to reinforce the plastic transport from the densely
populated areas of the southeastern Gulf of Lions to the north African coast
(Liubartseva et al., 2018; Millot and Taupier-Letage, 2005).

4.3.2. The Eastern Mediterranean Sea
The second branch of AW turns southward, entering the eastern basin
through the Strait of Sicily forming the Libyan Current (Millot and
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Taupier-Letage, 2005). Towards the central Ionian Sea, we observed signifi-
cant concentrations of plastics, although this area is considered a diffusive
zone with relatively moderate predictions of plastic debris (~5-7 g km™?),
(Liubartseva et al., 2018). One explanation is their marine origin via the At-
lantic Ionian Stream (AIS) where shipping lanes are particularly dense in this
area. This hypothesis is supported by the unstable nature of the Libyan cur-
rent, which locally generates a series of cyclonic and anticyclonic gyres pre-
venting the transport of plastics towards the center of the basin (Sorgente
et al., 2011). The only field study in the Tunisian shelf/Gulf of Sidra showed
that surface waters in the Gulf of Gabes have low concentrations of plastics
(Zayen et al., 2020) supporting models that predict that in the south, the
Libyan coastline is not exposed to high inputs of terrestrial litter (<2 g km ~2).

The strong Lybian-Egyptian current flows into the Levantine Sea to-
wards the eastern end of the basin, then turns sharply northward, spreading
along the coast to arrive near the Turkish coast. From Israel to Lebanon high
concentrations of plastic have been found (van der Hal et al., 2017). These
coastal areas are potential sinks for plastics (Duncan et al., 2018) but also
sources as plastic debris can be transported north along the Turkish coast
(Giindogdu and Cevik, 2017). Turkish coasts are also receptors of plastic
from adjacent rivers, which explains the high concentration and expected
high flux of plastic especially in Mersin Bay (Giindogdu et al., 2018;
Lebreton et al., 2017). As mentioned above, we were not able to sample
the coastal areas of the Levantine Basin, our sampling stations are located
inland near and off the coast of Cyprus. Our results reflect an open sea con-
dition and do not account for the high plastic load observed in these coastal
areas. These patterns do not match the accumulation areas predicted by
global particle tracking models due to the imprecise resolution of the meso-
scale field in the sub-basin (van Sebille et al., 2015), and the very high
levels measured (van der Hal et al., 2017), but agree with models that, by
including stranding and sedimentation rates, predict retention areas near
the shoreline (Baudena et al., 2022; Liubartseva et al., 2018; Soto-
Navarro et al., 2020). Indeed, the abundance and mass concentration of
plastics are the lowest found in the entire Mediterranean and the size distri-
bution of plastics differs significantly from the other sub-basins, suggesting
that the plastics are isolated with probable decoupling from the sources.
The observed results are likely related to the complexity of the large cy-
clonic circulation in this NE Levantine basin (Estournel et al., 2021). In
the northern part, the counterclockwise wind and the barrier effect of the
Mediterranean current limit exchanges with open areas, favoring the flow
of plastic debris along the shoreline (Giindogdu et al., 2018). In the south-
ern part, the transport of plastics from the Egyptian coast to the inner part of
the basin appears to be suppressed by an intense, shore-directed, Stokes
drift (Liubartseva et al., 2018). Backward analysis of particle drift on
Cyprus beaches shows that most plastics likely originated in the basin
(Duncan et al., 2018). This is supported by a high rate of PE observed in
the eastern basin (Kedzierski et al., 2022). We hypothesize that the debris
that can escape the Stokes drift is likely trapped in the larger system of
Cyprus persistent anticyclonic eddies (Estournel et al., 2021). By isolating
plastics from coastal sources, a segregation phenomenon occurred; thus,
denser polymers (e.g., PA, boat paints) would tend to sediment and their
percentages would decrease rapidly (Kedzierski et al., 2022).

This pattern of plastic dynamics was observed in the summer (August
2-19) in the low runoff season and can vary significantly during the winter
period when runoff plays an important role in plastic transport from fresh-
water systems (Lebreton et al., 2017). Flooding periods along the Turkish
coast, resulted in a significant increase in plastic concentrations and a de-
crease in PE rates; in Mersin Bay the average particle size also dropped in
the sampling from 2.37 mm to 1.13 mm before and after the floods events
(Giindogdu et al., 2018). Other scenarios of circulation and accumulation of
floating litter also predicted an eastward and shoreward shift in winter
(Macias et al., 2019).

Further out in the Aegean Sea, several eddies are found around the is-
land of Crete and the Greek coast, while the dominant currents flowing to-
wards the Ionian Sea where they are redirected southward along the
eastern coasts of Sicily (Millot and Taupier-Letage, 2005). Concentrations
of plastic debris between Cyprus and Crete were low (Fig. 1), in agreement
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with models that predict a zone of plastic dispersal from the Asia Minor Cur-
rent to the southern Aegean Sea (Baudena et al., 2022; Liubartseva et al.,
2018; Macias et al., 2019; Soto-Navarro et al., 2020). With the exception
of a hotspot area in the Saronic Gulf (Greece), likely related to inputs
from the Athens metropolitan area and in agreement with other studies
(Adamopoulou et al., 2021; Ruiz-Orején et al., 2016), low concentrations
of plastics have been detected between the islands in the center of the
sub-basin (average 8 X 10* km~2). This corresponds to a predicted less pol-
luted area, probably due to the filtering effect of the numerous islands and a
remote plastic source (Politikos et al., 2017). Another area of high plastic
concentration was found in the Gulf of Taranto, in the northern Ionian
Sea. This is a complex area also polluted by organic or inorganic contami-
nants where anthropogenic factors seem to be the most important pollution
sources (Cotecchia et al., 2021).

The Tara Mediterranean expedition allowed us to undertake an integra-
tive study with a large amount of new data and parameters on plastic never
collected before. Examination of the distribution of floating plastic debris in
the different sub-basins show lower concentrations of plastics in the Levan-
tine and Aegean basins and although not significantly different, the
Tyrrhenian basin shows a characteristic distribution with a high accumula-
tion in its northern part. The spatial resolution of the data allowed us to tar-
get areas of high plastic concentration and, using LPPI, to link the plastic
concentration to the water mass and land sources encountered. Use of
this tool could help prioritize mitigation strategies and facilitate future pre-
dictions as it can provide a means to estimate plastic concentrations.

According to our results hundreds of billions of plastic debris float on
the surface of the Mediterranean of which 95% are <5 mm. Therefore,
our results reflect the lower limit of the surface plastic pollution carried
out mainly during low runoff seasons. Additional sampling is needed dur-
ing the high runoff winter period to account for climate change, flooding
and shoreline erosion.

Our study demonstrated the importance of acquiring and analyzing a
series of parameters for each object such as size, surface area, weight,
grade, etc. Using imaging methods, we obtained a comprehensive and stan-
dardized database of ~75,000 plastics which, coupled with their chemical
characterization (Kedzierski et al., 2019b, 2022) provide us with a unique
dataset that can be used for later investigations. These results allowed us
to obtain reliable estimates of plastic dynamics and to identify the advanced
state of plastic degradation that supports the hypothesis of multiple
stranding and resuspension of plastic particles. This may indicate that the
processes leading to the formation of microplastics in the Mediterranean
were mainly initiated on land or in rivers.

Monitoring changes in plastic morphological parameters is an impor-
tant step in understanding the fate of plastics in the oceans and should be
combined with quantitative land-sea assessments and the tracking of atmo-
spheric deposition. Nano- and microplastic can be released from the marine
environment into the atmosphere by sea-sprays (Trainic et al., 2020).

Although some plastic variables in our study correlate with patterns of
ocean productivity, they are likely to be more related to water mass circu-
lation than to biological activity. We still lack the knowledge to predict
with certainty at what level the presence of plastics might affect the resil-
ience of marine ecosystems. A recent modeling study showed that con-
sumption of microplastics by zooplankton can reduce grazing pressure on
primary producers with biogeochemical consequences depending on the
trophic status of the system (Kvale et al., 2021).

Because the vast majority of plastics observed are small, it is nearly im-
possible to actively remove those that have already accumulated in the envi-
ronment, leading us to believe that the primary solutions for mitigating this
pollution lie on land. All in all, only an integrative approach to transforming
the global plastics economy can provide solutions for better waste manage-
ment and reduced future plastic emissions (Borrelle et al., 2020).
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