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In this study, the abundance and properties (size, shape, and polymer type) of
microplastics (MPs) in sea surface water samples, collected during two sampling
campaigns over 2018-2019, in four coastal areas of the Mediterranean Sea (Saronikos
Gulf, Llgurian Sea, Gulf of Lion, and Gabes Gulf) were investigated. Coupled
hydrodynamic/particle drift model simulations with basin-scale Mediterranean and high
resolution nested models were used to provide a better understanding on the variability
of the abundance/size of MPs, originating from wastewater and river runoff, in the
four areas. Different size classes of MPs were considered in the model, taking into
account biofouling induced sinking, as a possible mechanism of MPs removal from
the surface. The Gabes Gulf showed the highest mean MPs abundance (0.073-0.310
items/m?), followed by Ligurian Sea (0.061-0.134 items/m?), Saronikos Gulf (0.047—
0.080 items/m?), and Gulf of Lion (0.029-0.032 items/m?). Overall, the observed MPs
abundance and size distribution was reasonably well reproduced by the model in the
four different areas, except an overestimation of small size contribution in Saronikos Gulf.
The basin-scale simulation revealed a strong decrease of smaller size MPs in offshore
areas, due to biofouling induced sinking, with larger (floating) MPs being able to travel
longer distances in the open sea. A significant impact of waves drift and advection of
MPs from non-local sources was identified from model simulations, particularly in the
Gulfs of Lion and Gabes, having a stronger effect on larger microplastics. In Gabes Gulf,
most MPs originated from offshore areas, being mainly (floating) larger size classes,
as suggested by the observed quite small contribution of <1 mm particles. The MPs
observed abundance distribution in each area could be partly explained by the adopted
sources distribution. The modeling tools proposed in this study provide useful insight
to gain a better understanding on MPs dynamics in the marine environment and
assess the current status of plastic pollution on basin and regional scale to further
develop environmental management action for the mitigation of plastic pollution in the
Mediterranean Sea.
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INTRODUCTION

In 2019, worldwide production of plastic was 368 million metric
tons and, after a decrease in the first half of the year 2020,
due to COVID-19 pandemic, it has started to increase again
(PlasticEurope, 2020; Patricio Silva et al., 2021). Plastics have
been found worldwide in the marine environment, with estimates
suggesting that 5-10 million tonnes (accounting for 1.5-4% of
the global plastic production) enter the ocean every year. These
amounts are expected to increase 1 order of magnitude by 2025
(Maes et al., 2018; Kane et al., 2020; Shabaka et al., 2020).

Recently, there is a growing global awareness and concern
on the impact of plastic pollution on marine organisms
(Anastasopoulou and Fortibuoni, 2019), particularly considering
that a substantial proportion (estimated at 13.5%) of the marine
plastic budget occurs as microplastics (MPs) (particles <5 mm;
Eriksen et al., 2014). In the marine environment, MPs can
originate from different sources (Freeman et al., 2020). The so-
called primary MPs are those manufactured for applications
including resin pellet, microbeads associated with industrial
spillages and cosmetics exfoliators in personal care products (Van
Cauwenberghe et al., 2015; Coyle et al., 2020), while secondary
MPs are those deriving from the progressive fragmentation of
larger pieces of plastic litter, as a consequence of weathering on
land and at sea (Arthur et al., 2009; Gerritse et al., 2020; Napper
and Thompson, 2020). MPs can originate from various land- and
sea-based sources, entering the marine environment via different
pathways, such as sewage outlets, wind and land run-off, rivers or
urban effluents (Veiga et al., 2016).

The Mediterranean Sea is a semi-enclosed basin with limited
outflow of surface waters and a densely populated coastline,
hosting a series of intensive activities (tourism, fishing, shipping,
and industry) and subject to several anthropogenic pressures
(Schmidt et al., 2018; Wakkaf et al., 2020). Concerning plastic
pollution, it represents one of the most impacted regions of
the world (Lebreton et al., 2012; UNEP/MAP, 2015; Llorca
et al, 2020; Macias et al., 2021), receiving from 5 to 10%
of the global plastic mass (Cozar et al, 2015; Compa et al,
2020; Wakkaf et al., 2020). As listed in Table 1, a high density
of floating debris was reported since 1980s (Morris, 1980),
while recently, Coézar et al. (2015) have highlighted that the
average plastic concentration in Mediterranean surface waters
was comparable to the accumulation of plastic litter in the
five subtropical gyres, contributing to define this area in the
subsequent years a hot spot of plastic pollution (Suaria et al., 20165
Cincinelli et al., 2019; Avio et al., 2020), with TUCN (International
Union for Conservation of Nature) recent estimates of total
accumulated plastics in the Mediterranean (surface, seafloor,
water column, and coasts) ranging between 53,500 and 3,546,700
tonnes (Boucher and Bilard, 2020).

Although the Mediterranean Sea is one of the most
investigated marine regions of the world (Cincinelli et al., 2019),
a comprehensive knowledge on the marine litter distribution,
sources and sinks in this area is still lacking. The MPs pollution
may significantly vary geographically, depending on local
source inputs (i.e., river runoff, industrial and urban effluents,
etc.), as well as environmental factors (Browne et al., 2008;

Kukulka et al., 2012; Kim et al., 2015; Imhof et al., 2017). When
buoyant plastics enter the ocean, their fate is determined not only
by their physical properties (e.g., density, size, and shape) and
processes in the marine environment (wind, waves, and ocean
currents), but also by processes related to the MP itself, including
aggregation with other particles (Long et al., 2015), biofouling
(Fazey and Ryan, 2016; Kooi et al, 2017) and degradation
into smaller particles (Eriksen et al., 2014; Gewert et al., 2015;
Song et al.,, 2017; Kvale et al., 2020). The interplay of such
different factors may contribute to the accumulation of MPs in
an open sea or coastal area (Desforges et al., 2014; Fauziah et al,,
2015; Brach et al., 2018; Adamopoulou et al., 2021). Numerical
models simulating the movement and fate of marine litter
provide essential tools to gain a better understanding and predict
accumulation areas of plastic debris (NOAA, 2016). Such models
have been implemented on both global scale (e.g., Lebreton
et al., 2012; Maximenko et al., 2012; van Sebille et al., 2015)
and in the Mediterranean (e.g., Mansui et al., 2015; Zambianchi
et al,, 2017; Liubartseva et al., 2018; Kaandrop et al., 2020; Soto-
Navarro et al., 2020; Macias et al., 2021) to simulate the pathways
and accumulation patterns of floating plastics, originating from
known sources (cities, rivers, and shipping lanes). However,
except very few studies (e.g., van Sebille et al., 2015; Carlson et al.,
2017; Kaandrop et al., 2020), simulated plastics concentrations
were not validated against in situ data and model results provided
mainly qualitative findings.

Tsiaras et al. (2021) implemented a basin-scale coupled
hydrodynamic/particle drift model in the Mediterranean to track
the pathways of MPs from major land-based sources (cities
wastewater and river runoff), which, according to the IUCN
(Boucher and Friot, 2017), represents the overwhelming majority
(98%) of primary MPs input into the ocean. Different size classes
of MPs were considered in the model, taking into account
biofouling induced sinking, a size specific process that has been
hypothesized in several studies (Cozar et al., 2014, 2015; van
Sebille et al., 2015; Fazey and Ryan, 2016; Kaiser et al., 2017;
Koelmans et al., 2017) as a potential explanation of the decreasing
surface concentration of smaller size microplastics. The primary
objective of the present study is to investigate the variability of
MPs abundance, obtained from surface water samples collected
during 2018-2019 EU H2020 Claim Project sampling campaigns
in four coastal areas of the Mediterranean Sea (Saronikos Gulf,
Ligurian Sea, Gulf of Lion, and Gabes Gulf) and also to further
evaluate model results. The simulated MPs distributions with the
basin-scale Mediterranean model (Tsiaras et al., 2021) over the
2018-2019 period was used to provide a better understanding
on the variability of MPs abundance and size distribution in
the key study areas. While such basin-scale simulations may
provide an important first step for the assessment of plastic
pollution on Mediterranean basin-scale, effectively considering
also transboundary pollution (Macias et al., 2021; Hatzonikolakis
et al,, 2022), management plans for the mitigation of plastics
are usually implemented on more local scales. Moreover, given
the significant uncertainty in the plastics sources distribution
(Tsiaras et al., 2021), inputs of plastics on local scale may be
biased and require adjustments. Thus, in order to better resolve
the dynamics of MPs and also fine-tune existing source inputs
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TABLE 1 | Indicative microplastics concentrations in the Mediterranean.

Sampling area Net mesh Sampling nets Abundance Abundance unit References

Northwestern Mediterranean 333 pm Manta trawl 0.016 ltems/m? Collignon et al., 2012

(Gulf of Lion/Ligurian Sea) 16,000 [tems/km?

Ligurian Sea/Sardinian Coast 200 pm WP2 0.94 ltems/m Fossi et al., 2012
310,000 £ 100,000 [tems/km?

Bay of Calvi — Corsica (France) 200 pm WP2 0.062 [tems/m? Collignon et al., 2014
62,000 [tems/km?

Sardinia 500 pm Manta trawl 0.15(0.01 £ 0.11) Items/m?3 de Lucia et al., 2014

Mediterranean Sea 200 um Neuston net 243,853 [tems/km? Cozar et al., 2015

Mediterranean Sea 333 um Manta traw! 130 [tems/km? Faure et al., 2015

NW Sardinian 200 pm WpP2 0.17 £0.32 Items/m?3 Panti et al., 2015

Ligurian Sea 200 pm WpP2 0.49 Items/m?3 Fossi et al., 2016

Northwestern Mediterranean 333 um Manta net 147,500 [tems/km? Ruiz-Orejon et al., 2016

Northwestern Mediterranean 330 um Manta traw! 28,000-578,000 [tems/km? Pedrotti et al., 2016

Central-western Mediterranean 200 pm Neuston net 3.13 [tems/m?3 Suaria et al., 2016
40,000-9,230,000 ltems/km?

Mediterranean Coast of Turkey 330 um Manta trawl 16,339-520,213 [tems/km? Guven et al., 2017

Levantine Sea 333 um Manta trawl 1,067,120 [tems/km? Gundogdu, 2017

Levantine Sea 330 um Manta trawl 37,600 Items/km? Gundogdu and Gevik, 2019

Western Mediterranean Sea 333 um Manta trawl 82,000 + 79,000 Items/km? Fossi et al., 2017

Israeli Mediterranean coast 330 um Manta traw! 7.68 +2.38 [tems/m?3 van der Hal et al., 2017
1,518,340 Items/km?

Balearic Islands 333 pm Manta trawl 900,324 Items/km? Ruiz-Orején et al., 2018

Menorca Channel 330 um Manta traw! 224,294 [tems/km? Ruiz-Orejon et al., 2019

Gulf of Lion 780 and 330 pm Manta trawl 6,000-1,000,000 ltems/km? Schmidt et al., 2018

North lonian Sea - 0-1,160,000 [tems/km? Digka et al., 2018

Adriatic Sea 330 um Manta traw! 315,009 + 568,578 [tems/km? Zerietal., 2018

North Tyrrhenian Sea 330 um Manta trawl 0.26 [tems/m?3 Baini et al., 2018

Ligurian and Tyrrhenian Seas 300 pm Manta net 28,376 + 28,917 Items/km? Caldwell et al., 2019

Gulf of Gabes 200 pm Manta net 63,739 [tems/km? Zayen et al., 2020

Southern Mediterranean Sea 330 um Filtration pump 453 + 335 Items/m?3 Wakkaf et al., 2020

Western Mediterranean Sea 330 pm Manta net 858,029 + 4,082,964 Items/km? Compa et al., 2020

Eastern Mediterranean Sea 330 um Manta traw! 0.26 + 0.36 [tems/km? Adamopoulou et al., 2021

to obtain a better fit with the observational data, high resolution
hydrodynamic/particle drift models, nested in the Mediterranean
basin-scale model, were downscaled in the four different areas.
Such an approach with nested particle tracking models has not
been implemented elsewhere, to our knowledge, and might offer
a useful modeling tool for the assessment of plastic pollution on
regional and local scales.

MATERIALS AND METHODS

Sampling Collection

Two sampling campaigns were performed, across four coastal
areas of the Mediterranean Sea (Saronikos Gulf, Ligurian
Sea, Gulf of Lion, and Gabes Gulf), from September 2018
to November 2019, aiming to represent two different
seasons, corresponding to autumn/winter (campaign I)
and spring/summer (campaign II) when possible. For each
geographical area (Figure 1), sampling sites (same locations in
both campaigns; see Supplementary Tables 1-5) were selected
based on potential MPs sources/pathways (e.g., Wastewater

Treatment Plants/WWTPs, river mouths), including also some
vulnerable or less sensitive habitats (i.e., Marine Protected
Areas, MPAs), characterized by a low anthropogenic impact in
order to compare results with those belonging from potential
MP sources. Detailed information about sampling sites for
each geographical area (e.g., coordinates and sampling data) is
reported in Supplementary Tables 2-5.

A total of 74 surface water samples were collected using a
manta net of different mesh and open mouth size: a 100 and
330 pm manta net (W0.70xH0.40m) in Ligurian Sea and Gulf
of Lion, respectively; a 330 pwm manta net (W0.60xH0.24m) in
Saronikos Gulf and a trawled net (W0.60xH0.20m) mounted with
a 200 wm mesh size in Gabes Gulf. During all sampling activities,
the manta nets were trawled on the water surface at 1-2 Knots for
10/20 min, kept at a distance of about 50 m from the boat to avoid
the turbulence induced by the wake of the ship.

After each sampling event, all collected samples were then
carefully transferred into new plastic bottles (previously rinsed
with Milli-Q water) and then appropriately maintained for
subsequent laboratory analysis. During sampling and sample
handling, all precautionary measures (e.g., carefully cleaning
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FIGURE 1 | Mean (2018-2019) simulated microplastics (A) concentration (items/m?) and (B) contribution <1 mm (%). The four key study areas are indicated (black
box, Gulf of Lion; blue box, Ligurian Sea; green box, Gabes Gulf; and red box, Saronikos Gulf).

20 25 30 35

all the equipment used prior to sampling, covering samples
and equipment in use), recently suggested by GESAMP (2019)
guidelines, were taken into account in order to avoid potential
environmental contamination. The use of a flow-meter was not
applied in all sampling areas, since flow-meters do not always
give reliable results (Gago et al., 2018). For all sampling areas,
the filtered volume (m?) was calculated by multiplying the area
of the net mouth by the distance covered during the tow,
between two positions registered by GPS starts and stops (Gago
et al., 2018; Ourmieres et al., 2018). The MPs abundance was
then calculated as items/m?®, namely the number of particles
per volume. These data were also converted to items/m? and
items/Km? in order to be comparable with the simulated MPs
abundance and also the majority of available in situ data in
the Mediterranean (see Table 1). The area covered (m?) was
calculated by multiplying the width of the net mouth by the
distance covered during the tow.

Sea Water Samples Analysis

Water samples were analyzed for their plastic content at CNR
laboratory using a stereomicroscope (Olympus SZX7, 8x-56x)
with attached digital camera (Nikon, DSL3).

All potential particles were directly identified and manually
sorted out from the sample (Morgana et al, 2018), then
categorized by shape (fragment, lime fiber, pellet, film, and
foam) and size (macroplastics: >5 mm; large MPs: 3-5 mmy;
medium MPs: 1-3 mm, and small MPs: <1 mm) (Morgana
et al.,, 2018; Frias and Nash, 2019). In order to confirm the
polymeric nature, all items were identified by a Perkin Elmer
Two Fourier Transform Infrared (FT-IR) spectrometer, equipped
with Universal ATR (UATR) accessory with a 9-bounce diamond
top-plate (wave number range: 4,000 and 450 cm-1 resolutions;
32 scans). After measurement, the spectrum was compared to
reference spectra through libraries supplied by Perkin Elmer, with
a >70% similarity threshold.

Since contamination is a constant threat toward accurate
laboratory analysis, several precautionary measures have been
applied to prevent and avoid potential contamination of
samples from external sources (i.e., airborne fibers) according to
GESAMP (2019). As the laboratory is a busy environment and
it is difficult to control contamination from nearby activities, the
samples were covered during visual identification (Torre et al.,
2016; Prata et al., 2019) and filter blanks were run in parallel
to verify background airborne contamination during laboratorial
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procedures, as suggested by Gago et al. (2018). All particles found
both in the sample and on the filter blank were excluded from
the final MPs estimate in order to avoid overestimation (Rummel
etal., 2016; Morgana et al., 2018).

Model Description
A basin-scale Mediterranean (Figure 1) 3-D hydrodynamic
model (~5 Km horizontal resolution) has been coupled with
a Lagrangian drift model (see also Tsiaras et al, 2021),
describing the transport and fate of different size MPs from
major land based sources (rivers and wastewater effluents). The
hydrodynamic model is based on the Princeton Ocean Model
(POM; Blumberg and Mellor, 1983) that is currently operational
within the POSEIDON forecasting system (Korres et al,
2007'). A hybrid ensemble data assimilation algorithm (Tsiaras
et al, 2017) was implemented to correct the simulated near
surface circulation, based on satellite altimetry and sea surface
temperature data, obtained from the European Copernicus
database.” The hydrodynamic model is also coupled with a
comprehensive biogeochemical model (Kalaroni et al., 2020a,b),
based on the European Regional Seas Ecosystem Model (ERSEM;
Baretta et al, 1995), which provides bacterial biomass that
is used to parameterize biofilm growth of microplastics (see
Supplementary Material 1.1). The waves forcing (stokes drift,
wave period, and significant height), used in the Lagrangian drift
model was obtained off-line from Copernicus marine service
(see text footnote 2) and is based on WAM Cycle 4.5.4 wave
model (Gunther and Behrens, 2012) that is also a component of
POSEIDON forecasting system.

The Lagrangian drift model is based on Pollani et al. (2001)
and evaluates the particles’ displacement taking into account the
following processes:

e Advection from ocean currents, obtained from the
hydrodynamic model.

e Waves stokes drift, obtained off-line from the wave model
output.

e Buoyancy/sinking, depending on the particles’ diameter/
size and density.

e Random movement in the horizontal, depending on the
horizontal diffusion (obtained from the hydrodynamic
model).

e Random movement in the vertical, depending on
the turbulent vertical diffusion (obtained from the
hydrodynamic model) and waves (obtained off-line from
the wave model output).

e Increase of particle density with time due to biofouling.

The model follows the concept of Super-Individuals (SI;
Schefter et al., 1995) for computational efficiency, with each SI
representing a group of particles, sharing the same attributes
(position, weight, origin, type of plastic, etc.). Four size classes
(350, 500, 1,000, and 2,000 wm) of MPs are considered in the
model, with initial density ~960 kg/m?, being the density of most
common plastics (polyethylene; Zeri et al., 2018; Llorca et al.,

'www.poseidon.hcmr.gr

Zhttp://marine.copernicus.eu/

2020) found in the marine environment. The MPs concentration
is initialized with a uniform background concentration, based on
the basin median abundance from available in situ data (~0.06
items/m?, see Supplementary Figure 3) and is distributed with
the same weight on all size classes. A simplified parameterization
of biofilm growth is adopted in the model, as a function of
bacterial abundance (obtained from a biogeochemical model
simulation) that is considered as a proxy for the biofouling
community. Biofilm growth, which is assumed to be mainly
controlled by detachment and colonization rates (Kigrboe, 2003)
is generally faster for smaller particles, while the critical biofilm
thickness that is necessary for microplastics to start sinking
also decreases with size, based only on physical considerations
of the particle’s shape and density (Cubarenko et al., 2016).
Based on the adopted formulation, smaller size microplastics
(350 and 500 pm) are gradually sinking (time to sink with
mean bacterial biomass: 14 days 350 pm, 32.5 days 500 pwm)
due to the buoyancy loss resulting from the attachment of
heavier biofilm (see Supplementary Figure 1), while larger size
particles (>1 mm) practically remain afloat. A detailed model
description is provided as Supplementary Material Section 1).
The interested reader may also refer to Tsiaras et al. (2021) for
more details on the basin scale model implementation.

Model Setup
Fine Resolution Models
Fine resolution (~800 m) 3-D hydrodynamic/particle drift
models were set up in the four key study areas (Saronikos
Gulf, Ligurian Sea, Gulf of Lion, and Gabes Gulf) in order
to better resolve the horizontal variability of MPs and also to
fine-tune existing source inputs to obtain a better fit with the
observational data. After an initial 2-year spin-up, a simulation
over the 2018-2019 period was performed. The fine model’s
open boundary conditions for the hydrodynamics (temperature,
salinity, and currents) are obtained from the Mediterranean
basin-scale model simulation over the same period. Moreover, an
input of MPs (Microln, #items), obtained from the same basin-
scale simulation, is adopted along the open boundary on a daily
basis, in the case of water inflowing into the fine model domain:
Microln (/) = u (j, z) /dx x nfi_med(j) x res_factor, (1)
where u(j,z) is the inflowing current velocity (m/day), depending
on the particle depth (z) in the water column, dx is the fine model
resolution (m), nfi_med(j) is the amount of MPs (#items) from
the basin-scale model at point j of the fine model open boundary
and res_factor (20/120 = 0.16) is a scaling factor between the
basin-scale (1/20°) and fine model (1/120°) grids. The latter is
used because nfi_med(j) is saved within a basin-scale grid point
(1/20 = 6 x 1/120).

Sources
Two main sources of MPs were considered in the Mediterranean
basin scale model:

(a) Input of MPs from coastal cities (>2,000 inhabitants)
municipal wastewater discharge (see Supplementary Figure 2),
which was extracted from UNEP/MAP (2011) report.
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Larger MP particles (>300 pwm) that are considered in this
study are assumed to be totally removed, when some type of
treatment is applied, being discharged into the sea only from
untreated wastewater. The amount of microplastics (~17,500
#/m?) in the influent (untreated) wastewater was estimated based
on available data from the literature for the Mediterranean
(Gundogdu et al., 2018; Magni et al., 2019; Bayo et al., 2020).
The adopted concentration might be considered relatively low,
as compared with existing data from different countries (range
2,000-400,000 #/m?, global average ~170,000 #/m?, Uddin et al.,
2020). However, we should note that there is a huge variability
between measurements, depending also on the methodology
(mesh size, sampled volume, etc.). Larger particles >300 pm
were assumed to represent ~20% of the total (Talvitie et al.,
2017). The MPs input from sources was assumed to decrease
with size due to fragmentation, following a power function
(Lindeque et al., 2020):

Input (size) = ~ (size)_l'3 s (2)

For the considered size classes 350, 500, 1,000, and 2,000 m, this
practically results in a decreasing contribution of 50, 35, 10, and
5%, respectively in the sources.

(b) Input of microplastics from river discharge (see
Supplementary Figure 2; Tsiaras et al., 2021) was obtained
as a function of accumulated plastics production and monthly
river runoff, based on Lebreton et al. (2017) global dataset.

The MP sources in the fine models implementation were
slightly modified from those adopted in the Mediterranean
in order to obtain a better fit with data (see below section
“Fine-Resolution Model Simulations and Comparison With
in situ Data”).

Validation With Data

The model simulated microplastics concentration was obtained
from the 0.30 m surface layer to be comparable with collected
in situ data, with manta net height varying between 0.20 and
0.40 m among different areas. The MPs abundance from field
data, initially expressed as items/m?>, was converted to items/m?
(see section “Sampling Collection”), excluding particles with size
<330 wm and >5 mm, to be comparable with the simulated
abundance. The raw data of MPs abundances are provided
in the Supplementary Material. To validate the simulated
microplastics size distribution, the percentage of smaller
microplastics <1 mm {i.e., [abundance (350 pm) + abundance
(500 pm)] / total abundance} was compared with the observed
percentage (abundance <1 mm / total abundance).

RESULTS AND DISCUSSION

Mediterranean Basin-Scale Simulation

The mean (2018-2019) distribution of MPs abundance and
smaller size (<1 mm) contribution, simulated with the
Mediterranean basin-scale model is shown in Figure 1. This
has been validated against available in situ data, showing a
reasonable agreement (see Supplementary Figure 3), both in
terms of magnitude and horizontal variability. The simulated

distribution reveals a strong decrease of MPs abundance from
coastal areas near source inputs to offshore areas, modulated by
hydrodynamic circulation patterns (see Tsiaras et al., 2021). The
smaller size contribution follows the same pattern, decreasing
in open sea areas. This is partly due to the adopted decreasing
number of particles with size in sources (Equation 2), but is
also strongly related to biofouling induced sinking of the smaller
size classes. The obtained size distribution in open sea areas
(10, 18, 55, and 20% for the 350 pwm, 500 wm, 1 mm, and
2mm size classes, respectively) is consistent with Coézar et al.
(2015) findings (comparing at the same locations), showing a
peak around 1-2 mm size class. The effect of biofouling on
microplastics abundance and size distribution may be seen in
Figure 2, indicating a 75 and 40% increase on basin average
respectively, in a simulation with no biofouling adopted in the
model (see also Supplementary Figure 4). Among the four
key study areas, biofouling appears to have a stronger effect in
Gabes Gulf. This is a quite shallow area, where sinking MPs may
accumulate on the seafloor (Tsiaras et al., 2021). In addition, this
may be attributed to a strong phytoplankton biomass induced by
high nutrient concentrations through terrestrial (atmospheric) or
sediments inputs characteristic of this area, where the presence of
biofouled MP items were frequently found in samples from Gabes
Gulf (Zayen et al., 2020). We should note that when no biofouling
is adopted, smaller size MPs remain floating at surface and
therefore may travel longer distances with currents. Thus, Gabes
Gulf may receive particles from the more polluted Algerian coast
(Figure 1), following the pathway of the Algerian current and
Atlantic-Ionian stream (see Supplementary Figure 5). In Zayen
et al. (2020), the hydrodynamics models highlighted that the
surface water sampled in the same area came mainly from outside
of the Gabes Gulf (Atlantic Tunisian Current) and advancing by
coastal current (Tunisian Coastal Current).

Similarly, the Gulf of Lion receives MPs from the Ligurian Sea,
following the cyclonic circulation in the area (see Supplementary
Figure 5). Thus, when biofouling is de-activated in the model,
small size MPs, originating from the Ligurian Sea, remain
floating and may reach the Gulf of Lion, which may explain
the stronger increase of small size MPs in the Gulf of Lion,
otherwise dominated by larger particles as compared to Liguria.
The effect of vertical mixing and (stokes) drift from waves
was also investigated, de-activating those processes in two
additional model simulations, in an attempt to gain a better
understanding on the dominant drivers in the four different key
study areas. Vertical mixing has a stronger effect on smaller
size particles, characterized by relatively weaker buoyancy. When
this is de-activated an increase of MP abundance and small size
contribution is simulated. The latter is stronger in the Ligurian
Sea and the Gulf of Lion, which are areas known for intense
winter mixing (e.g., Bergamasco and Malanotte-Rizzoli, 2010).
The effect of waves drift appears stronger in the Gulf of Lion
and Gabes Gulf. Those areas, particularly the Gulf of Lion,
are characterized by quite strong predominant wind/waves (see
Supplementary Figure 7). In all areas, MPs’ small size percentage
contribution decreases, when waves drift is not applied. This is
because larger MPs are floating at surface and are more prone to
direct drift from waves that may result in their offshore advection
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FIGURE 2 | Mean (2018-2019) simulated microplastics (A) concentration (items/m?) (B) contribution <1 mm (%), (C) concentration fractional change
(Scenario/Reference-1), and (D) contribution <1mm fractional change (Scenario/Reference-1), with the reference simulation and simulations without vertical mixing,
waves drift, and biofouling, averaged in the four key study areas (Saronikos Gulf, Ligurian Sea, Gulf of Lion, and Gabes Gulf) and the Mediterranean.

(as in the Gulf of Lion) and/or their beaching. Previous model
and observational studies, carried out in Gulf of Lion, have
highlighted a high beaching probability of the floating debris
transported by the Northern Current toward the Balearic Islands
(Mansui et al., 2015; Schmidt et al., 2018).

Fine-Resolution Model Simulations and

Comparison With in situ Data

In this study, a 2-year simulation over the 2018-2019 period
was performed with the fine-resolution models in the four key
study areas (Figures 3-6). As mentioned above, sources of MPs
were slightly modified from those adopted in the Mediterranean
basin-scale simulation in order to obtain a better fit of simulated
microplastics with in situ data in this study (Figures 7-9)
and other available data in the Ligurian Sea and the Gulf
of Lion (see Supplementary Figures 8, 9). More specifically,
untreated wastewater in the Ligurian Sea was decreased (x 0.35),
as simulated MPs abundance with the Mediterranean model
was clearly overestimated in coastal areas (Figures 7-9 and
Supplementary Figures 3, 8, 9). This initial overestimation in
sources could be related to a possible upgrade of treatment
facilities along the Italian coast, with regard to those reported
in the UNEP/MAP (2011) report. In the Gulf of Lion, an area
with no untreated wastewater sources according to UNEP/MAP
(2011), microplastics input with river runoff was increased
(x 20) to compensate the underestimation of microplastics
abundance with the Mediterranean model (Figures 7-9 and
Supplementary Figures 3, 8, 9). This increase is consistent
and probably conservative, comparing with estimates based on
in situ observations in the River Rhone runoff area (Schmidt
et al., 2018), suggesting a river load of ~3.65 t/year, which
is more than 20 times higher than the one (~0.16 t/year)

estimated by Lebreton et al. (2017). This initial underestimation
of river inputs could be attributed to Lebreton et al. (2017)
global empirical function (tuned using only River Po data)
that is strongly influenced by mismanaged plastic production
distribution (Mai et al., 2020), being particularly low along the
French and Spanish coasts (see Supplementary Figure 2). As
there was no information available for untreated wastewater
discharge in the Gulf of Lion and the Gabes Gulf, two additional
point sources were included at Cortiou WWTP (Tedetti et al.,
2012; Savriama et al., 2015; Figure 5), and Gabes port (Figure 6),
with their magnitude being tuned based on a best fit with the
in situ data (Figure 7). In this respect, the local sewage facility
of Cortiou has been already highlighted as a possible source of
microplastics in the Bay of Marseille due to the treated wastewater
reaching the sea in the southeastern part of the city (Schmidt
et al.,, 2018). Gabes is also a known source of untreated industrial
and domestic wastewaters that are continuously discharged in the
open sea from the industrial complex of Ghannouch-Gabes and
the local municipal WWTP, respectively (El Zrelli et al., 2018;
Zayen et al., 2020).

Saronikos Gulf

In Saronikos Gulf, the main sources of MPs originate from the
untreated wastewater from relatively small cities (population 5-
50 K, Figure 3), as there is no untreated wastewater, discharged
from the Athens-Piraeus (>3 million inhabitants) WWT facility.
However, there is some important wastewater input from the
Metamorphosis WWTP, serving part of Athens population,
which is discharged into the Cephissus River. The simulated
mean (2018-2019) MPs abundance (~0.036 #/m? on average)
and small size contribution (~72.9% on average) is shown
in Figure 3. This is higher close to local sources, while
the anti-cyclonic (eastward) predominant circulation, known
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also from observations (Kontoyiannis, 2010) results in the
southward advection of particles from the Northern coastal areas
to South Aegean.

The sampling in Saronikos Gulf revealed an average MP
concentration of 0.080 items/m? during the first campaign
(March 2019, Figures 7, 9). Among the five sampled stations,
the lowest value (0.03 items/m?) was found in station SGt2 (close
to the Piraeus port) and the highest was found in station SGt4
(Cephissus urban river) with a concentration of 0.12 items/m?.
The high MPs concentration in this area is most probably
related to the wastewater discharge from Metamorphosis WWTP,
mentioned above. During the second campaign (October 2019),
three (SGtl1, SGt2, and SGt3) out of five stations were analyzed,

showing an average MPs abundance of 0.047 items/m?. The value
found in SGt3 (0.083 items/m?) was higher than the one found
during the first campaign (0.073 items/m?), while a lower MPs
abundance was found in stations SGtl and SGt2 (0.045 and
0.012 items/m?, respectively) if compared to those found during
the first campaign (0.093 and 0.029 items/m?, respectively).
The simulated MPs abundance with the fine model in the
different stations appears in reasonable agreement with in situ
data (Figures 7A-F), capturing the observed magnitude and
the relatively higher concentration in the vicinity of Cephissus
River runoff. The simulated abundance is, opposite to the data,
slightly lower during the first campaign, in spring (Figure 9),
which is related to a decrease of the microplastics concentration
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during the less stratified period (see below discussion in section
“Seasonal Variability”). On the other hand, the observed higher
concentrations during spring (first campaign) might be related to
a seasonality in source inputs that is not considered in the model.
The simulated small size contribution (~75%) was significantly
overestimated, as compared to the data (13-23%) (Figures 8, 9).
This model deviation might be related to an underestimated
inflow of (larger size) MPs from other remote areas, as the
model simulation suggests that MPs in this semi-enclosed gulf
are mainly originating from local sources.

The MPs abundance (mean = 0.8 x 10° items/km? during
spring 2019 and 4.7 x 10% items/km? during autumn 2019),
obtained from sampling in Saronikos Gulf, fall in the same
range with outputs from campaigns during 2015 and 2016
(3.5 x 10% items/km? - 9.2 x 10° items/km?) (Adamopoulou
et al,, 2021). Interestingly, in the latter study, the maximum MPs
concentration for the Aegean and Ionian Seas was not found in
areas in the proximity of the anthropogenic sources, suggesting
that the relationship between them is not easily predictable.

Ligurian Sea

In the Ligurian Sea, the simulated MPs abundance and small
size contribution (Figure 4) appear higher close to the most
important sources (Genova Metropolitan Area in the northern

coast and La Spezia, Livorno on the eastern coastal area),
following the pattern of the along-slope cyclonic circulation that
results in the convergence of microplastics on the northwestern
coastal areas. The decrease of small size contribution in the
southeast is related to the inflow of larger size MPs, originating
from the Tyrrhenian Sea (see Figure 1). Due to their stronger
buoyancy, larger MPs are floating close to the surface, being able
to travel long distances in the open sea. Thus, the distribution of
small size MPs may be considered as an indicator on the effect
from local sources.

The sampled MPs’ abundance was found higher for most
stations in the first (autumn) campaign (0.134 items/m? on
average), as compared to the second (spring) campaign (0.061
items/m? on average) (Figures 7, 9). The only exceptions were
stations LStl and station LSt4, both at 0.5 miles from the
coast that showed similar values in both campaigns. LSt4-5-6
sampling stations, located in the MPA of Portofino, confirmed
to be the most MP-impacted of all in the Ligurian Sea, showing
the highest MPs mean abundance in both campaigns (autumn
2018: 0.191 items/m? on average spring 2019: 0.144 items/m?
on average). This was captured by the model (Figures 4, 7),
showing also the highest MPs abundance in this area, receiving
a significant amount of wastewater discharge (Figure 4) from
Genova and nearby touristic areas. These findings are in line
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with previous studies on the same key study area that already
indicate this MPA as a “hotspot” for marine plastic debris
(Collignon et al., 2012; Fossi et al, 2012). The model also
captured the relatively lower MPs concentration in LSt1-2-
3 stations (autumn 2018: 0.070 items/m? on average spring
2019: 0.031 items/m? on average), being an area with limited
sources, close to the MPA of Cinque Terre, while a slight
overestimation was simulated during the second campaign in
northwest stations close to Genova and Savona harbors (LSt10-
11-12 and LSt7-8-9). The latter (LStll, 1.5 miles from the
coast) recorded the highest MPs abundance (0.259 items/m?)
during the first campaign, followed by LSt6 (0.216 items/m?,
6 miles from the coast) and LSt5 (0.197 items/m?, 1.5 miles
from the coast). High concentrations were also found in other
LSt7-8-9 (0.127 items/m? on average) and LSt10-11-12 (0.148
items/m? on average) stations, close to Savona and Genova
harbors, which, however were not repeated in the second (spring)
campaign (LSt7-8-9: 0.039 items/m? on average, LSt10-11-12:
0.022 items/m? on average). In agreement with observations,
the model simulated an overall decrease of MPs abundance
during spring period, particularly when considering the average
of stations area, which is attributed to stratification variability
(see below discussion in section “Seasonal Variability”). The MPs
small size (<1 mm) contribution, both from in situ data and
model, generally followed the MPs abundance variability, being
related to source inputs (Figures 8, 9).

Gulf of Lion

In the Gulf of Lion, main sources of MPs (>300 m) were
assumed to originate from major rivers runoff (Rhone, Herault,
Aude, Orb, and Vidourle) in the area (Figure 5), as reported
untreated wastewater for all cities was zero in UNEP/MAP (2011)
report for WWT discharge. In the fine-resolution model, an
additional point source was included in Cortiou WWTP location

(Figure 5), with its magnitude being tuned based on a best fit with
the in situ data (see Supplementary Figures 8, 9). The simulated
MPs abundance appears higher in river runoff areas (Figure 5),
with its distribution being also influenced by the westward
predominant northern-current (Millot, 1991; Ourmieres et al.,
2018), as part of the Lion-gyre cyclonic circulation that results in
the convergence of MPs on the northwestern coastal areas. The
simulated low small size (<1 mm) contribution in the southeast
indicates an input of MPs, originating from the Ligurian Sea (see
Figure 1 and Supplementary Figure 5).

During the first campaign (autumn 2018), an average MPs
abundance (Figures 7, 9) of 0.029 items/m? was found, ranging
from 0.002 items/m* (GLt5-6) to 0.077 items/m* (GLtl1).
A similar average (0.032 items/m?) was found during the second
campaign (spring 2019), with maximum values again recorded
close to Cortiou WWTP (GLt12, 0.090 items/m?) and in the
proximity of the Huveaune river plume (GLt7-8 0.050 and
0.042 items/m?, respectively). Minimum MPs abundance (0.007
items/m?) was found on the border of the Calanque National
Park (GLt13). The simulated MPs abundance with the fine model
(Figures 7,9) was comparable with observations, showing similar
mean values during both periods and higher MPs concentrations
in the vicinity of Cortiou WWT and River Huveaune runoff. The
simulated MPs small size (<1 mm) contribution generally follows
the MPs abundance variability, showing a similar average with
the in situ data, which does not seem to follow a clear pattern
(Figures 8, 9).

The observed MPs abundance (mean = 2.9 x 10% items/km?
during autumn 2018 and 3.1 x 10? items/km? during spring
2019) in the Gulf of Lion is comparable with results reported
from the same area between 2014 and 2016 (6 x 10* - 1 x 10°
items/km?; Schmidt et al., 2018). In this latest study, Schmidt
et al. (2018) found the highest value of MP concentration in
seawater samples collected in the Bay of Marseille, including the
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area in proximity of Marseille-Cortiou WWTP, in agreement with
the results observed in this study.

Gulf of Gabes
In the Gulf of Gabes, a high MPs abundance was simulated
(~0.1 #/m? on average), despite the relatively low source inputs

(Figure 6), mainly originating from river runoff and the Gabes
port. The particularly low small size (<1 mm) contribution
(~21% on average) suggests that a large portion of the MPs in this
area belong to the (floating) larger size classes that are advected
from offshore areas, either from waves drift (see below discussion
in section “Seasonal Variability”) or following the predominant
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FIGURE 7 | Microplastics abundance (items/m?) simulated with the
Mediterranean (Med model) and fine-resolution (Fine model) models, against
in situ data collected in the four key study areas, during the two campaigns.
(A-F) Saronikos Gulf, (G-L) Ligurian Sea, (M-R) Gulf of Lion, and (S-X) Gulf
of Gabes.

circulation driven by the Atlantic-Ionian stream (Figure 6 and
Supplementary Figure 5).

The observed MPs abundance was particularly high (0.310
items/m? on average) during the first campaign (spring 2019)
(Figure 9) and the highest found among all the area samplings.
The peak concentration (0.669 items/m?) was found in GGt3,
located close to the port, the urban and industrial area of Gabes,
while the lowest concentration (0.060 items/m?2) was found in
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FIGURE 8 | Microplastics small size (<1mm) contribution (%), simulated with
the Mediterranean (Med model) and fine-resolution (Fine model) models,
against in situ data collected in the four key study areas, during the two
campaigns. (A-F) Saronikos Gulf, (G-L) Ligurian Sea, (M-R) Gulf of Lion, and
(S-X) Gulf of Gabes.

station GGt4, a few kilometers offshore. During the second
campaign (autumn 2019), MPs’ abundance was much lower
(0.073 items/m? on average), but still among the highest recorded
in all areas. The simulated MPs abundance with the fine model
was lying somewhere in between the two campaigns, capturing in
most cases the observed horizontal variability (Figures 7-9).
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The difference of about one order of magnitude between
campaigns I (3.1 & 2 x 10° items/km?) and 1T (7.2 + 8 x 10*
items/km?) suggests a significant seasonal variability in this area.
This could be explained if we consider that the Gabes Gulf,
compared to other Mediterranean systems, is characterized by
stronger seasonal variability due to the water temperature and
salinity (Bejaoui et al., 2019). Although, limited information is
available in the literature (Table 1) about MPs in the sea water
from Tunisian coasts, Zayen et al. (2020) recently reported the
same values of MPs abundance (6.3 x 10* items/km?) found in
surface water samples collected in the same season (campaign II,
autumn) in the Gabes Gulf.

Microplastics Abundance and Size Variability Among
the Four Different Areas

Comparing the MPs abundance during the two sampling
campaigns among the different areas (Figure 9), Gabes
showed the highest mean concentrations (0.073-0.3 items/m?),
followed by Ligurian Sea (0.061-0.134 items/m?), Saronikos
Gulf (0.047-0.080 items/m?), and Gulf of Lion (0.029-0.032
items/m?2).

A different pattern was found for MPs’ small size contribution,
being higher in the Ligurian Sea and the Gulf of Lion and
much lower in Gabes Gulf and Saronikos Gulf. The fine
model simulation was able to capture the MPs abundance
variability, with few adjustments in source inputs (decrease
of wastewater in Ligurian Sea and increase of river inputs
in Gulf of Lion). The small size contribution variability was
also captured, with the exception of Saronikos Gulf, where an
overestimation was simulated.

In Figure 10, the reference simulation may be compared
with a simulation with no input of MPs from the model’s open
boundaries (not shown). In the case of Saronikos, this change
is quite small for both MPs abundance (—11%) and small size
contribution (+6%). The Ligurian Sea shows a slightly stronger
impact from inflowing MPs (abundance: —20%, small size +25%)
that originate from the Tyrrhenian Sea (see Figure 1), while a
stronger effect can be seen in the Gulf of Lion (abundance: —25%,
small size +26%) and particularly the Gabes Gulf (abundance:
—83%, small size +130%). In the Gulf of Lion, there is a
significant input of MPs, carried by the cyclonic circulation
and originating from the Ligurian Sea (see Figures 1, 5 and
Supplementary Figure 5), while in the Gabes Gulf, the majority
of MPs appear to originate from offshore areas and are mainly
(floating) larger size classes, as suggested by the quite small
contribution of size <1 mm. One may notice that the mean MPs
abundance in the four areas closely follows the sources variability
(Figure 10A), when no input of MPs is considered (i.e., only local
sources). We should also note that when considering the average
MPs abundance over the entire model domain, as in Figure 10, a
slightly higher concentration is simulated in the Ligurian Sea, as
compared to Gabes Gulf, which is not the case with the average in
the sampling stations area (Figure 9).

Seasonal Variability

In Figure 11, the seasonal variability of MPs abundance and
small size contribution, averaged in the model domain and in
the vicinity of the sampling stations, in the four different areas
is shown. The reference simulation can be also compared with
a simulation without any MPs input from the model’s open
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F I Data E
L [ Med Model 4
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FIGURE 9 | Microplastics (A) mean abundance (items/m?) and (B) small size (<1mm) contribution (%), simulated with the Mediterranean (Med model, green bars)
and fine-resolution (Fine model, yellow bars) models, against in situ data (blue bars) collected in the four key study areas (Saronikos Gulf, Ligurian Sea, Gulf of Lion,
and Gulf of Gabes), during the two campaigns.
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study areas (Saronikos Gulf, Ligurian Sea, Gulf of Lion, and Gabes Gulf) with the fine-model reference simulation (blue bar) and a simulation without microplastics
input from the open boundaries (yellow bar).

boundaries (dashed lines), identifying periods characterized by
an increased inflow of MPs from other areas in the simulated
variability. The latter is usually dominated by larger size MPs
that are floating at surface, traveling longer distances and results
in the relative decrease of MPs small size contribution in
the model domain. Thus, in such events, the MPs small size
contribution shows an opposite variability (negative correlation)
with MPs abundance.

In the Ligurian Sea, the seasonal variability appears to be
mostly related to vertical mixing, as both MPs abundance and
small size percentage are generally increasing during the more
stratified period (April-October). This is consistent with the
in situ data variability (Figures 7-9), showing a decrease of
MPs abundance from September 2018 to April 2019. The MP
abundance and small size contribution are slightly higher in
the coastal area close to the stations, as compared to the
entire area average.

In the Gabes Gulf, the seasonality of MPs appears to be
strongly controlled by wind/wave direction that is shoreward
during spring-summer period (see Supplementary Figure 7)
resulting in the accumulation of primarily larger size MPs, as
suggested by the strong decrease of small size contribution

(Figure 11). This pattern is in agreement with the observed
overall decrease of small size particles percentage from April
to November 2019 (Figures 8, 9). However, the observed
MPs abundance is also decreased during the second campaign
(Figures 7, 9), opposite to the simulated seasonal variability.
One may also notice that in the simulation with no input of
MPs from the boundaries, an increase of small size contribution
is simulated during summer, as floating larger MPs are more
easily beached from the strong shoreward waves drift. The
seasonal variability pattern is less clear in the Gulf of Lion
and Saronikos Gulf, being driven by a combination of factors
(wind/waves, circulation, and vertical mixing). In the Gulf of
Lion, the seasonal variability close to the stations appears to
be strongly influenced by the inflow of (larger) MPs from the
southeast, being particularly noticeable in November-December
2018, which is consistent with the intensification of the Northern
Current, known from observations (Millot, 1991). The mean MPs
abundance is generally increasing during spring—summer period
(April-September), which is mostly related to a relaxation of
wind/wave magnitude (see Supplementary Figure 7) that results
in a weaker offshore advection of larger MPs, as suggested by
the decrease of small size contribution. In Saronikos Gulf, the

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 784937


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Tsiaras et al.

Microplastics Variability in the Mediterranean

Microplastics <1mm (%) / Saronikos
T T T T T T T

A0 y Microplastics(#/m2) / Saronikos Co 5 Microplastics(#/m2) / Liguria

} T T T v T T T . T T T T T T T T T T T
0.08 Stations

— — —Mean - No boundary

0.06 — — — Stations - No boundary
0.04
0.02

ol | L L 1 I L I H I L L I L I L L I L I 1 L

Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19 Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19

B D

Microplastics <1mm (%) / Liguria

70 T T
60
50

40

30

1 1 )

50 I L L I
Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19

Microplastics(#/m2) / G. Lion

0.08

0.06

0.04

0.02

~ e
1 L 1 1 L L L L 1

0 I L
Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19

20 | L

I L I I L L
Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19

Dec-19
G N . . Miycroplalstit:s(l#/mz)I /G. G‘abes ] ‘ .
0.8
0.6
0.4
0.2

1 L L

0 1 1 i 1 L
Feb-18 Apr-18 Jun-18 Aug-18 Oct-18

Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19

H

55 Microplastics <1mm (%) / G. Gabes

40
30
20

10

1 T

0 L L L L L L
Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19

FIGURE 11 | Variability over 2018-2019 period of microplastics concentration (items/m?) and microplastics <1 mm (%), averaged over the model domain (blue lines)
and the stations area (red lines), in the reference simulation (solid lines) and a simulation without input of MPs along the open boundaries (dashed lines), in
(A,B) Saronikos Gulf, (C,D) Ligurian Sea, (E,F) Gulf of Lion, and (G,H) Gabes Gulf.

0 L L L 1 L L L
Feb-18 Apr-18 Jun-18 Aug-18 Oct-18 Dec-18 Feb-19 Apr-19 Jun-19 Aug-19 Oct-19 Dec-19

contribution of inflowing MPs from offshore waters is much
smaller, as the simulated MPs abundance in this semi-enclosed
gulf is mainly originating from local sources. The seasonal
variability pattern is not clear, though the mean MPs abundance,
particularly in the vicinity of the sampling stations, appears
to follow a generally increasing trend from winter to summer

(January-July).

Microplastics Properties Variability

A total of 4,535 items were isolated from the samples collected
during the two sampling campaigns in the four coastal areas.
All of them were characterized for their shape and size
(Figure 12). The majority of particles found were characterized
as fragments that result to be the dominant shape independently
of seasonal campaign and sampling area, in agreement with
several studies on MPs, collected in similar regions of the
Mediterranean, including the Ligurian Sea, Gulf of Lion, Gabes,
and Saronikos Gulf (Fossi et al., 2017; Schmidt et al., 2018;
Tziourrou et al., 2019; Zayen et al., 2020; Adamopoulou et al,,
2021). The high prevalence of fragments in surface water
suggests that the microplastics derived from degradation of waste,
originating from population activities, especially in proximity of
densely populated coastal areas, either through rivers or landfills
(Collignon et al., 2012; Pedrotti et al., 2016; Schmidt et al., 2018;

Simon-Sanchez et al., 2022). The macro- and mesoplastics are
fragmented through the weathering, such as photo-oxidative
degradation followed by thermal and/or chemical degradation
and mechanical forces from wind and waves (Caldwell et al.,
2019). As highlighted in Figure 12, the higher prevalence of
isolated MPs falls in the range 1-3 mm for all sampling areas
(both campaigns), except the Ligurian Sea (100 wm mesh size)
that reports the higher abundance of particles below 1 mm
especially in the first campaign.

These findings seem to be in line with recent studies that
highlighted how the smaller mesh size can be determined by an
increase in terms of MPs abundance and a decrease in particle
size (Converton et al., 2019; Lindeque et al., 2020; Simon-Sénchez
et al., 2022). Indeed, it was demonstrated in these studies that
the large mesh size (500, 300, 200 j.m) nets probably affect the
abundance of small particles in the samples, without providing a
wide range of microplastics size in the water column, compared
to other smaller mesh sizes (i.e., 100 wm). Moreover, the
330 wm nets that are commonly used in microplastic monitoring
campaigns and are recommended by the Marine Strategy
Framework Direttive (MSFD) probably underestimate the MPs
abundance, particularly for particles <330 pm (Converton et al.,
2019; Lindeque et al., 2020). Converse to these observations,
in this study, only a few particles (min 0.3% max 6% of the
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total identified items in both campaigns) were found to be
smaller than 330 microns in all sampling areas (see the raw data
provided in Supplementary Material), suggesting that probably
the different configurations on the mesh size used (see section
“Sampling Collection”) might not significantly affect the reported
final MPs abundance.

About 70% of all isolated items were confirmed to be
plastic. A great polymeric variety was found, considering all
the investigated coastal areas of the Mediterranean Sea, without
substantial differences between the seasons (campaigns I and II):
11 different polymer typologies were identified in the Gulf of
Lion and in the Ligurian Sea, while 12 polymers were found
in the Saronikos Gulf and Gabes Gulf. In general, the most
abundant polymers detected in all the sampling sites and coastal
areas were polyethylene (PE) and polypropylene (PP). These
findings are in agreement with previous studies, which report
that polyolefins (PE and PP) dominate sea surface samples of
the Western and Eastern Mediterranean Sea (Suaria et al., 2016;

Caldwell et al., 2019; Zayen et al., 2020). In 2019, global plastic
production reached 368 million metric tons; about 40% of all
polymers are used in packaging, with PE and PP accounting for
the highest global plastic demand (Andrady, 2015). Therefore, the
presence of these polymers in surface water samples may suggest
the potential origin of the MPs analyzed by fragmentation of
packaging items (PlasticEurope, 2015; Pedrotti et al., 2016; Fossi
et al,, 2017; Erni-Cassola et al., 2019), not only considering their
use in the disposable packaging industry but also their properties.
However, it is interesting to note how these most abundant
polymers exhibit different trends in the analyzed surface water
samples, resulting in higher PE frequency compared to PP in
all sampling areas, except the Ligurian Sea during the campaign
I (Figure 12). These findings, might be explained considering
the different degradation behavior of PE and PP in sea water,
due to a smaller aging sensitivity of PE, as compared to PP,
causing a faster fragmentation in small particles of PP than
PE (Gewert et al.,, 2015; Kedzierski et al., 2022). For these
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reasons, the PP concentration in surface water appears to
increase with decreasing size range, as observed in the Ligurian
Sea during campaign I (Figure 12), where, PP showed the
higher MPs abundance of small size particles (<1 mm) among
sampling areas and other regions of the Mediterranean Sea
(Baini et al., 2018; Kedzierski et al., 2022). Frequent detection
of these polymers can be also related to their low density and
long residence time at the sea surface, conversely to other
polymers that are more prone to rapid sinking (i.e., PVC). Other
polymers, such as polystyrene (PS), ethylene vinyl acetate (EVA),
polyvinyl alcohol (PVA), polyamide (PA), polyether urethane
(PU), PVC, polyethylene terephthalate (PET), were also observed
in low percentages.

It is noteworthy to mention that a high percentage (27.97%)
of paint fragments was found during the first campaign in
Saronikos Gulf, close to the industrial ports of Perama, the
Piraeus ports and Psitalia WWTP. The identified particles
probably belonged to different external sources (e.g., recreational
boats and vessels) and not from contamination of the sampling
boats. Thus, these particles were included in the final MPs
abundance. Paint particles represent a significant fraction of
MPs pollution in Saronikos Gulf, being recently documented
(Adamopoulou et al., 2021; Gaylarde et al., 2021). Indeed, it
has been recently accepted by the International Union for the
Conservation of Nature (IUCN) that ships’ hull scrapings, marine
coatings and anti-fouling systems are potential sources of marine
MPs pollution (IMO, 2019).

CONCLUSION

In the present study, the variability of MPs (abundance, size,
shape, etc.), obtained from surface water samples, collected
during two campaigns over 2018-2019 in four coastal areas in the
Mediterranean Sea (Saronikos Gulf, Ligurian Sea, Gulf of Lion,
and Gabes Gulf), was investigated. A basin-scale Mediterranean
coupled hydrodynamic/particle drift model simulation over
2018-2019 was used to provide a better understanding on the
variability of MPs abundance/size and key drivers in the four
different areas. Moreover, high resolution models, nested in the
Mediterranean basin-scale model, were downscaled in the four
areas to better resolve the MPs distribution and fine-tune existing
source inputs, in order to obtain a better fit with the observations.
Different size classes of MPs were considered in the model, taking
into account biofouling induced sinking, as a possible mechanism
of MPs removal from the surface.

The model simulations provided useful insight on the key
processes, controlling the MPs distribution. The basin-scale
simulation revealed a strong decrease of microplastics abundance
and small size contribution from coastal areas near source
inputs to offshore areas, which is mostly related to biofouling
induced sinking of the smaller size classes. A significant impact
of waves drift was also found, particularly in the Gulf of
Lion and Gulf of Gabes that are characterized by quite strong
predominant wind/waves.

Field data confirm that the Mediterranean Sea is a hot spot
for the contamination of microplastics, as previously showed

by many authors (Lebreton et al., 2012; Cozar et al., 2015;
Baini et al., 2018; Caldwell et al., 2019; Llorca et al., 2020) with
values generally in line with those reported in the literature
(Table 1). Comparing the MPs abundance among the four
different areas, the Gabes Gulf showed the highest mean MP
abundance (0.073-0.310 items/m?), followed by Ligurian Sea
(0.061-0.134 items/m?), Saronikos Gulf (0.047-0.080 items/m?),
and Gulf of Lion (0.029-0.032 items/m?2).

The fine model simulation was able to capture this variability,
with few adjustments in the source inputs (decrease of wastewater
in Ligurian Sea and increase of river inputs in Gulf of Lion).
A different pattern was found for MPs’ small size contribution,
being higher in the Ligurian Sea and Gulf of Lion and much
lower in Gabes Gulf and Saronikos Gulf. This variability was
also captured by the model, with the exception of Saronikos
Gulf, where an overestimation of small sized MPs was simulated.
An interesting finding obtained from the model simulations was
related to the relative contribution of MPs inflowing from remote
areas. In agreement to Zayen et al. (2020), in Gabes Gulf, this
contribution was particularly high, suggesting that most MPs
originate from offshore areas and are mainly (floating) larger
size classes, as suggested by the quite small contribution of size
<1 mm particles. An important, but much smaller, contribution
of non-local MPs was also simulated in the Gulf of Lion and
Ligurian Sea. The significant contribution of MPs inflowing
from remote origins in the key study areas suggests that taking
into account non-local MPs, as with the implemented nested
modeling approach, is necessary in order to realistically simulate
MPs’” abundance on regional/local scale.

The adopted sources of plastics in the Mediterranean
were based on currently available data. However, these are
characterized by large uncertainties in both their amount
and distribution. Inputs from river runoff were based on
a global empirical function (Lebreton et al, 2017), using
only one Mediterranean river (River Po), while its strong
dependence on mismanaged plastic production may result in
an underestimation/overestimation in high-income/developing
countries (Mai et al, 2020). This was probably the case
with particularly low inputs from river runoff along the
Spanish/French coast, including the Gulf of Lion, where
existing observations (Schmidt et al, 2018) suggest an
important underestimation. With regard to inputs from
coastal cities untreated wastewater discharge, a uniform MPs
concentration of (influent) wastewater was considered for the
entire Mediterranean, in the absence of available data from
different countries. In reality, the wastewater MPs concentration
is expected to show a significant variability, depending on
population density, economic status, consumption rates for
personal care products, etc. (Uddin et al, 2020). Moreover,
an annual mean concentration was used, not considering
wastewater discharge seasonal variability, which might be
important, particularly in more touristic areas. This model
limitation might partly explain the deviation in some cases
(e.g., Saronikos and Gabes Gulf) between the simulated and
observed variability of MPs abundance during the two sampling
campaigns. In the Ligurian Sea, untreated wastewater was
most likely overestimated, possibly due to upgraded treatment

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 784937


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Tsiaras et al.

Microplastics Variability in the Mediterranean

facilities along the Italian coast, with regard to those reported
in the UNEP/MAP (2011). Despite those limitations, using
a comprehensive wastewater discharge dataset (UNEP/MAP,
2011) contributed to the reasonable agreement of the simulated
microplastics distribution with in situ data on basin scale (see
also Tsiaras et al., 2021). An even better agreement was achieved
with the fine model simulations after a few adjustments in source
inputs (decrease of wastewater in Ligurian Sea and increase of
river inputs in the Gulf of Lion).

Studies reported in the literature are often carried out
with different methodologies, from the field work to the
laboratory analysis, since there is still no general consensus
on the methodology used, thus making it really difficult to
compare results between studies on MPs pollution in the marine
environment. Within this context, there is a need to standardize
methods for sampling and analyzing marine MPs for monitoring
purposes. In this perspective, it is clear that there is still a lack
of knowledge on MPs presence in the marine environment and
therefore more data and investigations need to be done. The
modeling tools, proposed in this study, showed reasonable skill
in reproducing the MPs variability, providing useful insight on
MPs dynamics in the marine environment. The implemented
approach with nested particle tracking models seems promising
and could be easily adopted in other coastal areas, offering
a useful modeling tool for the assessment of plastic pollution
on basin and regional scales to further develop environmental
management action for the mitigation of plastic pollution in the
Mediterranean Sea.
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