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Abstract

The Mediterranean Sea is one of the most critically polluted areas due to its semi-enclosed structure and its highly anthropized
shoreline. Rivers are significant vectors for pollutant transfers from the continental to the marine environment. In this context,
a 3D Lagrangian simulation of the dispersion of riverine microplastics (MPs) was performed, which included the application
of a recently developed model that reassessed the MP fluxes discharged by rivers. MP physical properties from river samples
were further investigated to approximate vertical displacement in modeled ocean currents. The use of a high-resolution
circulation model, integrating Stokes drift, turbulent diffusion, and MP sinking and rising velocities, enabled us to establish
stock balances. Our simulation suggested that 65% of river inputs may be made of floating MPs drifting in the surface layer
and 35% of dense MPs sinking to deeper layers. The Eastern Mediterranean tends to accumulate floating MPs, primarily
originating from the Western Mediterranean Basin, where major river sources are concentrated. After 2 years of simulation,
modeled stranding sequestered 90% of the MP inputs, indicating relatively short average residence times from a few days to
months at most for particles at sea. Although spatial distribution patterns stabilized after this period and a steady state may
have been approached, the surface concentrations we modeled generally remained below field observations. This suggested
either an underestimation of sources (rivers and unaccounted sources), by a factor of 6 at most, or an overestimation of MP
withdrawal through stranding, to be reduced from 90 to around 60% or less if unaccounted sinks were considered.
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Highlights sources) and southern Levantin basin (increasing 1/4 of
its river sources).

e The characterization of MP particles, based on observed e Maximum average residence times at the sea surface

shape, size, and density distributions, resulted in 65%
floating and 35% sinking MPs.

Riverine MP sources to the Mediterranean were esti-
mated at around 80 ¢ year ! or 682 billion MPs year !
(the ten main rivers accounted for 52%).

Amount of MPs released by rivers was estimated 1 to 2
orders of magnitude higher in river basins from the north
shore than from the south shore.

Net MP exports occurred from the North-Western basin
(~45% of its floating river sources) and Adriatic Sea
(16%) to the Ionian Sea (increasing 2 times its river

ranged from 1 to 3 weeks in highly dissipative sub-basins
to 11 weeks in the Tonian Sea.

To match observed sea surface stocks (~310 billion float-
ing MPs or ~112 tons), unaccounted sources such as
fragmentation should be introduced, strandings reduced
around 60% and unconsidered sinks added.

Almost half (46%) of the sinking MPs were stranded at
the coast, and the other half (48%) remained on conti-
nental shelves between 50 and 500 m depth.

Introduction

Responsible editor: Philippe Garrigues . . . .
Environmental concerns about microplastics (MPs) in the

oceans are still growing (Andrady 2017) and motivate
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numerous studies on their quantification and transfers to
achieve global mass balances (Kaandorp et al. 2023; Harris
et al. 2023; Sonke et al. 2022). This however requires a bet-
ter understanding of the plastic sources, transport processes,
and sinks in the marine environment. To this end, various
ocean models have been used to simulate Lagrangian trajec-
tories of particles in current fields. While on a global scale
they succeed in reproducing approximately the accumulation
of floating MPs observed in subtropical ocean gyres under
the effect of Ekman transport (Bajon et al. 2023; Chenillat
et al. 2021; Onink et al. 2019; van Sebille et al. 2015), accu-
mulation scenarios are much more variable at smaller basin
scales such as the Mediterranean where the distribution of
MPs is more influenced by initial source configuration and
transient processes such as river inputs, stranding, current
velocities, waves, or wind directions (Tsiaras et al. 2022).
Previous Lagrangian models in the Mediterranean Sea (Bau-
dena et al. 2023; Fabri-Ruiz et al. 2023; Guerrini et al. 2022;
Hatzonikolakis et al. 2022; Soto-Navarro et al. 2020; Macias
et al. 2019, 2022; Liubartseva et al. 2018; Zambianchi et al.
2017) all initialized their dispersion scenarios with river-
ine inputs derived from mismanaged plastic waste (MPW)
models (Jambeck et al. 2015; Lebreton et al. 2017) lead-
ing to the simulation of floating stocks much higher than
observed concentrations. Kaandorp et al. (2020), using an
inverse modeling method parameterized with field measure-
ments of plastic concentrations at sea, are the first authors to
question this, leading them to reassess the source and sink
budgets to much lower values.

Moreover, most studies consider 2D approaches where
neutral Lagrangian particles drift on the sea surface with-
out considering their vertical velocity. The dynamic behavior
of plastic particles related to their highly variable physi-
cal and chemical properties as well as the turbulent surface
layer conditions is thus ignored. Liubartseva et al. (2018)
and Kaandorp et al. (2020), for example, integrated parti-
cle sedimentation into a 2D Mediterranean-scale modeling
study using a probability criterion based on surface residence
times. So far, only Soto-Navarro et al. (2020), Hatzoniko-
lakis et al. (2022), and Baudena et al. (2023) considered a
3D dispersion of particles in the Mediterranean. The first
authors distinguished three classes of particles, i.e., neutral
following the water masses, floating at the surface, and dense
with a constant sinking velocity equal to 1073 m s~!. The
second authors integrated a progressive loss of buoyancy
through biofouling as a function of residence time, bacterial
abundance, and debris size. In order to fill these gaps, tools
such as TrackMPD (Jalén-Rojas et al. 2019) were recently
developed to integrate different physical processes associ-
ated with MPs into hydrodynamic models, in order to test the
impact of winds, sinking rates, and stranding and biofouling
on MP transport. Nevertheless, better model parametrization
requires more precise knowledge of the characteristics of the
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MPs in rivers, one of the main vectors of contaminants from
land to the sea.

The first objective of this study is to present a new empiri-
cal method for characterizing virtual particles in Lagrangian
dispersion models to generate more diverse and variable
trajectories, based on in situ observations in rivers and
experimental studies. For this purpose, a compilation of bibli-
ographic information on the main physical properties of MPs
collected in rivers was performed to determine representative
statistical distributions of sizes, shapes, and densities of MPs
released at sea. These distributions were then used to calcu-
late sinking and rising velocities from empirical equations
(Khatmullina and Isachenko 2017; Zhiyao et al. 2008).

The second objective is to apply a recently developed
global flux model of riverine MPs (Weiss et al. 2021) to the
Mediterranean Basin in order to re-evaluate and re-distribute
the MP fluxes discharged by Mediterranean rivers. This
allowed the Lagrangian simulations to be performed based
on a completely novel spatial and quantitative initialization
of source scenarios. Considering the various processes inher-
ent to plastics at sea, this study has therefore prioritized the
investigation of the river sources and the principal charac-
teristics of river MPs. Simulations of ocean circulation and
Lagrangian trajectories were performed with the 3D hydro-
dynamic model SYMPHONIE (Marsaleix et al. 2006, 2008)
over the entire Mediterranean Basin. Its Lagrangian tracking
module has been modified and adapted to MP transport in
order to integrate the MP characterization described above.
MP trajectories were calculated on a kilometer telescopic
grid resolution (2 to 4.5 km), with Eulerian currents forced
by the wave-related Stokes drift and Lagrangian particles
associated with a wide range of sinking and rising velocities.

The third objective is to analyze the MP distribution in the
surface layer and at depth, as well as the MP concentrations
in the different Mediterranean sub-basins. This analysis was
used to establish a new regional source-to-sink budget from
rivers to stranding, in the light of previous and most recent
observations.

Method
Observed MP characteristics
Size distribution

We considered in the study MPs ranging in size from 0.3 mm,
the most usual net mesh size for MP sampling (Weiss et al.
2021), to 5 mm, the standard upper limit (GESAMP 2019).
We defined a particle size distribution that best approximated
the most detailed size observations in rivers we found in
the literature, from the study of Kataoka et al. (2019) who
sampled MPs in Japan rivers with 300 um plankton nets
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Fig. 1 MP size histograms observed in Japan rivers by Kataoka et al.
(2019) (in gray) and the associated probability density function follow-
ing a gamma law (in blue)

(gray histogram in Fig. 1 based on 804 individual MPs mea-
sured). Then, a random draw of MP sizes was carried out
following the gamma probability density function fitted to
the observed distribution. This generated a histogram of MP
sizes over the interval 0.3—5 mm to configure the daily release
of Lagrangian particles in the simulation.

Polymer types and densities

The MP density depends mainly on the type of polymer that
constitutes the particle, ranging generally from 0.9 to 1.2
g cm ™3 in plankton net samples (Chubarenko et al. 2016, and
Table 1). As a comparison, the density of freshwater is equal
to 1 g em ™3 and that of Mediterranean seawater averaged to
1.028 g cm 3. Despite the great diversity of existing plastics,
6 polymers account for more than 90% of the world produc-
tion: PE, PP, PVC, PET, PU, and PS/EPS (Geyer et al. 2017;
see Table 1 for acronyms). To produce a representative distri-
bution of polymer types carried by rivers, we processed MP
chemical composition analyses provided by two field studies
in five European rivers: the Rhine (6 samplings), the Po (3

samplings), the Danube (3 samplings) by van der Wal et al.
(2015), the Rhone (28 samplings), and the Tét (35 samplings)
rivers by Constant et al. (2020). All data were sampled with
300 um plankton nets. Both studies provided the number of
MPs per polymer type and shape for all the samplings. For
each shape, we calculated the percentage of each polymer
type represented in each sampling and then all samplings
combined (Fig. 3d). The overall averages encompassing all
rivers and shapes were then obtained (Fig. 3b).

Shape distributions

Shape characteristics also affect the buoyancy of MPs
(Isachenko et al. 2016). Here, we considered four MP shapes,
e.g., fragments, fibers, beads, and foams. The relative pro-
portion of each shape was determined by averaging data from
several studies that provided MP shape distributions in river
plankton net samples (Table 2, 0.3 to 5 mm). Accordingly,
foams and beads were characterized in empirical equations
by their diameter, fragments by their characteristic size equal
to the cube root of the longest, intermediate, and shortest axis,
and fibers by their diameter and length.

MP vertical velocities

The sinking velocity (wy) of a particle in a fluid can be
modeled by balancing the buoyancy force with the hydrody-
namic drag force (Stokes 1851) following Eq. 1, and depends
mainly on the three physical properties described above:
size, density, and shape (Khatmullina and Isachenko 2017;
Chubarenko et al. 2016; Kooi et al. 2016).

1
SpCpSwi = (pp—puw) Ve (1

2

Cp is the drag coefficient, S and V are the projected area
and volume of the particle, p), is the particle density, o, is the
fluid density, and g is the gravity acceleration (mm s ). We
used existing experimental studies that expressed w; based

Table 1 Density ranges of the
most frequently observed

polymers considered in this
study. The number of particles
per shape and type of polymer
considered in this study are
derived from the field studies of
van der Wal et al. (2015) and
Constant et al. (2020)

Polymers and density (g cm~3) nb of fragments Beads Fibers Foams identified
Polyethylene (PE) 0.9-0.96 772 123 4 2
Polypropylene (PP) 0.9-0.91 144 49 23 0
Polystyrene (PS) 1.04-1.1 9 7 0 0
Expanded polystyrene (EPS) 0.01-0.05 0 0 0 79
Polyethylene terephthalate (PET) 1.24-1.45 2 0 28 0
Polyvinyl chloride (PVC) 1.16-1.58 2 0 0 0
Polyurethane (PU) 1-1.26 0 0 0 2
Polyamide (PA) 1.02-1.16 5 0 0
Polyvinyl acetate (PVA) 1.09-1.3 3 1 10 2
Other 16 7 12 9
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Table 2 Shape distributions (%)
in literature studies

References Rivers Fragments Beads Fibers Foams
van der Wal et al. (2015) Danube (3 sampling) 9.6 0.6 76.2 13.7
van der Wal et al. (2015) Po (3 sampling) 56.3 10.4 17.7 15.7
van der Wal et al. (2015) Rhine (6 sampling) 51.8 27.5 10 10.7
Constant et al. (2020) Rhone 1.7 0.1 97.9 0.3
Constant et al. (2020) Tét 5.6 0.7 92.5 1.2
Simon-Sanchez et al. (2019) Ebro 529 0.5 46.1 0.5
Tan et al. (2019) Feilaixia s1-s6 73.2 0 23.1 3.8
Baldwin et al (2016) Great lakes tributaries 20 2 71 7
Faure et al. (2015) Swiss rivers 75 6 8 11
Mani et al. (2015) Rhine 37.5 58.4 2.5 1.6
Campbell et al. (2017) Wascana creek 10.2 0.3 89.5 0
Mean 35 10 50 5

on Eq. 1 and the empirical determination method of Cp.
Since the shape influences the MP vertical motion, we con-
sidered two different semi-empirical equations to calculate
wy (as done by Constant et al. 2023).

On the one hand, beads and foams were assimilated into
spheres and fragments into flat particles of variable propor-
tions using the formula published by Zhiyao et al. (2008)
(Eq. 2). The applicability of their formula based on sed-
imentary studies to various MPs was verified by several
experimental studies, which revealed a good fit for spherical
and cylindrical MPs, but not for synthetic fibers (Chubarenko
etal. 2016; Isachenko et al. 2016; Khatmullina and Isachenko
2017; Waldschldger and Schiittrumpf 2019).

_ g (pp — pw) FE

12
[38.1 4+ 0.93d,7 1% (mm s~Y) (2)
dv py

Wy

d corresponds to the diameter for beads and to the charac-
teristic size equal to the cube root of the longest, intermediate,
and shortest axis for fragments (all in [0.3, 5] mm), py
was set at 1028 kg m~3 and the kinematic viscosity of the

fluid v = % A % ~ 1.041 mm? s~ for
Mediterranean Sea water.

On the other hand, synthetic fibers were related to cylin-
ders of variable proportions based on the formula of Khat-
mullina and Isachenko (2017) (Eq. 3) with D the diameter
in [0.03, 0.5] mm, L the characteristic length in [0.3, 5]
mm and the empirical coefficients ¢; = 55.238 mm~! and

¢y = 12.69.

_mg(pp—puw) DL

T2 Pw

3

We used the same two semi-empirical equations, to cal-
culate both rising and sinking velocities, which differed only
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in their mathematical sign. Thus, MPs with polymer density
lower than the surrounding water were characterized by pos-
itive wy, i.e., rising velocities oriented towards the surface.
MPs with polymer density higher than the surrounding water
were characterized by negative wy, i.€., sinking velocities ori-
ented towards the seafloor.

Source and sink of MPs in the sea
River MP fluxes

The MP mass fluxes released annually by rivers into the sea
were calculated using the empirical regression model plank-
ton net (Eq. 4) published by Weiss et al. (2021), driven by
population density (s Po P) and water runoff (s Q) in the cor-
responding river basins:

sF, =5.09.107° sPopO'339 sQl'32 @)

This model corrected methodological errors made in pre-
vious estimates and reassessed river MP fluxes globally. It
was applied to each of the 549 Mediterranean river basins
delineated by Sadaoui et al. (2018) at a high spatial reso-
lution of 0.08°. The resulting specific mass fluxes (s F, in
kg km~2year~") were then transformed to absolute mass
fluxes (F;, inkg year’1 ) on the basis of the river basin areas.
The averaged population densities inside the basins (s Pop in
inhabitants km~2) were extracted from the CIESIN (2018)
gridded data set and the runoff (sQ in mm year‘l), were
interpolated from Ludwig et al. (2009).

For the purpose of our Lagrangian tracking simulation,
mass fluxes had to be converted in number fluxes (£, in
MPs year~—!), considering separately synthetic fibers from
other MP shapes due to their significantly different mean
masses (Eq. 5). To this end, we used the conversion factors
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from Weiss et al. (2021) equal to 0.745 ug for fibers and
0.233 mg for non-fiber MPs. Py is the proportion of fibers
to be considered in the study, based on shape distribution in
samples (50% in this study, Table 2).

Fin

F, = 5
P Pr0.745.1079 4 (1 — Py) 0.233.10° %)

The release position for each particle was randomly drawn
within a 0.04° square area delineated off each of the 549
Mediterranean river mouths with a corresponding relative
MP flux (F). Notice that rivers were the only sources in our
study. The contributions of the Atlantic and the Black Sea
were not included, nor were the direct inputs from coastal
cities and leakage from marine traffic. To save computational
time, we considered that 1 Lagrangian particle in the simu-
lation represented 10,000 MPs estimated by the river input
model. The data processing presented in the following is thus
expressed in the number of MPs, taking into account this
1:10,000 conversion.

We estimated the total MP river input into the Mediter-
ranean Sea to be about 80 7 year—! (Eq. 4). According to the
conversion factors (Eq. 5), this mass flux represented about
682 billion MPs year !, i.e., 1.8 billion MPs day~!. There-
fore, a total of 886 billion floating MPs and 478 billion dense
MPs were considered here with continuous daily release over
2 years (2013 and 2014) at river mouths. The simulation lasts
until 2016.

Sinks configuration

Particle sequestration in the sediment was not parameter-
ized in our configuration. MPs cannot settle on the bottom
and were kept in the first water grid cell above the seafloor,
where currents were usually very slow in such micro-tidal
regions. We did not consider degradation processes, biofoul-
ing, or ingestion by organisms. When particles reached the
coast, i.e., the edge of the last water grid cells where cur-
rents were very weak, they could remain motionless for very
long periods. Although regional models such as ours on the
Mediterranean Sea have a kilometer resolution that does not
permit to finely resolve coastal processes, we did not add
stochastic criteria, as was done by Liubartseva et al. (2018)
and Kaandorp et al. (2020), because no observations were
available when we conducted our study to parameterize the
stranding and retention times of MPs. Consequently, they
were considered definitively stranded when they moved less
than 100 m in 1 month of simulation. The assumption of
definitive stranding was made because the negligible tides in
the Mediterranean may limit the potential daily remobiliza-
tion of stranded particles, but also because stranding has been
considered in other modeling studies as the main MP sink in
the Mediterranean Sea (Liubartseva et al. 2018; Macias et al.

2019; van Sebille et al. 2020; Tsiaras et al. 2022; Baudena
etal. 2022). However, it is acknowledged that wind and wave
actions, which are intensified during storms, can be signif-
icant processes for the remobilization of stranded plastics,
leading to potential important turnover rates on Mediter-
ranean beaches (Bowman et al. 1998; Baudena et al. 2022).
Some authors assume that remobilized plastics tend to remain
mostly in the coastal zone and strand again a few km further
away (Zhang 2017; Isobe et al. 2014), suggesting that vir-
tual MP resuspension in coastal grids of a few kilometers of
resolution would not alter significantly the final simulated
distribution of strandings. In our model, stranding can occur
in any coast following the circulation; the diversity of coast-
lines is not taken into account.

Hydrodynamic model
The model

The simulation was performed with the three-dimensional
ocean circulation model SYMPHONIE (Marsaleix et al.
2006, 2008). This model solves the primitive equations for
mass and momentum conservation and is based on Boussi-
nesq approximations and hydrostatic equilibrium. SYM-
PHONIE has already been used at different scales in the
Mediterranean Sea from the coastal scale (Estournel 2003;
Michaud et al. 2012; Bouffard et al. 2008), to the mesoscale
(Estournel et al. 2016) and sub-mesoscale (Damien et al.
2017) and for various applications such as deep convection,
dense water formation, upwelling phenomena, biogeochem-
ical cycling or sediment transport (Mikolajczak et al. 2020;
Many et al. 2021; Ulses et al. 2021; Estournel et al. 2023).
The physical simulation used here has recently been detailed
and validated for the whole Mediterranean Basin by Estour-
nel et al. (2021).

The grid

The grid is a telescopic Arakawa-C-grid with horizontal
curvilinear coordinates (Estournel et al. 2021). The resolu-
tionis about 1.3 km at the Gibraltar strait and 2 km in the Gulf
of Lion (Northwestern Mediterranean) and increases to 4.5
km in the extreme east of the Levantine basin (Southeastern
Mediterranean). The grid has 60 VQS (vanishing quasi-
sigma) vertical levels (Estournel et al. 2021). The bathymetry
was built from the GEBCO database.

The use of a high-resolution grid allowed the representa-
tion of large-scale, mesoscale, and partially sub-mesoscale
structures, in particular filaments and fronts that have been
shown to be key areas for floating MP trapping. Few other
studies were based on such high grid resolution (3 km for
Soto-Navarro et al. 2020; Baudena et al. 2023; 6-9 km for
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Mansui et al. 2015; Mansui et al. 2020; Liubartseva et al.
2018; Kaandorp et al. 2020; Fabri-Ruiz et al. 2023).

Forcing

The interface between the ocean and the atmosphere is a free
surface boundary where atmospheric forcing was simulated
with bulk formulae. The atmospheric variables, wind com-
ponents, pressure, temperature, humidity, and solar/thermal
radiations came from the analyses of the European Center for
Medium-Range Weather Forecasts (ECMWF) with a spatial
resolution of 0.125° and an hourly temporal resolution. The
initial and open boundary conditions in the Atlantic Ocean
were provided by the operational oceanography center Mer-
cator Ocean International as described by Estournel et al.
(2021). The lateral open boundary conditions were described
by Marsaleix et al. (2006). Open boundary conditions at river
mouths were described by Nguyen-Duy et al. (2021). The
freshwater inflows were daily mean values for ten French
rivers, including the Rhone River, and Ebro, Arno, and Po.
For the other rivers, discharges were mean annual values or
seasonal climatology.

Current-wave interaction

Fabri-Ruiz et al. (2023), Baudena et al. (2022), Pedrotti et al.
(2022), and Kaandorp et al. (2020) integrated the Stokes drift
by simple addition of the separately predicted Eulerian and
Stokes currents, as opposed to online forcing used by Liubart-
seva et al. (2018). Online forcing is more rigorous since it
creates the anti-Stokes force that retroactively modifies the
Eulerian currents at each time step. This method generally
reduces the currents obtained and therefore conditions the
drift of plastics at the surface. We have therefore chosen
this method. We used the Stokes drift component calculated
by the WAVEWATCH III wave generation and propagation
model (Tolman 2009) to force the low-frequency Eulerian
currents from SYMPHONIE related to thermohaline gradi-
ents, wind, and tidal forcing. This simple one-way forcing
inspired by McWilliams and Restrepo (1999) implies that
the hydrodynamic is assumed to be more influenced by the
Stokes drift than the wave characteristics are by the general
circulation. This forcing has already been validated at coastal
scales with SYMPHONIE (Michaud et al. 2012; Rétif 2015;
Mikolajczak et al. 2020).

The total current (1, v) is the sum of the Eulerian velocities
(u, 0) and the Stokes velocities (U, Vy):

(6)
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Thus, the general equations of the SYMPHONIE model
are rewritten such as follows:

dil 1ap CI 1
= - Tk, A
TR oox T Kmgp)H A M
dv 18 d a0 R
—+f(u+U>————p (K5 + A% @)
dt o 0y 0z

ar_ o S (K aT)+AT+8I )
dr h 9z

dS

— = —(Kp,— AS 10
— aZ( haz>+ (10)
01 8(fnd) 8(/nd) (1
—=—— udz) — — v

ar  ox ), T ey ), N

The total vertical current is deduced from the continu-
ity equation. f is the Coriolis parameter, pg is the density
of the reference seawater, p is the pressure, 7 the tempera-
ture, S the salinity, A and AZ are horizontal Laplacian and
Bilaplacian operators, K;; and K}, are the vertical turbulent
diffusivity coefficients calculated by the turbulent closure
scheme (k-epsilon), and [ is a radiative forcing term. The sur-
face elevation is given by the transport divergence in Eq. 11.
The derivation operator of Egs. 7 to 10 is written:

40 22 (12)
_ = — JE— vV— w—
dt 9t ox  dy oz

Although Stokes velocities are generally weaker than
Eulerian currents, the effect of Stokes drift on surface
currents during specific wind events can be significant, espe-
cially in winter when winds and river MP inputs are strongest.
To illustrate this effect, Fig. 2 presents examples of wind
events in the Levantine basin southeast of Crete and in the
central western Mediterranean that can be considered repre-
sentative. In the Gulf of Lion, north and northwestern winds
correspond to Tramontane or Mistral events (Fig. 2 a, c, e).
These winds generated high southward Stokes drift veloci-
ties, which also increased the southward current velocities.
The export of floating particles was potentially favored
in this same southerly direction. In the Levantine Basin
(Fig. 2b, d, f), north and northwestern winds correspond to
the Etesians. Through Stokes drift, they increased the south-
ward currents resulting in an increase in current velocity
along the southern coast and contributed to an intensifica-
tion of the cyclonic circulation across the sub-basin.

Lagrangian tracking
Lagrangian integration
Lagrangian integration was done through online trajectory

calculations with the Lagrangian tracking module included
in the hydrodynamic model SYMPHONIE. The integration
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Fig. 2 a and b Eulerian surface currents, ¢ and d Stokes drift, and e and f total currents during a northwest-north wind event on December 27,
2013, in the Gulf of Lion (left) and February 20, 2015, in the Levantine Basin (right)

time step of the particle trajectories is 780 s, and the calcula-
tion time step of the currents is 208 s. The online calculation
mode allowed us to compute MP displacement with a higher
frequency than the daily averaged storage usually done in
the offline mode, considering for example inertial oscilla-
tions and internal waves that play a role in MP dispersion
(van Sebille et al. 2020).

The time derivative of the 3D position vector X (f) =
(x, ¥, z)(¢) is equal to the total current field calculated by
the hydrodynamic model U (t) = (u, v, w)(¢), that describes
the motion of the particles (Eq. 13). For the purposes of our
study, the Lagrangian module has been modified to add a tur-
bulent term w; and a buoyant term wjy to the vertical current

component w such as follows:

B0 _
dX(t)
— o =UO1EE =00
EO — w/ (1) = w(t) + w, (1) + wy (1)

13)
w; represents the MP turbulent vertical diffusion, calcu-

lated at each integration time step of the particle trajectory
(following Eq. 15). wy represents specific rising or sinking
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velocity, which were constants calculated in pre-processing
(thanks to Egs. 2, 3) and stored in a file read at the start of the
simulation with the time and geographical location for each
particle release.

Advective displacement

To solve the differential equations for the current velocities
U = (u,v,w) at the particle location, we used the two-
stage second-order Runge—Kutta method (Eq. 14). RK2 is a
good compromise between accuracy and total computation
cost (i.e., when the cost of interpolating the velocity field
at the particle location is also considered), especially when
the time step used is less than the time required to cross a
grid cell (our case). RK4 is only of interest if the current
interpolation can restore the spatiotemporal non-linearities
of the current field, which requires a very costly high-order
current interpolation. The new position (x,+1, Yu+1, Zn+1) of
the particle is calculated such as follows:

x;:Jrl =X+ u(xp, Yn, 2n) At
y:+1 =yn+ v(xp, Yn, Zn) At
ZZ+1 =zn + w/(xns Yn, Zn)Al

Step 1

1
Xp41=Xpn+ j(”(xns Yn» Zn) + M(X,T_Hs Y,TH, Z;‘;_H))At
1
Yn+1=Yn+ j(v(xnv Yu> Zn) + U(X,TJH , y:{+] s Z:+|))Al
1
Znt1 =Zn+ j(w/(xn, Yn» Zn) + w,(x:+1» y:+1’ Z:+1))Al

(14)

Step 2

where w’ contains the vertical current w, the specific vertical
velocity traducing the buoyancy of the particle wg and the
turbulent vertical diffusion w; (described hereafter).

Turbulent vertical diffusion

Turbulence in the surface layer, whether induced by wind,
waves, or current shear, affects the vertical movement and the
dispersion of floating MPs (Kukulka et al. 2012; Poulain et al.
2019). The surface mixed layer is about 10 to 100 m thick and
can even reach a depth down to several hundred meters during
convective periods in the Mediterranean. Understanding this
MP vertical movement induced by several complex processes
in the ocean surface layer remains difficult. In our study, we
used a random-walk model (Eq. 15) to simulate the turbulent
vertical diffusion as it was done for larval dispersal simula-
tions by Guizien et al. (2012) (mechanistic approaches also
exist (Brunner et al. 2015; Kukulka and Brunner 2015) based
on wind stress analysis and subsurface observations). A tur-
bulent vertical velocity w; was expressed as a function of the
turbulent kinetic energy (tke) resolved by the hydrodynamic
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model and a random number R,, between 0 and 1:

k |
w, = ,/2%6 23R, - 3) (15)

The normalization by 2+/3 in Eq. 15 allowed to obtain
the average random kinetic energy equal to sze over a large
number of random draws.

The model prioritizes the turbulent vertical diffusion over
the horizontal one due to a dominant vertical turbulence in the
wind-influenced surface layer and stronger vertical current
gradients. Horizontal disturbances would have a negligible
impact on particle dispersion.

Results
MP physical properties
Shape, size, and polymers

The average MP shape distribution obtained for rivers is 50%
of synthetic fibers, 35% of fragments, 10% of beads, and 5%
of foams. For density characterization, we observed that the
most produced polymers (Fig. 3a) were also the most abun-
dant MPs in rivers (Fig. 3b). The composition of the samples
from the Rhone River (Fig. 3c), the largest individual fresh-
water contribution to the Mediterranean, was also similar to
the average composition in European rivers. Figure 3 shows
that PE and PP were the most predominant polymers, with
a cumulative proportion generally higher than 50%, due to
their low density between 0.9 and 0.96 g cm™3 (Table 1),
which makes them easier to float and trap in surface trawls.
High-density polymers like PS, PET, PVC, PU, PVA, or
PA were also present, with a relative predominance of PET.
The observed MP size distribution following a gamma law
showed a prevalence of small MPs < 1mm due to degrada-
tion and fragmentation processes leading to an exponential
increase in the number of particles in the smaller sizes. How-
ever, a decrease in the number of MPs was observed for the
size classes close to 300 wm because the smaller the debris is,
the greater is the probability that they pass through plankton
net meshes or escape from visual counting (Fig. 3d).

Vertical velocities

Based on the previously described set of physical proper-
ties (Fig. 3), our simulation counted 65% of floating MPs
and 35% of dense MPs. The simulated ranges of rising and
sinking velocities calculated from Eqs. 2 and 3 are displayed
in Fig. 4. The average rising velocity was 0.006 m s~ for
floating fibers, 0.035 m s~' for floating fragments, 0.027
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Fig.3 Relative distribution of the most common polymer types a in the
global plastics mass production (based on Geyer et al. 2017, for Europe,
USA, China, and India), b in European rivers (based on van der Wal

m s—! for floating beads, and 0.1 m s~ for floating foams.
The average sinking velocity was —0.014 m s~! for dense
fibers, —0.049 m s~1 for dense fragments, —0.031 m s~ for
dense beads, and —0.043 m s~! for dense foams (Fig. 4 and
Table 3). Whatever the size class, fibers generally had a lower
rising and sinking velocity than other MP shapes, favoring
their mixing in the water column by ocean dynamics. Foams,
on the other hand, were mainly made of low-density EPS and
therefore had high rising velocities, making them float on the
surface, but some had also high sinking velocities, due to a
PU or PVA composition that made them sink rapidly.
Figure 4 shows that size, shape, and density all had a
significant effect on the vertical movement of MPs. For the
same size class, shape, or polymer type, rising and sinking
velocities can vary over 3 to 5 orders of magnitude, with
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et al. 2015; Constant et al. 2020), ¢ in the Rhone River (Constant et al.
2020), and d in rivers sorted by shapes with size distribution

overlapping intervals, making it difficult to link the multi-
tude of dynamic behaviors with specific characteristics when
these physical properties are mixed together. Fiber sinking
and rising velocities vary from —0.07 to —107> m s~! and
—107%t00.016 m s~ !, bead and fragment vertical velocities
from —0.2 to =107 m s~! and —1073 t0 0.08 m s~!, and
EPS foam rising velocities from 0.03 t0 0.23 m s~ (Table 3).

Our semi-random configuration of turbulent vertical dif-
fusion based on kinetic energy caused floating MPs to mix
at depths of tens to hundreds of meters under particularly
turbulent conditions. We observed in the simulation a rising
velocity threshold for vertical mixing in the surface layer:
above 0.06 m s~! floating MPs were no longer affected by
turbulence and drift strictly on the surface (it concerns EPS
foams and a very small proportion of light > 2mm fragments
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and beads), and below 0.06 m s~! MPs can be mixed down
to 200 m depth (as < 1mm PE or PP fragments and PE, PP, or
PA fibers of all sizes). Rising velocities below 1073 m s~!,
mainly observed for short and light fibers, can reach 1000
m depth following the 3D general circulation. For dense

MPs, the closer their sinking velocity was to 0 (—1073 to

polymer type

—105 m s~} ), the longer were their trajectories (as PA,
PVA fibers or small PS, PU fragments). MPs with high sink-
ing velocities (< —0.05 m s~ ") reached the seafloor quickly
and remained mainly on continental shelves at shallow depths
(as > 1mm PET or PVC fragments and beads).

Table 3 Extreme values (min, max) and mean values for dense MPs (D.M P with sinking (negative) velocities) and floating MPs (F.M P with

rising (positive) velocities)

wy(m.s™h) Density (kg.m_3) deq (mm) Length (mm)
Min Max  Mean Mean Min Max Mean Mean Min Max Mean Mean Min Max Mean Mean
D.MP E MP D.MP FE MP D.MP FE MP D.MP E MP
All MP —-0.17 023 —-0.016 0.031 100 1600 1275 868 0.03 5 0.37 1.39 03 5 1.50 1.54
Fibres —-0.07 0.016 —-0.014 0.006 900 1600 1280 915 0.03 05 0.26 0.27 03 5 1.50 1.51
Fragments —0.15 0.075 —0.049 0.035 900 1600 1230 930 025 5 1.92 1.93 03 5 1.52 1.56
Beads —-0.17 0.079 -0.031 0.027 900 1600 1180 930 0.30 1.53 1.50 03 5 1.53 1.50
Foams —-0.17 023 —-0.043 0.10 10 1600 1270 70 0.30 1.47 1.51 03 5 1.47 1.51

wy is the MP specific vertical velocity, and d,, is the MP characteristic size (see Egs. 2, 3)
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Fig.5 Mean annual MP fluxes 5°0 0°
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The spatial distribution of river MP fluxes (Fig. 5) shows that
the river basins on the northern shore of the Mediterranean
clearly dominated the fluxes compared to the southern shore,
reflecting their correlation with water runoff. The runoff was
globally 1 to 2 orders of magnitude greater in the North, with
averaged values from 100 to 1000 mm year ™', than in the
South, with averaged values from 10 to 100 mm year‘l.
The resulting specific MP fluxes ranged from 0.1 to 50
g km~2year—" in the South versus 10 to 500 g km 2 year—!
in the North.

According to the model, the four largest contributors to
MP pollution were the Rhone with ~11.9 ¢ year ! (15% of
total inputs), the Po with ~10.6 ¢ year—' (13%), the Drin
with ~5.5 t year™! (7%), and the Nile with ~5.2 ¢ year™!
(6.5%). The Rhone and the Po are the two main rivers supply-
ing freshwater to the Mediterranean with average water flows
of 1720 m3s~! and 1570 m3s~! respectively, i.e., 26% of the
total freshwater discharge to the basin (Ludwig et al. 2009).
With a smaller basin area and the fifth largest water dis-
charge after the Nile and the Ebro, the Drin, flowing through
Albania and Montenegro to the Adriatic Sea, had the third
largest MP flux. With its 3 million km?, the Nile Basin is
by far the largest river basin in the Mediterranean region but
the construction of dams and massive water extractions for
irrigation have drastically decreased its freshwater input to
the Mediterranean Sea (Ludwig et al. 2009; Sadaoui et al.
2018). Although these figures are highly debated, the Nile’s
flow would drop to only 1740-1900 m3s~! downstream of
the Aswan Dam (Schroeder et al. 2012), resulting in a flow
at the mouth of the order of 475 m3s~!.

The next important contributions were the basin of Bac-
chiglione and Brenta in Italy with 1.9 ¢ year~' (2.4% of
total inputs), the Neretva River in Croatia with 1.4 ¢ year~!
(1.8%), the Torre and Isonzo in Italy with 1.4 ¢ year‘1
(1.7%), the Adige in Italy with 1.3 ¢ year™' (1.6%), the

Seyhan in southern Turkey with 1.1 ¢ year™' (1.4%), and
the Tiber in western Italy with 1.0 ¢ year~! (1.3%). These
ten river basins were responsible for 52% of the riverine MP
fluxes to the Mediterranean (Fig. 5).

Figure 6 shows the comparison between measured and
modeled MP fluxes for four monitored Mediterranean rivers.
For the Tét, a small coastal river in the South of France, the
modeled mass fluxes corresponded well to the observations
from Constant et al. (2020). For the Ebro (Simon-Sanchez
et al. 2019) and the Rhone (Constant et al. 2020), whose
basins are larger and more populated, the orders of magnitude
were respected, while for the Po (van der Wal et al. 2015), the
model underestimated the fluxes by one order of magnitude.
Our flux for the Rhone (12 ¢ year‘l) was between the esti-
mated flux during normal conditions, i.e., 5.92 ¢ year‘1 ,and
the flux including samples during flooding, i.e., 22 t year ™!
(Constant et al. 2020). Concerning the fluxes expressed in
the number of MPs, except for the Ebro, the conversions also
tended to underestimate the fluxes. The normalized root mean
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Fig.6 Comparison between measured and modeled MP fluxes in mass
(blue) and in number (red)
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square error (NRMSE) is equal to 46% for the mass fluxes
and 57% for the fluxes in the number of MPs considering
those four rivers.

Dispersion in the surface layer
Temporal tracking of floating MPs

Figure 7 shows the evolution of the floating MP con-
centrations in the surface layer over time, illustrating the
sub-basin exchanges between the Alboran Sea (ALB), Alge-
rian Basin (ALG), North-Western Basin (NWB), Tyrrhenian

Sea (TYR), Ionian Basin (ION), Adriatic Sea (ADR), Aegean
Sea (AEG), and Levantine Basin (LEV) (see Fig. 8). The 1-
month and 3-month maps of the first panel (Fig. 7a) show
that the NWB and ADR basins rapidly dispersed their river
inputs first to the central and then to the southern sub-basins.
In the ADR, which alone may have received nearly 40% of
the total river inputs, the transfers occurred from the major
river sources in the north to the cyclonic gyre in the south,
which gradually accumulated MPs (panels Fig. 7b). After
a 2-year advection time (last panel Fig. 7a), this transient
accumulation zone still showed among the highest surface
concentrations. Despite the narrowing of the ADR at the
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Fig. 8 Temporal variation of the floating MP count in Mediterranean
sub-basins. The total particle count (red curve) corresponds to the
stranding (yellow) plus surface stocks (black). The blue curve repre-

sents cumulative river inputs. ALB Alboran Sea, ALG Algerian Basin,
NWB North-Western Basin, TYR Tyrrhenian Sea, ION Ionian Basin,
ADR Adriatic Sea, AEG Aegean Sea, LEV Levantine Basin
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Otranto Strait limiting surface exchanges, part of the MPs
retained in its southern gyre reached the Gulf of Taranto to
the north of the ION (first pannels on Fig. 7b).

Figure 7a also shows that the concentrations at the surface
of the Gulf of Lion decreased exponentially when particle
age increased: by one order of magnitude between 1 and 3
months, by 2 orders of magnitude after 6 months, and up to
3 orders of magnitude after 1 year. The MP residence time at
the surface of the Gulf of Lion was very short compared to
the ADR. This rapid MP export favored a strong accumula-
tion in the Balearic Sea and the North Balearic frontal zone
(see the surface circulation Fig. 5). With continuous river
inputs, the peak concentrations on the North-Balearic front
were permanent (Fig. 7b), but the trapping efficiency did not
exceed a year, due to a MP leakage towards the southeast
(Fig. 7a).

The central ION exhibited a long-term MP accumula-
tion with an overall increase in mean surface concentrations
between the 1-month and the 1-year maps (Fig. 7a). After 2
years, surface concentrations in the ION were of the same
order of magnitude as those in the ADR while its sources
were almost ten times lower (Table 3). Concentrations at the
surface of the LEV tended to be homogenized by its cyclonic
circulation (Fig. 5), with a long-term accumulation rather
located in its southern and eastern parts. This homogeniza-
tion was also observed in the TYR with higher concentration
in the center of the sub-basin, supplied by the strong fluxes
of the Tiber. The strait between Corsica and Italy and the
seasonality of the East Corsican Current limited the MP out-
flow to the north and the cyclonic circulation in the sub-basin
favored stranding rather than their exit to the south.

In the AEG, the flow of desalinated and light water from
the Black Sea produced a cyclonic surface circulation along
the northern coast and then along the eastern coast of Greece,
constituting a barrier to MP export off the coasts. The numer-
ous islands, indented coastline, and deep bays also increased
the retention of MPs in coastal areas. The absence of dis-
charges into the Marmara Sea through the Bosphorus Strait
can have impacted the distribution of particles in the AEG.

At the Strait of Gibraltar, as the Atlantic waters enter at the
surface and the dense Mediterranean waters exit at depth, the
leakage of floating MPs to the Atlantic Ocean was negligi-
ble. Only about 1 million floating MPs reached the Atlantic
in 2 years of simulation (annual leakage of 0.00015% of
the riverine sources). Although very few floating MPs left
the Mediterranean Basin, the strong decrease in surface MP
concentrations (by a factor of 5 between the 1-month and 2-
year maps, Fig. 7a) indicated important stranding. This was
confirmed by the fact that, between the 1-year and 2-year con-
centration maps (Fig. 7b), riverine inputs were multiplied by
2, while surface concentrations were not.

@ Springer

MP count variation in sub-basins

Annual stranding rates reached almost 90% for floating MPs
and 46% for dense MPs in the Mediterranean Basin when all
particles had completed 2 years of drift. In the following, we
assume that the time variations in the number of particles in
the sub-basins are correlated with the prevailing circulation
and therefore with the total inputs and outputs of the sub-
basins.

With a 10% leaking rate of floating MPs, NWB is the
sub-basin with the strongest net export to the rest of the
Mediterranean, i.e., 43 billion MPs year‘1 or 45% of its
annual river inputs (difference between blue and red curves
in Fig. 8, NWB). Following the circulation in the basin
(Figs. 5, 7), NWB export would contribute to a possible net
increase of 10 billion floating MPs year’1 in the ALG, i.e.,
77% of its river sources. This NWB-to-ALG export appears
to occur preferentially during winter, as evidenced by the
observed increase in surface stocks of ALG and decrease
in surface stocks of NWB between December and January
(see Fig. 8, ALG-NWB). The ALG was a transit basin on the
path of MPs towards the TYR which represented a net annual
increase of 7 billion floating MPs year—! (+28% of its river
inputs) and towards the ION. The amount of floating MPs
entering NWB should be low compared to its own sources
and exports due to the limiting MP export from TYR to the
Ligurian Sea.

In the eastern part of the Mediterranean, the outflow from
ADR at the Otranto Strait is generally stronger than the
inflow, resulting in a net decrease of 31 billion floating MPs
year‘l in ADR,i.e., 16% of its annual river inputs (red curve
on Fig. 8, ADR). These net exports from ADR combined with
those from the western basin resulted in a net increase of
about 40 billion floating MPs year~! in ION, preferentially
occurring in summer between June and September. The ION
is the only sub-basin for which the net particle count varia-
tion was twice as high as its annual river inputs (+197%).
Thus, although its river inputs were low, ION constituted the
main accumulation basin of the Mediterranean that encoun-
ters a +9% net annual increase of the total MP count in the
Mediterranean Basin.

Some MPs from ION would be exported to LEV, which
faced a net increase of 19 billion floating MPs year’l, ie.,
29% of its river sources and 4.4% of the total MP con-
centration in the basin (Fig. 8, LEV). The cyclonic surface
circulation that closes the LEV south of Crete reduced the
export of MPs to adjacent sub-basins. To the northeast, AEG
particle count decreases only 3% of its river inputs, i.e., less
than 1 billion floating MPs year~!. The export from AEG
occurred preferentially in late summer to autumn (see red
curve on Fig. 8, AEG).
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Distribution at depth

The dispersion of sinking MPs was much slower due to deep
currents, which can be one order of magnitude slower than
surface currents, resulting in smaller travel distances. As a
result, exchanges of dense MPs between sub-basins were
minimal: the MP concentrations after 2 years were very close
to the MP fluxes released in each sub-basin. Dense MPs accu-
mulated along the coast in the shallow domain and along the
continental slopes, as can be seen in the Gulf of Lion, the
Balearic Sea, the ION, and the southern LEV (Fig. 9a). As
the dense MPs transit at depth, they were not sensitive to
wind-induced currents or Stokes drift and therefore prefer-
entially follow the general circulation. Figure 9a highlights
the effect of the cyclonic circulation of intermediate and deep
water that distributed the MPs in the western basin (see cir-
culation in Fig. 5). About 340 million sinking MPs exited
through the strait of Gibraltar to the Atlantic, representing
240 times the surface outflow.

Moreover, dense MPs tend to sink rapidly. Looking at
the section from the Rhone River mouth to the Balearic Sea
(Fig. 9b), the highest amounts of dense MPs were found on

a

continental shelves but also in canyons such as the ones that
exit the Gulf of Lion. However, after 2 years, we still found
millions of sinking MPs suspended throughout the water col-
umn. On average, 2 orders of magnitude separated the MP
concentrations in the water column from the ones close to
the seafloor (Fig. 9c).

Half (48%) of the dense MPs emitted by rivers were
located between 50 and 500 m depth, and the majority
remained in the coastal zone. All types of dense MPs were
found on these shelves, but the MPs that reached rapidly the
bottom near their source were the ones with the highest sink-
ing velocities, i.e., the largest MPs in size, mainly composed
of PET and PVC. Maximum concentrations on continental
shelves reached 150 to 200 million MPs km 2 (Fig. 9a). The
dense MPs that went further offshore ended up in the water
column in the center of the sub-basins. They had low sinking
velocities of the order of 107> to 10™* m s~! and corre-
sponded mainly to fine PA (nylon) and PVA (acrylic) fibers
with densities between 1.02 and 1.1 g cm > as well as to the
smallest (<< Imm) PS or PU fragments or beads (Fig. 4).

Only about 3% of the dense MPs (7 billion) reached depths
between 500 and 1000 m after 2 years. It is about the same
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Fig.9 Sinking MP concentrations after 2 years of simulation a in the bottom layer, b along the vertical blue section from the Rhone River mouth
to the Balearic’s, ¢ as a function of depth for the whole Mediterranean Sea
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fraction that reached depths greater than 1000 m in the center
of the sub-basins, especially in the western part. The max-
imum concentrations modeled after 2 years below 500 m
depth were between 20 and 25 million MPs km~2. This
observation was related to the type of sources considered
here exclusively located on the coastline.

In the deepest water layer below 1000 m, relatively high
concentrations were found in the Algerian basin where MPs
were transported by dense water masses formed in the Gulf of
Lion convection zone. These MPs did not reach the Atlantic
because they remained below the Gibraltar threshold. Infor-
mation on the MP distribution in the water column and
seafloor remains rare as sampling those compartments is
still complex even if plastic accumulation has already been
observed in the shelves and canyons (Kane and Clare 2019).

General comparison with observations

We compiled around 600 measurements of floating MP con-
centrations (Fig. 10), based on the review of Mansui et al.
(2020) and the Tara Mediterranean expedition (Pedrotti et al.
2022), to compare with our simulation. Figure 10b illus-
trates the significant spatial and temporal variability that can
exist in surface MP concentrations, depending on hydro-
dynamic conditions (currents, winds, turbulence, surface
mixing, Kukulka et al., 2012), seasonality of sources or sam-
pling protocols. Observations at the same location can vary
within 2 orders of magnitude (for example, transects west of
Sardinia in Fig. 10a). However, the spatial and even more
temporal resolution of the observations is low, and key areas
such as ION, LEV, and AEG are still poorly covered.

We compared concentrations at different simulation time
steps (6 months, 1 year, 2 years) with observations based
on the coordinates of the measurements, but no correlations
were found. Nevertheless, the orders of magnitude obtained
by our model are close to the sampled concentrations (com-
parison between Figs. 7 and 10a). Concentrations observed at
5°E 10°E 15°E

20°E 25°E 30°E 35°E

Tara Med. exp.
<104
& 104-10°
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the surface ranged from 2 to 14 million MPs km 2 and from
0.2 to 220,000 g km~2 (Fig. 10b). The median values are
124,000 MPs km~2 and 45 g km~? respectively. Our mod-
eled concentrations offshore ranged from 375 MPs km 2 to
5 million MPs km 2, representing 0.04 to 584 g km =2, after
2 years of simulation (Fig. 7b). The median concentration
modeled in the surface layer was about 18,000 MPs km=2,
i.e., 2 g km™? based on our conversion factors. Multiply-
ing these median values by the total sea surface (2,501,000
km~=2), we obtained an observed average of 310 billion MPs,
i.e., about 112 ¢, and a modeled average of 46 billion MPs,
i.e., about 5.4 ¢ at the Mediterranean surface.

The boxplot to the right of Fig. 10b shows the variability
of the MP mean mass in the samples, varying from 2.9 p g to
0.03 g with a median mass of 0.322 mg, slightly higher than
the average mass obtained for MPs in river samples equal to
0.745 g for fibers and 0.233 mg for other MP shapes (Weiss
et al. 2021). This suggests preferential sequestration of the
smallest MPs from the sea surface, in line with our model,
where vertical mixing affected the lightest floating MPs, with
rising velocities < 0.06 m s~!. They consequently may sink
in the water column down to 200 m depth (or sometimes even
1000 m for rising velocities < 10™3m s~ 1).

Regionally, the observations from Fig. 10 show the highest
concentrations in the coastal zone, mostly near river mouths,
which are highlighted as major contributors by our river
input model. For example, waters east of the LEV Basin are
under the influence of the Nile and Seyhan rivers, high con-
centrations in the northern ADR were sampled close to the
Po, Adige, Bacchiglione, Brenta, Torre, and Isonzo rivers,
and inputs from the Rhone and Ebro rivers may explain the
hotpots around the Balearic Islands. Offshore, Suaria et al.
(2016) report very high concentrations of more than 1 mil-
lion MPs km ™2 in the southern ADR gyre, identified as a
trapping zone in our simulation with concentrations between
0.1 and 5 million MPs km 2 (Fig. 7).
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Fig. 10 a MP concentrations observed at the Mediterranean Sea surface (in MPs km~2) compiled from literature reviews and b variability of the
floating MP concentrations in mass and in number of MPs with the variability of the mean mass of each MP particles sampled by plankton nets
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Discussion
MP sources

Our quantitative distribution of modeled sources along the
coast was very different from other Lagrangian studies in the
Mediterranean, mostly based on the MPW-derived riverine
inputs of Lebreton et al. (2017). The inputs we used corrected
methodological errors made in previous estimates (demon-
strated and discussed by Weiss et al., 2021) and reassessed
global and Mediterranean-scale fluxes 2 to 3 orders of mag-
nitude lower (80 # year ! or 682 billion MPs year~! here).
The most conservative estimates to date come from Kaandorp
et al. (2020) (2100 to 3400 ¢ year~") for the total fraction
of plastics originating from three different types of sources
to the Mediterranean Sea (rivers but also coastal populations
and fisheries that were not accounted in our study). They
predicted a contribution from rivers of only 32% (i.e., 672 to
1088 ¢ year‘l). Moreover, their method considers a wider
range of particle sizes (micro < Smm and macro > Smm)
than ours (micro < Smm only). Thus, our 807 year ! of river
MPs would correspond to a fraction of 7 to 12% of their esti-
mates of total river inputs, which is a plausible assumption. It
suggests that the estimates of the order of 100,000 ¢ year~!
widely used in the literature (Liubartseva et al. 2018; Soto-
Navarro et al. 2020; Pedrotti et al. 2022; Baudena et al. 2022)
are likely overestimated, as these studies do not match the
order of magnitude of the concentrations observed.
Although the quantification of inputs is very different, we
used almost the same number and location of seeding points
as previous modeling studies (505 cities and 110 rivers by
Liubartseva et al. (2018); 480 cities and 15 rivers by Soto-
Navarro et al. (2020); 185 cities and 200 rivers by Pedrotti
et al. (2022); 549 river mouths in our study), underlining the
benefit of using a high-resolution river basin GIS. Follow-
ing MPW-based river models, Kaandorp et al. (2020) do not
even consider the Rhone as a main source while its contribu-
tion might be among the major ones based on observations
(Constant et al. 2020). The use of a high-resolution GIS cov-
ering the entire continental area, in combination with flux
estimates based on population and water runoff, permitted
to take into account the contributions of all rivers and cities
(including coastal cities) in the 549 simulated river sources.
However, only the portion of the MP fluxes exported by urban
areas towards the sea by water runoffs was included in those
estimates (the weight of water flows in the parametric equa-
tion was stronger than the one of population Weiss et al.
2021). It should be noted that our MP flux estimates did not
include all direct contributions from coastal activities, such as
inputs from atmospheric deposits, coastal wastewater treat-
ment plants, and human emissions on beaches or in harbors.
Consequently, our sources are likely to be underestimated
when compared to the total contributions of other studies or

actual inputs. Moreover, the fragmentation of macroplastics
as a source of MPs (Pedrotti et al. 2022) was not included
either in the model. In fact, the fragmentation process seems
to remain very slow occurring over decadal time and depend-
ing on a multitude of variables (Onink et al. 2022). It begins
in the continental environment, on river banks and streams
during their transfer, or directly on beaches. It is therefore
very difficult to quantify the proportion of MPs derived from
stranded macroplastics in comparison to other sources.

Contrary to MPW-based studies, our MP fluxes were 1 to
2 orders of magnitude lower in southern river basins than in
northern river basins. For example, the Nile contributed in our
study only for 6.5% of total inputs to the Mediterranean Sea,
whereas the application of MPW-based models (Lebreton
etal. 2017) led to an estimated contribution of 60-90% of the
total inputs. This is in contradiction with the strong reduction
in this river discharge because of dam retention and irriga-
tion (Ludwig et al. 2009; Schroeder et al. 2012; Sadaoui et al.
2018). We noted a significant relationship between MP con-
centrations observed in the coastal zone and the importance
of modeled river sources (section General comparison with
observations), suggesting that river inputs could indeed be
major sources that appear to be well estimated by our model.
Nevertheless, the uncertainties related to the modeled river
fluxes are still high because too few observations are available
in Mediterranean rivers, particularly on the southern shore,
and the river model only provided annual averages which do
not express the seasonal and high-frequency variability of
flows.

MP characterization
Shape, size, and polymers

Considering 50% fibers at river mouths should be taken as a
lower limit. When fibers are counted, they are by far the most
dominant shape in plankton net samples (up to 90% accord-
ing to Constant et al. 2020). Also, fragments (35%, Table 2)
were often reported in large quantities in literature sam-
ples, likely derived from the degradation and fragmentation
of macroplastics. Beads were less frequent (10%) probably
related to their general lower buoyancy which keeps them
under the sampled surface. Foams (5%), mostly made of EPS,
were likely to degrade quickly in water.

Concerning the MP sizes, the distribution we averaged
from literature data followed a trend observed in many other
case studies in rivers like in the Yangtze river (Xiong et al.
2019), the Ebro river (Simon-Sanchez et al. 2019), or the
Pasig river (Deocaris et al. 2019) as well as in the Mediter-
ranean Sea (Cozar et al. 2015; Pedrotti et al. 2016).

In the same way, the predominance of PE and PP in our
analysis of literature data (Fig. 3) was confirmed by many
other studies like in global rivers (Xiong et al. 2019; Kataoka
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et al. 2019; Lahens et al. 2018; Faure et al. 2015; van der
Wal et al. 2015) and in the Mediterranean Sea (Kedzierski
et al. 2022). Their proportions were highly variable (30 to
80% for PE and 6 to 50% for PP—compared to 37% PE
and 22% PP in observed distribution), with PE/PP ratio of
between 1.6 and 6, showing the usual prevalence of PE in
the environment. It also suggests that, despite degradation or
biofouling affecting MP density, many of these PE and PP
particles continue to float at the surface for a long time, the
drift period depending on biological and physical activities in
the region. High-density polymers like PS, PET, PVC, or PU
can also be found but to a lesser extent (4 to 25% maximum)
in river plankton net samples (Xiong et al. 2019; Kataoka
et al. 2019; Lahens et al. 2018; Faure et al. 2015; van der
Wal et al. 2015; Sadri and Thompson 2014) and only 3% PS
in the Mediterranean Sea (Kedzierski et al. 2022). Although
the density of the later polymers is higher than seawater,
their presence in surface samples is generally explained by
the turbulent flow that mixes the water column in rivers and
coastal waters. The additives and chemical treatments applied
to polymers can also greatly alter their intrinsic properties and
buoyancy.

Vertical velocities

As for sediments, MP rising and sinking velocities are key
variables to understand suspension, deposition, mixing, and
exchange processes. Our simulated velocities based on sam-
pled properties and semi-empirical equations were within
the ranges observed in lab experiments (Fig. 4, Table 3,
Egs. 2 and 3). Our average sinking velocity for fragments
was equal to —0.049m s~ ! which was included in the exper-
imental interval from —0.097 to —0.014 m s~! (mean of
—0.060 m s~!) for high-density polymers ( 1130 kg m~3)
from Khatmullina and Isachenko (2017). Our average sink-
ing velocities for beads (—0.031 m s~ 1) and fibers (—0.014

Fig. 11 Balance scheme of
annual particle count in the
Mediterranean sub-basins.
Black arrows indicate the
estimated net fluxes between
sub-basins in accordance with
the prevailing circulation, and
numbers in the regional boxes
correspond to the MP count in
the surface layer and at depths

(value units = 10°MPs yr')
:l Floating particles
i‘_; In-depth particles
mm)  River input
Sy Stranding
=+ net variation
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m s~!) were also close to the experimental values from
Khatmullina and Isachenko (2017) equal —0.06 m s~! for
beads and —0.016 m s~ for fibers. In their modeling study,
Baudena et al. (2023) considered a maximum sinking veloc-
ity of 7.8 mday_l, ie,910 7 m s~ ! which is 2 to 3 orders
of magnitude slower than the velocities calculated in our
observation-based study. Our average rising velocity for frag-
ments (0.035 m s~ ') was higher than the experimental mean
rising velocity from Kooi et al. (2016), ranging from 0.009 to
0.019 m s~ . The difference can be due to the calculation of
rising velocities with the same formula as sinking velocities,
whereas some observations showed that, for the same differ-
ence between the MP density and surrounding water density,
rising velocities were slightly lower than sinking velocities
related to the ratio between the forces (weight and buoy-
ancy) applied to the particle (Waldschldger and Schiittrumpf
2019). This discrepancy no longer existed with the formula
we applied to fibers (0.006 m s~ ') which matched the exper-
imental range between 0.006 and 0.008 m s~! by Kooi et al.
(2016).

MP fluxes in the basin

Here, we assume that the simulation has reached a quasi-
stationary state of MP concentrations at the sea surface, as
suggested by the quasi-stabilization of surface stock curves
after 2 years of drift in the majority of sub-basins (see Fig. 8).
By dividing the MP floating stocks in the regional boxes
by the floating stranding losses (represented by the yellow
arrows in Fig. 11) plus the net outputs (outgoing black arrows
at the interfaces with neighboring boxes), it is possible to
estimate a maximum average residence time of floating par-
ticles at the sea surface. This is approximately equivalent to
dividing floating stocks by floating river inputs (blue arrows)
plus the net inputs (incoming black arrows at the interfaces
with neighboring boxes). The resulting time values represent
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maximum residence times, and actual residence times may
be shorter.

ALB was the sub-basin with the smallest average resi-
dence time of floating MPs in the surface layer, about 9 days,
then followed NWB, ALG, and ADR, with average residence
times of about 3 weeks. AEG, TYR, and LEV yielded aver-
ageresidence times of 4, 5, and 7 weeks, respectively. Finally,
ION is the sub-basin with the longest average residence
times, reaching about 9 to 11 weeks. These average residence
times were relatively short in such a semi-enclosed basin as
the Mediterranean, as stranding can occur very quickly after
MPs have entered the marine environment, while a smaller
number of particles can drift for several years. In the same
order of magnitude, Liubartseva et al. (2018) calculated aver-
age half-life times (when only 50% of the initial release
remains at the sea surface) of about 7 days for floating MPs
from coastal sources such as rivers and 80 days for floating
MPs from marine sources. Here, we showed a wide range
of average residence times, from a few days to 2.5 months,
suggesting that a unique residence time cannot be applied to
the whole Mediterranean since it depends on the sub-basins’
size and dynamics.

These average residence times may be long enough in the
Mediterranean to allow living organisms to colonize a cer-
tain portion of floating plastic stocks, leading to exchanges
between surface and deep stocks through changes in particle
density. Some MPs made of PE would begin to sink after only
6 weeks of incubation in coastal waters with high biological
activity Kaiser et al. (2017) while other PE fibers could start
sinking after 6-8 months (Chubarenko et al. 2016). Thus,
considering MP leakage from shipping lanes and fishing
activities, as well as the change in the buoyancy of biofouled
floating MPs, would have resulted in increased amounts of
MPs in the center of the sub-basins with depths greater than
1000 m (Baudena et al. 2023).

Basin scale budget
Stocks

To sum up our modeling scenario, rivers discharged 443 bil-
lion floating MPs year ! and 239 billion dense MPs year !
to the Mediterranean Sea. Total stranding reached 397 billion
floating MPs year ! (almost 90% of floating inputs) and 110
billion dense MPs year~! (46% of dense inputs). Exchanges
with the Atlantic were negligible. Considering this simplified
MP cycle, the Mediterranean would accumulate offshore in
average 46 billion floating MPs year ™! in the surface layer
and 54.8 billion sinking MPs year ! at depth (derived from
Figs. 7b and 8).

This scenario failed to reproduce the average floating
stocks observed, estimated at 310 billion MPs at the Mediter-
ranean surface (Fig. 10). Evidently, observed accumulation

is the result of more than 50 years of pollution, but monitor-
ing at sea may show no clear increase in plastic quantities
(Galgani et al. 2021). It suggests that there may exist a bal-
ance between sources and sinks in the marine environment.
Thus, we assumed that the observed and modeled stocks
should approximate a steady state at the Mediterranean sur-
face in order to establish a budget for floating MPs in the
basin. The assumption of a steady state after 2 years in our
simulation can be justified, on the one hand, because 2 years
of advection were sufficient to complete the transfer of float-
ing MPs from western to eastern sub-basins (Fig. 7a), and on
the other hand, because the surface concentrations in Fig. 7b
with continuous daily river inputs change little between the 1-
year and 2-year maps (10% increase while inputs doubled),
suggesting that floating concentrations may stabilized (see
surface stock curves on Fig. 8).

The most polluted regions in terms of river emissions
were the ADR and the NWB. The ION constituted the main
long-term accumulation sub-basin, as well as the southeast-
ern LEV, with longer time transfers, about 2 years. The
same accumulation sub-basins were suggested by the 18-
year simulation of Macias et al. (2019). It would therefore
be interesting to examine in sea samples whether the MPs
in these basins are characterized by increased aging (i.e.,
increased degradation or biofouling rate) reflecting longer
surface drift, although this is naturally difficult to determine
since aging already starts within the river basins, where trans-
fer time depends on basin scale and characteristics.

Projections

We summarized our scenario with a 1D box model (Fig. 12a)
and extended the statistics obtained from the 2-year simula-
tion to a projected decade (Fig. 12b). Assuming that there is
an observed surface steady state of about 310 billion float-
ing MPs, our scenario either underestimated the sources or
overestimated the sinks, or more likely both combined. By
assuming only an underestimation of the sources on the one
hand, sensitivity analyses based on our box model indicated
that sources must be multiplied by about 6 (reaching approx-
imately 2800 billion floating MPs year ! and 320 ¢ year—")
to reproduce an average stock that fitted to observations
(right plot in Fig. 12b). This reflects the inherent uncertain-
ties associated with the modeled river input estimates, which
are potentially underestimated (Fig. 6) and do not consider
extreme factors such as floods for example. And above all, the
discrepancy between observations and our river-based model
can be attributed to a number of additional unaccounted-for
sources. These include direct coastal inputs via atmospheric
deposits, coastal wastewater treatment plants, leakages on
beaches and harbors, macroplastic fragmentation, and marine
inputs from shipping lanes and fishing activities. A total MP
source at 320 ¢ year~! would represent 9 to 15% of the
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Fig. 12 a Annual basin scale budget for the Mediterranean based on the modeled scenario and b projections of floating stocks based on several

configurations of river inputs and stranding rates

total plastic inputs predicted by Kaandorp et al. (2020) (2100
to 3400 ¢ year‘l). On the other hand, we also assume that
our permanent stranding hypothesis, resulting in 90% coastal
removal, might be too drastic, given that beaches are eroding
sedimentary systems (Vousdoukas et al. 2020). In this way,
the box model sensitivity analyses indicated that to reach the
observed floating stock, stranding rates should be reduced at
least to 59% of the inputs (left plot in Fig. 12b). This reduc-
tion can be justified by considering that certain steep coasts,
such as cliffs, can not trap MPs and that wind, waves, and
currents can remobilize stranded MPs to the open sea (Haarr
et al. 2019). When the stranding rate decreased, a longer
simulation time was potentially needed to reach the steady
state (more than 4 years). Another important perspective is
to make the modeled MP cycle more complex by consider-
ing new sinks. For example, Baudena et al. (2022) estimated
that biofouling could cause about 12% of floating MPs to
sink to deeper layers. In our study, we already assumed that
35% of river MPs sink rapidly in coastal environments due
to their density, adding the potential 12% biofouling of our
65% floating MPs, i.e., 7.8 %, we would obtain 42.8% of MPs
trapped at depth near the sea bottom, which is in the range of
37 to 51% estimated by the inverse model of Kaandorp et al.
(2020). Degradation, fragmentation, or ingestion are other
sinks that can lead to the removal of floating MPs from the
surface. The existence of these additional sinks supports the
necessity to reduce stranding rates to keep a modeled steady
state close to the observed stock.

Stranding constrain
Our results entirely met the conclusions of Kaandorp et al.
(2020) that used an inverse modeling methodology. One of

their key results was a re-evaluation of plastic sources to the
Mediterranean, 2 orders of magnitude lower than previous
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MPW-based studies. We have to recall here that our model-
ing scenario on river inputs also reassessed global river fluxes
2 to 3 orders of magnitude below MPW models (Weiss et al.
2021). Based on this initialization and a permanent configu-
ration of stranding, the projection of the 1D box model shows
that decreasing coastal removal to at least 59% of the river
inputs would enable the model to reproduce the observed
MP floating stock at the Mediterranean surface (around 310
10° MPs). The reduction in strandings would be even more
important if other sinks were to be taken into account in
the process of particle sequestration. This stranding rate was
within the 49-63% range obtained by Kaandorp et al. (2020),
who limited stranding by introducing a second sink via sink-
ing probabilities based on surface residence times derived
from biofouling and degradation of floating MPs.

The majority of modeling studies had difficulties defin-
ing coherent stranding hypotheses since they resulted in
extremely high stranding rates (ranging from 98.7% by
Macias et al. 2019 to 87% by Baudena et al. 2022). This
was mainly due to the limitations of the coarse ocean grid
resolution: a regional approach in a kilometer resolution is
not small enough to realistically resolve coastal dynamic pro-
cesses, and conversely, a high-resolution beach-scale study
does not enable conclusions regarding regional transfers.
This highlights that the community should make progress
on the probabilistic characterization of stranding in regional
modeling studies, based on refined hydrodynamics but also
on empirical results from beach monitoring.

Conclusion
The low spatial and temporal coverage of observations made

it difficult to properly validate the model hypothesis and
results. We had this in common with all previous modeling
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studies focussing on the Mediterranean. In this work, we
therefore analyzed the MP dispersion in the Mediterranean
Basin applying a new empirical model of river inputs,
in-depth characterization of Lagrangian particles, and high-
performance physical simulation. This allowed to increase
the reliability of the trajectories calculated and to extend
the conclusions to a simplified source-to-sink budget on a
basin scale. This study focused only on rivers as a source
and the coast as a sink. It did not include direct MP inputs
from coastal cities or leakage from marine traffic, nor did
it consider other complex processes affecting marine plas-
tic debris, such as resuspension, fragmentation, biofouling,
sedimentation, or washing-off. Two main transient accumu-
lation structures were highlighted for floating MPs, the North
Balearic Front and the South Adriatic gyre, as well as two
main accumulation sub-basins, the Ionian Sea and Southeast-
ern Levantine Basin.

Initializing the dispersion model with our revised source
scenario, which reevaluated global river inputs at values 2—
3 orders of magnitude lower than previous studies based
on more homogeneous data sets, reversed the river contri-
butions between the northern and southern shores of the
Mediterranean. The northern shore had contributions of 1-2
orders of magnitude greater than the southern shore. It iden-
tified the Northwestern Basin and the Adriatic Sea as the
main exporters to the southern and eastern basins. The ten
main contributing rivers accounted for up to 52% of the total
inputs, with a decreased contribution of the Nile compared
to previous estimates. The re-evaluation of potential contri-
butions between northern and southern basins redistributes
roles and responsibilities, emphasizing the need for collective
and regional action to limit pollution in river basins before
its transfer to marine compartments.

We estimated average residence times for floating MPs
at the sea surface to range from 1 to 3 weeks in highly dis-
sipative sub-basins to 11 weeks in the Ionian Sea, and we
suggested that the existence of a near steady state of surface
concentrations, compensating sources by sinks, would imply
a stranding rate much lower than in previous studies, around
60% instead of 90%. At depth, sinking MPs released at the
coast were likely to sediment quickly given the nature of the
polymers, being mostly trapped on the continental shelves,
along the continental slope, or in canyons. This observation
was related to the type of sources considered in this study
exclusively located on the coastline.

In order to improve flux and stock budget in the Mediter-
ranean Sea, dispersion models need to take better into account
the different processes involved in the MP transport from
sources to sinks, relying more closely on observations and
experimental studies. Future observation campaigns at sea
should also use modeled scenarios as a tool for designing
the sampling strategies. High-frequency temporal monitor-
ing is particularly needed offshore, along the coast, in river

plumes, frontal zones, and eddies. This will help to better
understand the temporal variability of measurements associ-
ated with weather conditions and sea surface state as well as
the temporal variability of the riverine sources.

Supplementary information The estimates of MP inputs
into the Mediterranean Sea, as considered in this study
(549 river basins at 0.08° resolution) and the source file
at the global scale from Weiss et al. (2021) (9988 river
basins at 0.5°resolution), have been deposited in geospa-
tial vector data for a geographic information system (GIS)
and in dataset.csv format on figshare with the identi-
fier doi:10.6084/m9.figshare.26662189 (available at https://
https://figshare.com/articles/dataset/Supplementary_data_
for_From_source_to_sink_part_1_characterization_and_
Lagrangian_tracking_of_riverine_microplastics_in_the_
Mediterranean_Basin_/26662189).
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