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The Mediterranean is considered a hot-spot for plastic pollution, due to its semi-
enclosed nature and heavily populated coastal areas. In the present study, a basin-scale
coupled hydrodynamic/particle drift model was used to track the pathways and fate of
plastics from major land-based sources (coastal cities and rivers), taking into account of
the most important processes (advection, stokes drift, vertical and horizontal mixing,
sinking, wind drag, and beaching). A hybrid ensemble Kalman filter algorithm was
implemented to correct the near- surface circulation, assimilating satellite data (sea
surface height, temperature) in the hydrodynamic model. Different size classes and/or
types of both micro- and macroplastics were considered in the model. Biofouling
induced sinking was explicitly described, as a possible mechanism of microplastics
removal from the surface. A simplified parameterization of size-dependent biofilm growth
has been adopted, as a function of bacterial biomass (obtained from a biogeochemical
model simulation), being considered a proxy for the biofouling community. The simulated
distributions for micro- and macroplastics were validated against available observations,
showing reasonable agreement, both in terms of magnitude and horizontal variability. An
8-year simulation was used to identify micro- and macroplastics accumulation patterns
in the surface layer, water column, seafloor and beaches. The impact of different
processes (vertical mixing, biofouling, and wind/wave drift) was identified through a
series of sensitivity experiments. For both micro- and macroplastics, distributions at sea
surface were closely related to the adopted sources. The microplastics concentration
was drastically reduced away from source areas, due to biofouling induced sinking,
with their size distribution dominated by larger (>1 mm) size classes in open sea
areas, in agreement with observations. High concentration patches of floating plastics
were simulated in convergence areas, characterized by anticyclonic circulation. The
distribution of macroplastics on beaches followed the predominant southeastward
wind/wave direction. In the water column, a sub-surface maximum in microplastics
abundance was simulated, with increasing contribution of smaller particles in deeper
layers. Accumulation of microplastics on the seafloor was limited in relatively shallow
areas (<500 m), with bottom depth below their relaxation depth due to defouling. The
simulated total amount of floating plastics (∼3,760 tonnes) is comparable with estimates
from observations.
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INTRODUCTION

Plastic global production has continuously increased since the
1950s, reaching almost 300 million tons in recent years (Plastics
Europe, 2014). A significant amount of plastics ends up in the
marine environment, with estimates suggesting that more than
250,000 tons are floating at sea (Eriksen et al., 2014), while
increasing amounts are also found on the seafloor, coastlines
and marine biota (Barnes et al., 2009; Suaria and Aliani, 2014;
Liorca et al., 2020). Recently, there is a growing global awareness
and concern on the impacts of plastic pollution on the health
of marine organisms (Gregory, 2009), ranging from marine
megafauna (Fossi et al., 2014) to plankton organisms (Cole
et al., 2015), as well as the impact on human health through
seafood consumption (Smith et al., 2018). Microplastics (MPs),
which represent the smaller size class (particles <5 mm) has
drawn a growing attention of marine research, as they may
interact with low trophic-level organisms (i.e., phytoplankton
and zooplankton) and their predators, finding their way up the
food chain and human diet (Smith et al., 2018; Avio et al.,
2020; Costa et al., 2020). MPs in the marine environment are
either primary, mainly originated from the use of personal
care products and the spillage of pre-production plastic pellets
or secondary MPs, derived from the progressive fragmentation
of larger pieces of plastic litter (Andrady, 2017). Existing
observations in the global ocean (Cózar et al., 2014, 2015;
Eriksen et al., 2014) suggest an important removal process of
smaller size MPs from the surface waters. Cózar et al. (2014)
reported a pronounced gap in the size distribution of plastics
for particles <1 mm, while Eriksen et al. (2014) found a much
lower concentration of MPs, as compared to estimates based
on fragmentation of larger particles. The increase of the plastic
items density from the attachment of (heavier) marine organisms,
also known as biofouling, is a size-specific process (Fazey and
Ryan, 2016) that has been hypothesized in several studies (Cózar
et al., 2014, 2015; van Sebille et al., 2015; Koelmans et al.,
2017; Kaandorp et al., 2020) as a potential explanation of the
observed decreasing microplastics abundance for smaller sizes
in ocean surface waters. Other processes that might contribute
to the removal of microplastics from surface waters include
aggregation with sinking particulate organic matter (Long et al.,
2015) or fecal pellets (Cole et al., 2016) and fragmentation to
as-yet undetectable sizes. MPs have also been documented to
be ingested, directly or indirectly, via their prey, from a variety
of marine organisms (see Andrady, 2017; Choy et al., 2019;
Cózar et al., 2014 and references therein), including zooplankton,
fish, marine mammals, birds and invertebrates. While the above
processes have been observed in the lab or in the field, these have
not been thoroughly quantified and their relative importance
remains unclear (van Sebille et al., 2020).

The Mediterranean Sea is a semi-enclosed basin that is
considered a hot-spot for plastic pollution (Lebreton et al.,
2012; van Sebille et al., 2015). This may be attributed to its
densely populated coastline, hosting a series of intensive activities
(tourism, fishing, shipping, industry), combined with the limited
outflow of surface waters, given the anti-estuarine water exchange
with the Atlantic Ocean that results in a particularly high

residence time of surface water (Lacombe et al., 1981; Cózar
et al., 2015). The anti-estuarine circulation (inflow of surface
Atlantic water, outflow of sub-surface Mediterranean water)
also contributes to the Mediterranean low plankton productivity
and its well defined eastward decreasing gradient (Moutin
and Raimbault, 2002; Kalaroni et al., 2020a,b). With regard
to plastic pollution, the Mediterranean is also of particular
interest from an ecological point of view, as it is considered a
hot-spot for biodiversity (Bianchi and Morri, 2000), while the
great variety of inhabited countries along its coastline, in terms
of socioeconomic status, cultures and political regimes makes
the implementation of a common environmental management
marine policy rather challenging.

When buoyant plastics enter the ocean, their fate is
determined by both physical (wind, waves, ocean currents)
and biogeochemical (sinking due to biofouling, e.g., Ye and
Andrady, 1991) processes. Given the scarcity of marine debris
observational data and the variability of oceanic circulation,
their distribution and fate in the marine environment can be
particularly difficult to predict. Numerical models, simulating
the movement and fate of marine litter provide essential tools
to predict accumulation areas of debris (NOAA, 2016). Such
models typically employ Ocean General Circulation Models
(OGCM) that provide the near surface ocean circulation to
particle tracking Lagrangian models, simulating the pathways
of floating debris originating from known sources, such
as big cities, rivers and shipping lanes (e.g., Yoon et al.,
2010; Lebreton et al., 2012). Another alternative approach
is to simulate the floating particles concentrations, based on
transition probability matrices, obtained from drifter data (e.g.,
Maximenko et al., 2012). Such modeling approaches have
been implemented at basin scale in the Mediterranean Sea.
For instance, Mansui et al. (2015) examined the potential
accumulation of homogenously initialized (i.e., no additional
sources) floating particles, considering the advection from ocean
currents and stokes drift. Liubartseva et al. (2018) used a
variety of sources (shipping lanes, cities, rivers etc.) to evaluate
the fate of plastics (surface, beach, sediment), considering the
advection from currents, stokes drift and sedimentation due to
buoyancy loss. Zambianchi et al. (2017) followed the probabilistic
approach by Maximenko et al. (2012) to identify marine litter
retention areas, using a Lagrangian drifter dataset. Macias et al.
(2019) investigated the seasonality in floating litter patterns,
induced by surface circulation. Kaandorp et al. (2020) followed
an inverse modeling approach to estimate plastic sources and
major sinks (beaching and sedimentation) in the Mediterranean,
based on a best fit of simulated plastics concentrations against
available in situ data. Other modeling studies investigated the
accumulation patterns of plastics on a regional scale (e.g.,
Liubartseva et al., 2016; Politikos et al., 2017). We should note
that most of the above mentioned studies in the Mediterranean
are idealized process studies, investigating the fate of floating
litter, with only few studies (Liubartseva et al., 2018; Kaandorp
et al., 2020) referring explicitly to plastics, with their sources
being quantified.

In the present study, a basin-scale coupled
hydrodynamic/particle drift model was used to track
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the pathways and fate of plastics from major land-based
sources (coastal cities and rivers), taking into account of
the most important processes (advection from currents,
stokes drift, vertical/horizontal mixing, sinking, wind drag,
and beaching). Different size classes and/or types of both
micro- (MPs, particles <5 mm) and macroplastics (particles
>5 mm) were considered in the model. Particular attention
was given to the parameterization of biofouling induced
sinking, as a possible mechanism of removal MPs from
the surface. The biofouling of MPs has not been explicitly
modeled, except for very few efforts (Kooi et al., 2017),
as experimental data are still quite limited (Fischer et al.,
2014). The model implemented in the present study is a first
attempt to parameterize this process with a three-dimensional
(3-D) model and validate simulated MPs distributions with
available in situ data in the Mediterranean. An 8-year model
simulation was used to identify micro- and macroplastics
potential accumulation patterns in the surface layer, water
column, seafloor and beaches, while a series of sensitivity
experiments were used to gain a better understanding on
the role of different processes (wind/wave, vertical mixing,
and biofouling).

MATERIALS AND METHODS

Model Description
Hydrodynamic/Biogeochemical Model
A basin-scale Mediterranean (Figure 1) hydrodynamic model
(∼5 km horizontal resolution) has been coupled with a
Lagrangian particle drift model, describing the transport of
micro- and macro-plastics from major land-based sources
(rivers and cities). The hydrodynamic model is based on the
Princeton Ocean Model (POM; Blumberg and Mellor, 1983)
that is currently operational within POSEIDON forecasting

system1 (Korres et al., 2007). POM is a three-dimensional,
sigma-coordinate, free surface, primitive equation model. The
Mellor-Yamada 2.5 turbulence closure scheme (Mellor and
Yamada, 1982) is used for the computation of vertical eddy
viscosity and diffusivity coefficients, while horizontal diffusion
is calculated following Smagorinsky (1963) formulation.
A hybrid ensemble data assimilation scheme (Tsiaras et al.,
2017) was implemented for the assimilation of satellite altimetry
and sea surface temperature, obtained from the European
Copernicus data base2. The hydrodynamic model is also coupled
with a comprehensive biogeochemical model, 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 below
Section “Biofouling of Microplastics”). ERSEM describes the
pelagic plankton food web with four phytoplankton groups
(diatoms, nanoplankton, picoplankton, and dinoflagellates),
three zooplankton groups (heterotrophic nanoflagellates,
microzooplankton, and mesozooplankton) and bacteria. The
pelagic model variables include also particulate and dissolved
organic matter, along with dissolved inorganic nutrients (nitrate,
ammonium, phosphate, and silicate). The biogeochemical
model is currently operational on Mediterranean basin scale,
as part of the POSEIDON forecast system1 (Kalaroni et al.,
2020a,b). The waves forcing (stokes drift, wave period, and
significant height), used in the Lagrangian drift model was
obtained off-line from Copernicus marine service2 (Ravdas
et al., 2018) and is based on WAM Cycle 4.5.4 wave model
(Gunther and Behrens, 2012).

Lagrangian Particle Drift Model
The Lagrangian drift model is based on Pollani et al. (2001)
and evaluates the particles’ displacement taking into account of

1www.poseidon.hcmr.gr
2http://marine.copernicus.eu/

FIGURE 1 | Mediterranean model domain and bathymetry. The color bar is on a logarithmic scale.
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advection from ocean currents, stokes drift from waves, wind
drag, particles buoyancy/sinking depending on their size and
density, random movement in the horizontal/vertical, beaching
and increase of particles density due to biofouling. The model
follows the concept of Super-Individuals (SI, Scheffer 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.). Six size classes (50, 200, 350,
500, 1,000, and 2,000 µm) of microplastics particles (<5 mm)
were considered in the model. For macroplastics (>5 mm),
the following types/sizes were considered, based on available
data that can be used for model validation: 5 mm–2 cm, 2–
20 cm, >20 cm bottles, >20 cm bags, >20 cm foam. A uniform
background initial concentration was adopted for each type/size
class, based on the basin median abundance from available
in situ data. The attributes of different sizes/types of micro-
and macroplastics are shown in Table 1. The initial density of
micro- and smaller macroplastics was assumed ∼960 kg/m3,
which is the density of the most common plastics (polyethylene,
Zeri et al., 2018; Liorca et al., 2020). A slightly lower density
(∼920 kg/m3, Cubarenko et al., 2016) was assumed for high
density polyethylene bottles and bags and a much lower for
expanded polystyrene foam (330 kg/m3, Cubarenko et al., 2016),
used for packaging.

TABLE 1 | Model parameters and attributes for microplastics and macroplastics
different sizes/types.

Microplastics size
(µm)

50 200 350 500 1,000 2,000

Initial concentration
× 105(#/Km2)

0.3 0.3 0.15 0.15 0.15 0.15

Initial density
(Rp0, kg/m3)

960 960 960 960 960 960

Mean biofilm growth
(dh0, µm/day)

7 1.75 1 0.75 0.35 0.175

Critical thickness
(hcr ,µm)

1.1 4.4 7.6 10.9 21.8 43.6

Beach retention time
(rt, h)

24 24 24 24 24 24

Beach burial rate
(bur, day−1)

0.075 0.075 0.075 0.075 0.075 0.075

Macroplastics
Type/size

5 mm–
2cm

2–
20 cm

>20 cm
bottle

>20 cm
bag

>20 cm
foam

Initial concentration
(#/Km2)

6,000 300 5 5 5

Mean particle diameter
(m)

0.01 0.1 0.2 0.0067∗ 0.2

Initial density (kg/m3) 960 960 920 920 330

Ratio of surface
above/below water
(AirSurfRatio)

– – 1 – 3

Beach retention time
(rt, h)

24 24 48 48 48

Beach burial rate
(bur, day−1)

0.01 0.01 0.05 0.05 0.05

*Equivalent sphere diameter.

The position of every SI is described by its coordinates (x,
y, z) in a Cartesian system, which are updated every time-step
(dt) using the 3-D displacement, produced by currents, wave and
wind, obtained with bi-linear interpolation at the SI location (x,
y, z):

x
(
t + dt

)
= x (t) +

[
uc
(
x, y, z, t

)
+ uw

(
x, y, z, t

)
+ ua

(
x, y, z, t

) ]
· dt + Rx, (1)

y
(
t + dt

)
= y (t)+

[
vc
(
x, y, z, t

)
+ vw

(
x, y, z, t

)
+ va

(
x, y, z, t

) ]
· dt + Ry, (2)

z
(
t + dt

)
= z (t) +

[
wc
(
x, y, z, t

)
+ wb

]
· dt + Rz, (3)

where uc, vc, and wc is the ocean current velocity field
components, obtained (on-line) from the hydrodynamic model.
The terms uw and vw represent the wave stokes drift, obtained
(off-line) from the wave model output. This is assumed to
decrease exponentially with depth as follows:

(uw, vw) = (uw0, vw0) · e−2·k·Z, (4)

where (uw0, vw0) is the stokes drift at surface, k is the wave
number and Z is the depth in the water column. The buoyancy
velocity (wb) depends on the particle density and size, based on
the following equations (Elliott, 1986):

wb =
g · D2

p ·
(

1− Rp
Rw

)
18 · vk

, Dp < Dc, (5)

wb =
8
3
· g · Dp · sign

(
1, 1−

Rp

Rw

)
·

√∣∣∣∣1− Rp

Rw

∣∣∣∣, Dp > Dc, (6)

where g is the gravitational acceleration, vk represents the
kinematic viscosity, Dp is the particle diameter, Rp and Rw are the
particle and the water density, respectively, and Dc is a ‘critical’
particle diameter:

Dc =
9.52 · v

2
3
k

g
1
3

(
1− Rp

Rw

) 1·
3

(7)

(Rx, Ry) represent the stochastic horizontal displacement,
depending on the horizontal diffusion as follows:

(Rx, Ry) =

√(
kh · 3
dt1

)
·
(
2 · (rx, ry)− 1

)
· dt (8)

where Kh is the horizontal diffusion, obtained from the
hydrodynamic model, (rx, ry) are random numbers between [0, 1]
and dt is the model time step. Similarly, a vertical stochastic
displacement is calculated as:

Rz =

√
(Kz + Kw) · 3

dt
· (2 · rz − 1) · dt, (9)

where Kz is the vertical turbulent diffusion coefficient, obtained
from the hydrodynamic model, rz a random number between
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[0, 1] and Kw is the waves vertical mixing coefficient that decays
exponentially with depth and is derived as:

Kw =
0.028

(
W2

h
)

Wt · exp
(
−k · Z

) , (10)

where Wh is the significant wave height, Wt is the wave period
and k is the wave number.

The wind drag (ua,va) that is practically effective only for
macroplastics (bottles, foam) is assumed to depend on the
particle’s surface above water and is parameterized as:

(ua, va) = kw ·
√

AirSurfRatio · (U10, V10) (11)

where (U10,V10) are the wind components at 10 m above sea
surface, obtained from the POSEIDON operational atmospheric
model, kw is a tuning parameter (kw = 0.03, Yoon et al., 2010)
and AirSurfRatio represents the ratio of the particle surface above
and below sea surface. A relatively higher AirSurfRatio is adopted
for the lighter foam (AirSurfRatio = 3), as compared to partly
submerged bottles (AirSurfRatio = 1). The latter are also assumed
to occasionally lose their buoyancy, based on the higher density
of PET bottles (∼1,370 kg/m3, Andrady, 2011), when they are
filled with water, as is also suggested by in situ observations,
showing a relatively small contribution of bottles in open sea
floating plastics (Zeri et al., 2018). Thus, an increase of bottles
density (∼1,370 kg/m3) is randomly applied on floating bottles
on a daily basis (0.015/day), resulting in their effective sinking
on the seafloor.

Small macroplastics (5 mm–2 cm and 2–20 cm) and plastic
bags are also assumed to gradually lose their buoyancy from the
attachment of micro- and macrofouling (barnacles, bryozoans,
mussels etc.) communities (Ye and Andrady, 1991; Fazey and
Ryan, 2016; Pauli et al., 2017). Fazey and Ryan (2016) provided
experimental evidence on the dependence of small plastic items
(5–50 mm) fouling rates on their surface:volume ratio and total
volume, with the time to attain 50% probability of sinking varying
between 17 and 66 days. This study, however, was performed
in the sheltered environment of a marina, where rapid fouling
might be favored. In open sea and particularly oligotrophic
marine environments, such as the Mediterranean, biofouling
by micro- and macrofouling communities is expected to be
much slower. Thus, plastic bags that may be considered as
thin films (typical thickness ∼25 µm), characterized by a high
surface:volume ratio and more prone to sinking (Cubarenko
et al., 2016), were assumed to sink after ∼90 days, which
is comparable with estimates from open sea observations
(Holmström, 1975). Slightly higher sinking times were assumed
for small macroplastics with sizes 5 mm–2 cm and 2–20 cm to
120 and 150 days, respectively.

Particles that end-up on land, following the horizontal
displacement (Eqs. 1–2) are assumed to remain on the beach for
a fixed retention time (rt, see Table 1), after which they return to
the sea, in the direction of waves at the beach location. During
the time they spent on the beach, the particles concentration
is decreased, assuming some loss rate due to burial (bur, see
Table 1). The latter is a main loss term in the model (along
with sinking) and has been tuned so that the mean basin scale

concentration remains fairly stable throughout the inter-annual
simulation, obtaining also a best fit of simulated micro- and
macroplastics concentration with in situ data. Smaller particles
were generally assumed to have a relatively smaller retention time
on a beach and a relatively higher burial rate, as larger plastics can
be more easily stranded on a beach and less easily buried.

Biofouling of Microplastics
A simplified parameterization of bio-film growth of microplastics
has been adopted in the model, as a function of bacterial
abundance (obtained from the biogeochemical model
simulation) that is considered as a proxy for the biofouling
community that may include also other organisms, such as
algae and their predators (Oberbeckmann et al., 2014; Dang
and Lovell, 2016; Rummel et al., 2017; Nava and Leoni, 2021).
Bacteria and diatoms have been found to dominate marine
biofilms (e.g., Oberbeckmann et al., 2014; Masó et al., 2016), with
bacteria being usually, as early colonizers, the most abundant
(e.g., Railkin, 2003). Biofilms start with the adhesion of bacterial
cells and the production of extracellular polymeric substances
(EPS), attracting additional colonizers, such as algae, protists etc.
(Dang and Lovell, 2016; Rummel et al., 2017). The biofilm growth
is assumed to be generally faster for smaller particles (see below),
which is consistent with observations on colonizing bacteria
density in particulate organic carbon aggregates (Kiørboe et al.,
2002; Kiørboe, 2003). Moreover, the critical biofilm thickness
that is necessary for microplastics to start sinking also decreases
with size. Following Cubarenko et al. (2016) analysis, the increase
of a spherical particle density (Rp), resulting from the attachment
of heavier biofilm with density Rf is:

Rp = Rp0 ·
r3(

r + h
)3 + Rf ·

(
1−

r3(
r + h

)3

)
, (12)

where Rp0 is the particle initial density, h is the biofilm thickness
and r the initial particle radius. The critical biofilm thickness (hcr)
for which the particles density is equal with the water density (Rw)
is derived as:

hcr = r ·

( (Rf − R0
)(

Rf − Rw
)) 1

3

− 1

 (13)

Assuming a biofilm density of ∼1,500 kg/m3, typical for bacteria
(Bratback and Dundas, 1984) and water density Rw = 1,025, the
critical thickness for the size classes (50, 200, 350, 500, 1,000,
and 2,000 µm) considered in the model is calculated as 1.1, 4.4,
7.6, 10.9, 21.8, and 43.6 µm, respectively. In the present study,
microplastic particles were assumed to be spherical for simplicity
and also because data on the relative abundance of different
shapes was not available. Following Cubarenko et al. (2016), a
smaller critical thickness and thus faster sinking is derived for
other shapes, such as fibers and thin films, given their higher
surface:volume ratio, as compared to spheres.

The biofilm growth is assumed to be mainly controlled
by colonization and detachment rates, with microbial
growth/mortality having a relatively minor contribution
(Kiørboe et al., 2003). The bacterial cell density (B/S) change
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on a spherical particle (radius = r and surface S = 4πr2) is thus
approximated by:

d
(B

S
)

dt
= β′ · Ba − det ·

(
B
S

)
, (14)

where β′ is the encounter rate kernel normalized to the particle
surface S, Ba is the ambient bacterial abundance and det the
detachment rate. Ignoring the effect of the water flow on a
first approximation, the particles encounter rate on bacteria β′

decrease with size as:

β
′

=
4πDr

S
=

D
r

, (15)

where r is the particle radius and D is the equivalent diffusion
coefficient for bacteria (2 × 10−4 m2/day, Kiørboe et al.,
2003). The biofilm thickness (h) may be described as a
function of the particles surface coverage with bacteria cells (cell
diameter = cell_size and cross section cell_surf = π/4∗cell_size2):

h =
(
B · cell_surf · cell_size

)
S

=

(
B · π

4 · cell_size3)
S

(16)

Replacing B/S from Eq. 16 in Eq. 14, we get:

Dh
dt
=

dh0 · Ba
Ba_mean

− det · h, (17)

where dh0(r) = D/r ∗ Ba_mean ∗π/4 cell_size3 is the mean
biofilm growth rate, which may be considered an area
specific parameter, depending on the colonizing community
mean cell abundance (Ba_mean) and size (cell_size). The
mean near surface bacterial abundance in the Mediterranean
(∼8.7 mgC/m3

∼ 0.5e+12 cells/m3) was adopted for Ba_mean. A
slightly higher value (1.5 µm) from typical bacterial size (∼1 µm,
Kiørboe, 2003) was adopted for cell_size to represent also
additional colonizing communities (phytoplankton, flagellates
etc.). We should note that the Mediterranean plankton food web
is dominated by smaller cells, with larger cells (i.e., diatoms and
dinoflagellates) mainly found in more productive coastal areas
(Kalaroni et al., 2020b). A mean detachment rate (0.025/day) can
be calculated from Eq. 14, using bacterial density from Kiørboe
(2003), under steady state [i.e., d(B/S)/dt = 0]. In order to prevent
from unrealistically high (e.g., h = 130 µm for r = 25 µm) biofilm
thickness for smaller size particles, this was parameterized as a
function of the biofilm growth rate (dh0) and critical thickness
(hcr):

det = max

(
0.92 · dh0(

hcr + 3.e−6
) , 0.025

)
(18)

which effectively results in the saturation of film growth (i.e.,
dh/dt = 0) slightly above the critical thickness. The resulting
biofilm growth, shown in Figure 2, is faster for smaller particles,
following the dh0 decrease with size (see Table 1). Based on the
adopted formulation, smaller size microplastics (50, 200, 350, and
500 µm) are gradually sinking (time to sink with mean bacterial
biomass: <1 day 50 µm, 3.5 days 200 µm, 14 days 350 µm,
and 32.5 days 500 µm) due to the buoyancy loss resulting from

the attachment of heavier biofilm (∼1,500 kg/m3), while larger
size particles (>1 mm) practically remain afloat. If the lower
limit (0.025/day) is not used in Eq. 18, larger microplastics (1
and 2 mm) would also eventually sink, but after a considerable
amount of time (>150 days), showing similar results with the
present formulation.

As shown in Figure 2, the sinking onset depends on
bacterial abundance. Thus, when applied in the 3-D simulation,
sinking is relatively faster in more productive areas, while the
decrease of bacteria/algae below the euphotic zone results in
the microplastics gradual defouling and relaxation at depths,
where they acquire neutral buoyancy. The mean bacterial vertical
distribution (Figure 2), simulated with the biogeochemical
model (Kalaroni et al., 2020b), is characterized by a relatively
higher abundance in the photic layer and a gradual decrease
to deeper layers by almost an order of magnitude (from
∼10 mgC/m3 at surface to ∼1 mgC/m3 at 500 m), which is in
reasonable agreement with existing data in the Mediterranean
(e.g., Diociaiuti et al., 2019). Despite the relatively higher sinking
velocity of larger particles, as calculated from Eqs. 5–6, smaller
microplastics are relaxed at larger depths (20 µm: 450 m, 200 µm:
230 m, 350 µm: 160 m, and 500 µm:130 m) due to their higher
peak density and head start on sinking (see Figure 2).

The biofouling parameterization adopted in the model cannot
be directly validated, given the absence of experimental data,
particularly on the size dependence of biofilm growth on
microplastics. Fischer et al. (2014) measured the development of
biofilm on plastic films (surface 1 cm2), showing ∼40% coverage
with 3 µm mean cell size in 20 days. This can be translated
into ∼0.06 µm/day (0.4 µm × 3 µm/20 days) mean biofilm
growth rate. The calculated mean rate with the present model
formulation for a particle 6,000 µm (S = 1 cm2) is∼0.03 µm/day,
which appears reasonable, considering the much higher plankton
productivity of the Baltic Sea, as compared to the Mediterranean.

Model Setup
An 8-year (2010–2017) simulation was performed with the
coupled hydrodynamic/particle drift model. The atmospheric
forcing was obtained from the POSEIDON operational weather
forecast (Papadopoulos and Katsafados, 2009), using a properly
tuned bulk formulae set (Korres and Lascaratos, 2003) for the
calculation of momentum, heat and freshwater fluxes at the
air-sea interface. The interested reader may refer to Kalaroni
et al. (2020a) for more details on the hydrodynamic and
biogeochemical model setup.

A Hybrid ensemble data assimilation scheme (Tsiaras et al.,
2017) has been implemented for the assimilation of satellite
altimetry (sea surface height, SSH) and sea surface temperature
(SST). This is an ensemble based Kalman filter that combines a
flow-dependent error covariance, estimated from a stochastically
generated ensemble (Hoteit et al., 2012), with a static background
covariance, built from a set of Empirical Orthogonal Functions
(EOFs), as described by Hoteit et al. (2001). Localization
is applied as described in Nerger et al. (2006), using only
observations within a specified distance (radius ∼50 Km)
from the updated grid point. The model state vector includes
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FIGURE 2 | Microplastic particles evolution (in days) of (A) density, (B) biofilm thickness, (C) sinking velocity for different particle size (50, 200, 350, 500, 700, and
1,000 µm) and constant bacterial abundance (8 mgC/m3) and (D) particle density (size = 500 µm) for different bacterial abundance (0, 4, 8, and 12 mgC/m3). The
critical (dashed colored lines) biofilm thickness for each size class is also indicated in (B). Microplastics particles (50, 200, 350, and 500 µm) (E) mean depth (m) and
(F) density (kg/m3) evolution in a 3-D model simulation with varying bacterial biomass is shown. The mean Mediterranean bacterial biomass vertical distribution is
also shown in (G).

temperature, salinity, horizontal velocity, and turbulence (kinetic
energy, length scale), surface elevation and depth integrated
horizontal velocities. Satellite data are assimilated every 8 days,
assuming an observation error of ∼0.03 cm for SSH and
∼0.8◦C for SST, as in Korres et al. (2007). The ensemble size is
N = 101, including a flow-dependent ensemble with 8 members.
The satellite data were the Mean Dynamic Topography (MDT,
spatial resolution: 0.0625◦ × 0.0625◦) for the 2010–2013 period,
obtained from the European AVISO+ altimetry data base3

(Rio et al., 2014) and daily Sea Level Anomalies (SLA, spatial

3http://www.aviso.altimetry.fr

resolution: 0.125◦ × 0.125◦) and Sea Surface Temperature data
(SST, spatial resolution: 0.04◦ × 0.04◦, Buongiorno Nardelli et al.,
2013), obtained from the European Copernicus data base (see
Text Footnote 2).

Sources of Plastics
Three main sources of plastics were considered:

(a) Input of microplastics from coastal cities (>2,000
inhabitants) municipal wastewater discharge (Figure 3), which
was extracted from UNEP/MED (2011) report. In case the
treated/untreated wastewater discharge was missing, this was
obtained as a function of the city’s population, based on a
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linear regression with available data from the same country,
when possible, or the entire dataset. The input of microplastics
was calculated taking into account of the treated (TD) and
untreated (UD) wastewater discharge, as well as the removal
efficiency (R), depending on the type of treatment (no-treatment,
pre-treatment R∼10%, primary R∼25%, secondary R∼75%,
tertiary R∼85%, see Supplementary Figure 1) that was estimated
following Kalcikova et al. (2017). The daily microplastics load
was thus calculated as: Microplastics load (#particles/day) = UM
∗ (TD ∗ R + UD), with UM (∼17,500 #/m3) being the adopted
microplastics concentration of influent (untreated) water. This
was estimated based on available data from the literature for
the Mediterranean (Gundoğdu et al., 2018; Magni et al., 2019;
Bayo et al., 2020) and might be considered relatively low, as
compared with existing data from different countries, ranging
from 2,000 to more than 400,000 #/m3 (average ∼169,000 #/m3,
Uddin et al., 2020). However, this is close to Uddin et al.
(2020) (conservative) global average estimate (20,000 #/m3) and
we should consider that there is a huge variability between
measurements, depending also on the methodology (mesh size,
sampled volumes etc.). Larger particles (>300 µm), representing
∼20% of the total (Talvitie et al., 2017), were assumed to be
totally removed, when some type of treatment is applied, being
discharged into the sea only from untreated wastewater. The
microplastics contribution from different sizes was assumed to
decrease with size due to fragmentation, following a power
function (Lindeque et al., 2020):

Input (size) =
(
size1.3) , (19)

For the considered size classes 350, 500, 1,000, and 2,000 µm,
this practically results in a decreasing contribution of 50, 35,
10, and 5%, respectively, in the source inputs. For smaller size
microplastics (<300 µm), the same contribution was adopted for
the two size classes (50 and 200 µm) representing 20–100 and
100–300 µm microplastics for untreated wastewater. A slightly
higher contribution (75%) was assigned on smaller (20–100 µm)
particles, under some type of treatment (Talvitie et al., 2017).

(b) Input of micro- and macroplastics from river discharge
(Figure 3) was obtained as a function of accumulated plastics
production and monthly river runoff, based on Lebreton et al.
(2017) global dataset. The total mass plastic input (tonnes/year)
was converted to #particles/day of micro- and macro-plastics,
assuming a mean weight of macroplastics ∼0.17 gr (Eriksen
et al., 2014), as in Lebreton et al. (2017) and a much lower
mean weight ∼0.0003 gr (∼0.003 gr in Lebreton et al., 2017)
for microplastics and particles number mean ratio macro/micro
∼0.003 (0.04 in Lebreton et al., 2017), based on observations in
River Po (van der Wal et al., 2015; Schmidt et al., 2017), resulting,
however, in a similar macro/micro mass ratio (1.7 = 0.63/0.37),
as compared to Lebreton (2.26 = 0.7/0.3). The daily input of
micro- and macroplastics was thus calculated as macroplastics
(#/day) = 104

× total load (tonnes/year) and microplastics
(#/day) = 3.4 106

× total load (tonnes/year), respectively. The
same scaling with size (Eq. 19), as with wastewater, was adopted
for larger microplastics (>300 µm). River input of smaller
(<300 µm) microplastics was not considered, as river estimates

were based on observations with a net mesh size >300 µm.
The size distribution in the macroplastics load was based on the
relative particles (median) abundance found at sea (see below
Section “Near Surface – Macroplastics”), based on available in situ
data (95% 5 mm–2 cm, 4.5% 2–20 cm, 0.5% > 20 cm, mean
weight 0.17 gr/particle), while the relative contribution from
bottles (40%), bags (30%) and foam (30%) in the >20 cm size
class was based on observations from European rivers (González-
Fernández et al., 2018).

(c) Input of macroplastics from coastal cities (beaches, harbors
etc., Figure 3), which was distributed along the Mediterranean
coastline following a function of population density (see
Supplementary Figure 1):

load (i) ·
(

#
day

)

= pop(i) · weiav · country_fact ·

(
1−

0.95 · pop(i)(
pop (i)+ 50000

)
· 15

)
(20)

where pop(i) is the coastal city (i) population, weiav is the mean
load per inhabitant (0.57 gr/inhabitant/day) and country_fact is
a factor assigned on each country, based on mismanaged plastic
production, as in Jambeck et al. (2015), but with relatively lower
variability (STD × 0.5). The above saturating function was used
to prevent from excessive input from very big metropolitan
cities with population >1 M inhabitants (e.g., Barcelona, Athens
etc.). A total amount of ∼11 kt/year is added from the ∼80 M
coastal population in the Mediterranean. A slightly increased
contribution of larger (>20 cm) macroplastics, as compared to
river inputs was adopted in the macroplastics size distribution
(95% 5 mm–2 cm, 4% 2–20 cm, 1% > 20 cm, mean weight
0.24 gr/particle). Furthermore, a slightly higher contribution
from plastic bags (50%), as compared to bottles/foam (25%)
was adopted to compensate for the relatively higher observed
abundance found at sea (Zeri et al., 2018).

In the present study, only land-based sources of plastics
are considered. These have been estimated to represent ∼80%
of marine plastic pollution (Lebreton et al., 2012), with the
remaining 20% related with ocean-based activities, such as
fisheries and shipping. The latter contribution might currently be
even smaller, considering the official banning of litter discharge
from vessels. Moreover, the plastics load from activities in coastal
areas, such as aquaculture and fisheries is partly taken into
account in the tuned input of macroplastics from cities. For
microplastics, land-based sources represent the overwhelming
majority (98%) of inputs into the ocean, according to IUCN
(Boucher and Friot, 2017).

RESULTS

Circulation
An 8-year simulation over 2010–2017 period was performed with
the basin-scale Mediterranean model. The simulated near surface
circulation (Figure 4) captures most of the major observed
features, as depicted from satellite sea surface height (SSH) data
and a schematic from previous observational studies (Theoharis
et al., 1999; Pinardi and Masetti, 2000; Menna et al., 2012).
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FIGURE 3 | Source inputs of (A) micro- and macroplastics with river runoff (tonnes/year), (B) macroplastics from coastal cities (tonnes/year), (C) small size
microplastics (<300 µm) and (D) large size microplastics (>300 µm) from wastewater discharge (#/day).

These features include the large semi-permanent anti-cyclone
in the Gulf of Syrte, the Rhodes gyre, the Ligurian-Provencal
current, the Lion and South Adriatic cyclones, the Tyrrhenian
cyclonic circulation and eastern anticyclonic gyre during spring-
summer, the Alboran and Ierapetra anticyclones, as well as
the Algerian, Mid. Mediterranean and Asia Minor currents.
Some features, such as the Shikmona/Mersa-Matruh anticyclonic
systems are only partly reproduced. The simulated SSH is in
good agreement with satellite data (see also Supplementary
Figure 2), illustrating the important improvement of the model
skill with the hybrid Kalman filter data assimilation. This is
also indicated by the significant increase of correlation (from
r ∼ 0.6 to r ∼ 0.9) and decrease of normalized RMS error
(from RMS ∼ 0.8 to RMS ∼ 0.4) with SSH satellite data (see
Supplementary Figure 3), as compared with a free run (i.e., no
data assimilation) simulation.

Near Surface – Microplastics
In Figure 5, the mean (2010–2017) surface (0–10 m) distribution
of microplastics different size classes is shown. These appear
to be significantly affected by the adopted sources (Figure 3),
the effect of biofouling induced sinking of particles and the
mean near surface circulation (Figure 4). The distributions
of small size (<300 µm) microplastics are mostly related to
wastewater treatment discharge (river inputs are not considered),
being higher near metropolitan cities, such as Alexandria, Beirut,
Athens, Rome, Barcelona, as well as near heavily populated areas,
mostly found in the Western Mediterranean (France, Spain,
and Italian coasts). Due to their faster sinking onset (50 µm:
<1 day, 200 µm: 3.5 days), they present a stronger decrease of

near surface concentrations in open sea areas, as compared to
larger microplastics (>300 µm). The latter are assumed to be
totally removed, when some type of treatment is applied and
thus originate only from untreated wastewater and river runoff.
Therefore, larger size microplastics appear more abundant in
areas with relatively high untreated wastewater (Figure 3), along
the coasts of Italy, Greece, Turkey, and Eastern Levantine, as
well as near major North African cities (Cairo, Alexandria,
Tunis, Tripoli etc.). A significant amount is also contributed
from river runoff, which is particularly visible along the Algerian
coast, being characterized by relatively low wastewater inputs
(Figure 3). Again, the effect of biofouling induced sinking is
apparent for size classes 350 and 500 µm, with their near surface
concentrations being drastically reduced away from source areas.
We should note that the relatively higher abundance of smaller
size microplastics in coastal areas is also due to the adopted
scaling with size in sources (Eq. 19).

The effect of near surface circulation is mostly visible
in the distributions of larger microplastics (>1 mm)
that remain afloat, traveling longer distances with
currents. Increased concentrations may be noticed in
areas characterized by anticyclonic circulation that favors
the convergence/accumulation of floating particles. Such
convergence areas can be identified in the Gulf of Syrte
anti-cyclone throughout the year and other less permanent
anti-cyclones, such as the Ierapetra gyre in eastern Crete, the
Shikmona/Mersa Matruh gyres and the Alboran anti-cyclone
(Figure 4). The effect of circulation is also noticeable in the
off-shore advection of floating particles from coastal source
regions, as in the case of the northward current branching from
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FIGURE 4 | Mean (2010–2017) model simulated (A) winter and (C) summer mean surface current velocity and sea surface height (m), against (B) winter and (C)
summer satellite sea surface height. A schematic of Mediterranean surface circulation (continuous line = winter, dashed line = summer) from previous observation
and modeling studies (Theoharis et al., 1999; Pinardi and Masetti, 2000; Menna et al., 2012) is also shown in (E). LG, Lion gyre; LPC, Liguro-Provencal current; AC,
Algerian current; TC, Tyrrhenian cyclonic circulation; SAG, South Adriatic gyre; AIS, Atlantic-Ionian stream; CG, Western Cretan gyre; SG, Gulf of Syrte anti-cyclone;
PG, Pelops gyre; IG, Ierapetra gyre; RG, Rhodes gyre; MMG, Mersa-Matruh gyre; MMJ, Mid-Med. Jet; ShG, Shikmona gyre; LTE, Latakia eddy; CC, Cilician current;
AMC, Asia-Minor current; WCG, Western Cyprian eddy; LEC, Libyo-Egyptian current.

the Algerian coastal jet or the dispersion of particles from the
Asia Minor current toward the South Aegean (Figure 4). These
features related with circulation are significantly weakened by
particles drift from waves, as revealed in a simulation with no
stokes drift adopted in the model (see Supplementary Figure 4
and Table 2). The waves drift has also an important effect in
the abundance of microplastics, particularly the larger (>1 mm)
size classes that are floating at surface and are more prone to
direct drift from waves and beaching. Thus, the microplastics
(>300 µm) mean concentration is increased by +44% in the
simulation with waves drift de-activated, with a relative increase
of microplastics >1 mm contribution (+34%). Vertical mixing
has mostly an effect on smaller size (e.g., 50 µm) particles,
characterized by relatively weaker buoyancy, as compared to
turbulence. This was verified in a simulation without biofouling
induced sinking, showing a mean depth seasonal variability
of particles 50 µm from ∼2 m during summer to ∼130 m
during winter (see Supplementary Figure 5). Vertical mixing
has a much weaker effect on particles 200 µm (maximum

depth ∼20 m), being further weakened for larger particles
350–500 µm (maximum ∼5 m). In this simulation with
biofouling de-activated, microplastics (>300 µm) abundance in
the surface layer (0–10 m) was increased by 138% on average,
combined with a decrease of large size (>1 mm) contribution
(−59%) (see Supplementary Figure 4 and Table 2). Finally,
the horizontal variability of bacterial biomass has an impact on
biofilm growth (Figure 2), which is faster in more productive
areas, resulting in a relative decrease of microplastics abundance.
This may be noticed comparing the reference simulation
with a simulation adopting a mean bacterial biomass (i.e., no
bacterial horizontal variability, see Supplementary Figure 6),
which shows an increase of microplastics abundance in more
productive areas, such as the Adriatic or the Northwestern
Mediterranean and a relative decrease in the more oligotrophic
Levantine sea. The latter differences are relatively small, as the
microplastics surface distribution is largely influenced by sources
in coastal areas, while open sea areas are dominated by larger
size (floating) microplastics. A more pronounced effect of the
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FIGURE 5 | Mean (2010–2017) model simulated near surface (0–10 m) (A) 50 µm, (B) 200 µm, (C) 350 µm, (D) 500 µm, (E) 1,000 µm, (F) 2,000 µm microplastics
concentration (#/Km2).

bacterial abundance horizontal variability may be seen in the
microplastics vertical distribution (see Section “Water Column –
Microplastics”).

The near surface (0–0.3 m) simulated mean microplastics
(<300 µm) distribution was validated against available in situ
data (Figure 6). A reasonable agreement was found, both in terms
of magnitude and horizontal variability, capturing most of the
observed patterns, such as the increase of MPs in Ligurian Sea,
Sicily and North Adriatic coastal areas or the relatively lower
abundance in the Gulf of Lion and other open sea areas. The
main model deviation is the underestimated MPs abundance
in the Balearic Islands and North Ionian Sea and the relatively
overestimated/underestimated concentration along the Ligurian
Sea coast and the Gulf of Lion. The latter underestimation may be
attributed to the river inputs calculated with the Lebreton et al.
(2017) global empirical function that is strongly influenced by
the mismanaged plastic production distribution (Mai et al., 2020),
being particularly low along the French and Spanish coasts. Thus,
the plastics load from rivers in the Gulf of Lion, such as River
Rhone is probably underestimated, as suggested by estimates
based on observations (Schmidt et al., 2018).

Sinking of smaller (<1 mm) microplastics due to biofouling
results in a relatively higher contribution of larger (>1 mm) size

classes in open sea areas (Figure 5). Combined also with the
decreasing input with size (Eq. 19), the simulated size distribution
(10% 350 µm, 18% 500 µm, 55% 1 mm, 20% 2 mm) peaks at
1 mm, which is consistent with Cózar et al. (2015) findings-
comparing at the same locations- showing a peak around 1–
2 mm size class.

Near Surface – Macroplastics
In Figure 7, the simulated distributions of different size/types of
macroplastics are shown. These appear significantly affected by
sources (Figure 3), being higher in areas with important riverine
inputs (Algerian coast, Albanian coast in the Southern Adriatic,
Turkish coasts in the Eastern Aegean and Levantine) and
some major River mouths (River Po/Adriatic, River Axios/North
Aegean, and River Nile/Levantine). The adopted input of
plastics from cities, based on population density, is higher
close to metropolitan cities (Athens, Barcelona, Rome etc.) and
highly populated coastal areas, mostly along French, Spanish
and Italian coasts.

The effect of near surface circulation in the distributions
of macroplastics is mostly related to the off-shore advection
of floating particles from coastal source regions, such as the
northward spread from the Algerian coast and the southwest
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TABLE 2 | Mean (2010–2011) basin average concentration (#/Km2) (microplastics < 300 µm, microplastics > 300 µm, macroplastics 5–20 mm,
macroplastics > 20 cm), microplastics > 300 µm < 1 mm and >1 mm contribution (%) and Macroplastics > 20 cm composition (%), in the reference simulation and
two additional simulations with (a) bio-fouling/sinking and (b) wind/wave drift de-activated.

Sensitivity experiments Reference (2010–2011) No biofouling/sinking No wind/wave

Microplastics <300 µm concentration (#/km2) 0.11e+6 2.47e+6 (+2145%) 0.11e+6 (+3%)

Microplastics >300 µm concentration (#/km2) 2.65e+5 6.32e+5 (+138%) 3.81e+5 (+44%)

Microplastics <1 mm contribution (%) 67.0 86.4 (+29%) 55.9 (−16%)

Microplastics >1 mm contribution (%) 33.0% 13.6 (−59%) 44.1 (+34%)

Macroplastics 5–20 mm concentration (#/km2) 1.04e+4 1.29e+4 (+24%) 1.35e+4 (+30%)

Macroplastics >20 cm concentration (#/km2) 14.37 20.1 (+41%) 30.5 (+112%)

Macroplastics >20 cm Bottle/bag/foam (%) 18/55/27 26/54/20 13/43/44

FIGURE 6 | Mean (2010–2017) (A) model simulated microplastics concentration (#/m2), against (B) available in situ data (#/m2) and (C) boxplot showing model and
data range, with median and 25th/75th percentiles indicated. In situ data were obtained from: Collignon et al. (2012); Eriksen et al. (2014); Faure et al. (2015); Panti
et al. (2015); Fossi et al. (2016); Gajšt et al. (2016); Pedrotti et al. (2016); Ruiz-Orejón et al. (2016); Fossi et al. (2017); Baini et al. (2018); Gundoğdu et al. (2018);
Ruiz-Orejón et al. (2018); Schmidt et al. (2018); Vianello et al. (2018); Zeri et al. (2018); de Haan et al. (2019); EMODnet (2020).

advection from the Asia Minor current in the eastern Cretan
straits (see also Figure 4). For smaller size macroplastics
(Figure 7), one may also notice the convergence of particles
in anticyclonic areas, such as the Gulf of Syrte anti-cyclone
and other less permanent anti-cyclones, such as the anticyclonic
eddy in the Algerian current during summer, the Ierapetra gyre,
the Shikmona/MersaMatruh gyres (see Figure 4). This effect
from mesoscale circulation is much weaker, when the drag from
wind is also activated for bottles and foam, showing smoother
distributions. On the other hand, the effect from wind/wave
drift appears stronger in the distributions of bottles/foam, as
indicated by lower concentrations in the Aegean/Levantine due
to Etesian winds during summer, the Gulf of Lion due to off-
shore advection of floating particles from Mistral winds and the
North Adriatic (Figure 8, see also Supplementary Figure 7). The
relatively low concentration of macroplastics in the Aegean is
also partly related to the southward pathway of Black Sea Water,
discharged at Dardanelles straits, for which there is no plastics

source input adopted in the model. In almost all distributions,
one can identify the effect from wave drift that has a predominant
southeast direction, creating low concentration “shadows” near
“protected” coasts with such an orientation (e.g., Gulf of Lions,
southeast Sardinia, G. Taranto/Italy etc.).

The mean simulated composition of larger macroplastics
(>20 cm, 18% bottles, 55% plastic bags, 27% foam) shows
a dominance of plastic bags and a relatively low abundance
of bottles, which is consistent with in situ observations
(Zeri et al., 2018). This simulated composition is partly
related to the adopted composition in sources from rivers
(bottle/bag/foam = 40/30/30%, González-Fernández et al., 2018)
and cities (bottle/bag/foam = 25/50/25%), as well as to the
different losses from sinking (bottles and bags) and beaching
(all) for each plastic type. When sinking is de-activated in
the model, the abundance of bottles and bags are increased
by +101% and +37%, respectively, resulting also in a +40%
increase of macroplastics >20 cm abundance (see Table 2
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FIGURE 7 | Mean (2010–2017) model simulated near surface (0–10 m) (A) 5 mm–2 cm, (B) bottle >20 cm, (C) bags >20 cm, and (D) foam >20 cm macroplastics
concentration (#/Km2).

FIGURE 8 | Mean (2010–2017) wind at 10 m (m/s), obtained from POSEIDON operational atmospheric model.

and Supplementary Figure 4). An even stronger increase of
macroplastics >20 cm (+112%) was simulated, when wave/wind
drift is de-activated, following the significant decrease of
particles beaching. This was particularly noticeable in the
Algerian and Eastern Levantine coastal areas (Supplementary
Figure 4), where a significant amount of plastics are beached,
following the predominant wind/wave direction (Figure 8, see
also Supplementary Figure 7) (see also next section). In the
simulation with wave/wind drift de-activated, foam showed the
stronger concentration increase (almost threefold), being more
susceptible to wind drag due to its lower density (330 Kg/m3)

and higher surface above water (see Table 1). In this case, the
composition of macroplastics >20 cm at sea changed in favor of
foam (13% bottles, 43% bags, and 44% foam).

The near surface (0–10 m) simulated macroplastics
distributions were validated against available in situ data
(Figure 9). A reasonable agreement was found, both in terms
of magnitude and horizontal variability, particularly for 5 mm–
2 cm and >20 cm size classes. The simulated distribution for
2–20 cm macroplastics showed a similar median abundance,
but a much weaker variability, as compared to observations.
The simulated distributions appear in good agreement with the
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FIGURE 9 | Mean (2010–2017) model simulated concentration (#/Km2) of (A) macroplastics 5 mm–2 cm, (C) macroplastics 2–20 cm, (E) macroplastics >20 cm
against available in situ data in (B,D,F) and boxplot showing model and data range, with median and 25th/75th percentiles indicated in (G). In situ data were
obtained from: Morris (1980); Aliani et al. (2003); Sánchez et al. (2013); Suaria and Aliani (2014); Arcangeli et al. (2015); Di-Méglio and Campana (2017); Fossi et al.
(2017); Arcangeli et al. (2018); Campana et al. (2018); Ruiz-Orejón et al. (2018); Zeri et al. (2018); Constantino et al. (2019); de Haan et al. (2019); Palatinus et al.
(2019); EMODnet (2020).

extended observations in Suaria and Aliani (2014), showing
higher macroplastics concentration in the Algerian basin,
Adriatic, South Tyrrhenian, Balearic Sea and relatively lower in
Central Tyrrhenian, Sicilian Sea and Sardinia channel (Suaria
and Aliani, 2014; Figures 1, 3). An exception is found in the
Southeastern Adriatic, where high macroplastics abundance is
simulated, unlike the observations.

Beach – Macroplastics
In Figure 10, the distribution of annual mean simulated beach
macroplastics (>20 cm) along the Mediterranean coastline
is shown. This follows the distribution of adopted sources
(Figures 3, 7), modified by near surface circulation and the

predominant southeastward wind/wave direction (Figure 8, see
also Supplementary Figure 7). Relatively higher concentrations
are simulated in the North Adriatic and along the Algerian
coast and Eastern Levantine, which appear the most impacted
areas. Relatively lower concentrations are found along coasts
with a northern orientation (e.g., North Western Mediterranean,
North Aegean, and North Eastern Levantine). This differential
accumulation of plastics can be also seen on more local scale.
For example, in Sardinia Island the concentration is higher along
the western coast due to Mistral winds or Crete (and most of
the Greek Islands in the Aegean), showing an increased plastics
concentration along their northern coasts due to the southward
Etesian winds (Figure 8, see also Supplementary Figure 7).
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FIGURE 10 | Mean (2010–2017) model simulated beached macroplastics concentration (#/m).
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FIGURE 11 | Mean (2010–2017) model simulated vertical distribution in the water column of (A) microplastics concentration (#/m3) (blue line = 50 µm, red
line = 200 µm, black line = 350 µm, green line = 500 µm, magenta line = total), averaged (median) in the entire basin, (B) microplastics concentration (#/m3) 350 µm,
averaged in the Eastern and Western Mediterranean and (C) simulated bacteria biomass vertical distribution averaged in the Eastern and Western Mediterranean.

Increased beaching along the Algerian and Eastern Levantine
coastline may be attributed to the increased concentration of
plastics in these areas (Figure 7) and also to the quite energetic
coastal currents (Figure 4), the Algerian current and the along-
slope cyclonic current that follows the southeast Levantine
(Egyptian, Israel, Lebanon, and Syrian) coastline to the north
(Menna et al., 2012). Along the Algerian coastline, beaching of
plastics appears to be also favored by shoreward wave/wind drift.
This was revealed in the simulation with wave/wind de-activated,
showing a significant decrease of beached macroplastics in this
area (not shown).

Water Column – Microplastics
The mean vertical distribution of microplastics in the water
column is shown in Figure 11. This is characterized by an
increasing depth of the particles’ peak concentration with
decreasing size (50 µm: 300–450 m, 200 µm: 150–250 m,
350 µm: 100–200 m, 500 µm: 50–200 m). As discussed above, the

decrease of bacteria/algae below the euphotic zone results in the
microplastics gradual defouling and relaxation at depths, where
they acquire neutral buoyancy. Smaller microplastics are relaxed
at larger depths, due to their faster sinking onset and higher
peak density (see Figure 2). Thus, an increasing contribution of
smaller particles in the total microplastics abundance is simulated
at larger depths. Similarly, particles of the same size are relaxed at
different depths in the water column, depending on the bacterial
abundance. The latter is higher in the Western Mediterranean
(Figure 11, see also Supplementary Figure 6), following an
eastward decreasing gradient of plankton productivity (Kalaroni
et al., 2020b). Thus, biofouling of microplastics is relatively
faster in the Western Mediterranean, which results in their
accumulation at deeper layers in the water column (200–250 m
for 350 µm), as compared to the Eastern Mediterranean (100–
150 m for 350 µm, see Figure 2).

In the Gulf of Lion, Lefebvre et al. (2019) recorded a mean
concentration of 0.23± 0.2 #/m3, integrated in the water column
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up to 100 m bottom depth, while Baini et al. (2018) found an
average concentration of 0.26 #/m3 from water column samples
in the North Tyrrhenian Sea. The simulated mean (0–100 m)
microplastics abundance was 0.04 #/m3 and 0.015 #/m3 in these
two areas. We should note that the simulated microplastics
abundance in the water column is only indicative, being probably
underestimated, as the model is initialized with microplastics
only at surface and therefore a longer simulation period is
required, for the deeper layers that gradually accumulate sinking
microplastics, to reach the observed concentrations.

Seafloor – Microplastics/Macroplastics
The concentration of sinking microplastics (<1 mm) and
macroplastics (bottles and bags) in the seafloor can be seen in
Figure 12. Areas characterized by higher seafloor microplastics
abundance appear closely related to near surface distributions
(Figure 5) and source inputs (Figure 3) variability, combined
with relatively shallow bathymetry (see Figure 1), such as the
Gulf of Gabes, the Adriatic Sea and the Cyclades plateau.
Accumulation of larger (>300 µm) microplastics on the seafloor
is limited in areas with bottom depth below ∼500 m, while
smaller particles are also scattered in slightly deeper areas, but
in quite low abundance. This (size-specific) dependence on
bathymetry is related to the accumulation of microplastics in the
water column due to defouling, with smaller particles sinking
at slightly larger depths (see above Section “Water Column –
Microplastics”). Thus, sinking microplastics do not reach the
seafloor, except in areas, where the bottom depth is lower than
their relaxation depth. One may notice that in some quite
shallow areas, such as the Gulf of Gabes and Adriatic Sea,
the concentration of smaller particles (<300 µm) is lower, as

compared to larger (>300 µm) microplastics. In these areas,
turbulent vertical mixing on the seafloor is sufficient to trigger
the resuspension of smaller particles, characterized by relatively
weaker buoyancy.

The simulated seafloor concentration of bottles (Figure 12)
appears to closely follow the near surface distribution (Figure 7),
being higher in coastal areas close to source input, as bottles
are assumed to randomly loose buoyancy and sink (see Section
“Model Description”). This is not the case for plastic bags
that gradually lose their buoyancy due to biofouling and sink
after a period of more than 3 months. Thus, higher abundance
of plastic bags on the seafloor is also found in open sea
areas that are characterized by relatively higher residence times
(not shown), particularly those related with semi-permanent
mesoscale features, such as the Gulf of Syrte anticyclone.

Budget – Microplastics/Macroplastics
A mean budget on the fate of different size/types of plastics
in the Mediterranean based on the 8-year simulation may be
seen in Figure 13. Following the faster sinking of smaller size
microplastics, a higher percentage is ending up on the seafloor.
This is gradually decreased with size, as an increasing amount
remains in the water column or floating at surface, followed
by an increase of particles ending up on the beach. We should
note that the loss of particles on the beach and seafloor are
calculated on an annual basis, as these continuously accumulate
with time. For larger (>1 mm) microplastics, beaching represents
the main loss term, accounting for more than 80% of particles.
For macroplastics, the percentage of beached particles is slightly
lower, except for foam >20 cm, which is more susceptible to wind
drag due to its lower density. An important percentage (10–32%)

FIGURE 12 | Mean (2010–2017) model simulated (A) microplastics <300 µm, (B) microplastics >300 µm, (C) macroplastics >20 cm bottles and (D) macroplastics
>20 cm bags seafloor concentration (#/Km2).
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FIGURE 13 | Mean (2010–2017) model simulated (A) plastics percentage found in the near surface (0–10 m), water column (>10 m), beach and seafloor and (B)
mean total plastics (<0.3, 0.2–1, 1–5, 5–20, 20–200, and >200 mm) mass (tonnes) at sea (near surface and water column) and input from sources (tonnes/year).

of sinking macroplastics is also ending up on the seafloor. It
is interesting to note that sinking losses are smaller for large
microplastics, as compared to small macroplastics, as the latter
may have sufficient size to host also macrofouling organisms,
while biofouling of microplastics is based on smaller organisms.

The important loss of plastics ending up (and buried) on
a beach, particularly for large microplastics, is controlled by
the burial rate parameter (see Table 1). For both micro- and
macroplastics, this parameter was tuned in order to obtain
a better fit with in situ data. A relatively higher burial rate
(0.075/day) was adopted for microplastics, assuming that smaller
particles may be more easily “buried” on a beach. The relatively
higher burial rate, adopted for large (>20 cm, 0.05/day), as
compared to smaller (5 mm–2 cm and 2 cm–20 cm, 0.01/day)
macroplastics might be partly attributed to losses due to cleaning
activities, as larger items can be more easily collected and
removed from a beach.

A total amount of ∼3,842 tonnes plastics was estimated to
be floating at sea (∼3,760 tonnes) or in the water column
(∼82 tonnes), averaged from the 8-year simulation (Figure 13).
The simulated size distribution of plastics, in terms of mass, peaks
at 5–20 mm, generally following the size distribution in sources.
A relatively lower mass (as compared to sources) is contributed
from smaller (<0.3 mm) microplastics, due to their high loss rates
on the seafloor, as well as from larger macroplastics (>20 cm),
showing also an increased loss at seafloor and beaches.

DISCUSSION AND CONCLUDING
REMARKS

In the present study, a Mediterranean basin-scale coupled
hydrodynamic/particle drift model was used to track the
pathways and fate of plastics from major land-based sources
(coastal cities and rivers), taking into account of the most
important processes (advection from currents, stokes drift,
vertical and horizontal mixing, sinking, wind drag, and
beaching). Different size classes and/or types of both micro-
(particles < 5 mm) and macroplastics (particles > 5 mm)
were considered in the model. Biofouling induced sinking was
explicitly described, as a possible mechanism of microplastics
removal from the surface, due to the buoyancy loss resulting from
the attachment of heavier biofilm. A simplified parameterization
of bio-film growth has been adopted in the model, as a function
of bacterial abundance (obtained from a biogeochemical model
simulation), being considered as a proxy for the biofouling
community. Biofilm growth was assumed to be mainly controlled
by detachment and colonization rates (Kiørboe, 2003), being
faster for smaller particles, based on their higher surface:volume
ratio. Combined with the smaller critical biofilm thickness
(Cubarenko et al., 2016), smaller microplastics present a faster
sinking onset (time to sink:<1 day 50 µm, 3.5 days 200 µm,
14 days 350 µm, 32.5 days 500 µm), while larger size particles
(>1 mm) practically remain afloat.
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An 8-year model simulation was used to identify micro-
and macroplastics potential accumulation patterns in the
surface layer, water column, seafloor and beaches. A hybrid
ensemble data assimilation scheme (Tsiaras et al., 2017) was
implemented to correct the simulated near surface circulation,
based on satellite altimetry and sea surface temperature data.
The simulated circulation captured most of the major observed
features, showing a good agreement with satellite data. For
both micro- and macroplastics, distributions at sea surface were
closely related to the adopted sources. For small size (<300 µm)
microplastics, sources (wastewater) are higher near metropolitan
cities, as well as near heavily populated areas, mostly found in
the Western Mediterranean (France, Spain, and Italian coasts).
Larger (>300 µm) microplastics were more abundant in areas
with relatively high untreated wastewater along the coasts of
Italy, Greece, Turkey, Eastern Levantine, and near major North
African cities. The effect of biofouling induced sinking was
apparent for both small/large MPs, with their near surface
concentrations being drastically reduced away from source areas.
The effect of near surface circulation was mostly visible in the
distributions of (floating) larger microplastics (>1 mm), showing
increased concentrations in convergence areas characterized by
anticyclonic circulation, such as the Gulf of Syrte anti-cyclone,
which was also indicated as a main retention area by Mansui
et al. (2015) or due to the off-shore advection from coastal source
regions, as in the Algerian basin. Similar patterns were found
for macroplastics, with the effect from mesoscale circulation
being smoothed-out when the drag from wind was also activated
for bottles and foam. Macroplastics were more abundant in
areas with important riverine inputs (Algerian, Albanian, and
Turkish and Eastern Levantine coasts) and close to metropolitan
cities and highly populated coastal areas (mostly French, Spanish,
and Italian coasts). The simulated near surface microplastics
(<300 µm) and macroplastics distribution was validated against
available in situ data, showing a reasonable agreement, both in
terms of magnitude and horizontal variability, capturing most
of the observed patterns. The simulated size distribution of
microplastics, dominated by larger (>1 mm) size classes in open
sea areas is consistent with Cózar et al. (2015) findings.

The impact of different processes (vertical mixing,
biofouling/sinking, and wind/wave drift) was identified
through a series of sensitivity experiments, compared with
the reference simulation. Vertical mixing has mostly an effect on
smaller size (e.g., 50 µm) particles, characterized by relatively
weaker buoyancy. When biofouling is de-activated in the
model, microplastics (>300 µm) abundance in the surface
layer (0–10 m) shows a significant increase (+138%), combined
with a decrease of large size (>1 mm) contribution. The waves
drift has a stronger effect on larger (>1 mm) size classes that
are floating at surface and are more prone to direct drift from
waves and beaching. Similarly for macroplastics (>20 cm),
when sinking is de-activated, their abundance is increased
(+40%), showing an even stronger increase (+112%) when
wave/wind drift is de-activated, following the significant decrease
of particles beaching.

The distribution of macroplastics on beaches mainly follows
the predominant southeastward wind/wave direction, showing

relatively higher concentrations in the North Adriatic and along
the Algerian and Eastern Levantine coast. A similar pattern may
be seen in Liubartseva et al. (2018), showing higher fluxes in
the same areas. Relatively lower concentrations are found along
more “protected” (from wind/waves) coasts with a favorable
orientation (e.g., North Western Mediterranean, North Aegean,
and North Eastern Levantine). Biofouling induced sinking
resulted in an important accumulation of microplastics in the
water column and the seafloor. In the water column, the gradual
defouling of sinking microplastics results in their relaxation at
depths, where they acquire neutral buoyancy. Thus, a sub-surface
maximum in the microplastics abundance is simulated, with
an increasing contribution of smaller particles deeper in the
water column, due to their faster sinking onset and higher peak
density. This is consistent with findings of Li et al. (2020), based
on the observed microplastics vertical distribution in the West
Pacific and East Indian Ocean, suggesting a significant decrease of
microplastics size with depth. The simulated vertical distribution
of microplastics also exhibits a quite similar pattern with the
observed microplastics (>100 µm) distribution in Monterey
Bay (Choy et al., 2019), showing a sub-surface peak at 200–
300 m. The simulated vertical distribution shows also a significant
horizontal variability, depending on bacterial abundance. Given
the eastward decreasing gradient of plankton productivity,
biofouling of microplastics is relatively faster in the Western
Mediterranean, resulting in their accumulation at deeper layers
in the water column, as compared to the Eastern Mediterranean.
We should note that existing observations are still very limited,
due to the large sample volume that is required for reliable
vertical distribution data (Li et al., 2020). In the Mediterranean,
currently, there are no such observations on the microplastics
vertical distribution. However, the measured concentrations from
water column samples suggest that these could be as important
as in the surface layer (Baini et al., 2018; Lefebvre et al., 2019).
Accumulation of microplastics on the seafloor is limited in
relatively shallow areas (<500 m), with bottom depth below their
relaxation depth. The concentration of sinking macroplastics
(plastic bags) on the seafloor, when no defouling is adopted, is
higher in coastal areas close to source inputs, as well as in open
sea areas, characterized by relatively higher residence times, such
as the Gulf of Syrte.

The adopted sources of plastics in the Mediterranean are
characterized by a large degree of uncertainty, both in their
amount and distribution. Inputs from river runoff were based
on a global empirical function (Lebreton et al., 2017), taking
into account of only one Mediterranean river (River Po).
Moreover, this empirical function is strongly influenced by
mismanaged plastic production distribution that might result in
an underestimation or overestimation in high-income/developed
countries and low-income/developing countries respectively
(Mai et al., 2020), which is probably the case with particularly
low inputs along the French and Spanish coasts. With regard
to inputs from coastal cities wastewater, a uniform MPs
concentration of (influent) wastewater was considered for the
entire Mediterranean, in the absence of available data from
different countries. In reality, a significant variation of influent
water concentration is expected, depending on population
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density, consumption rates for personal care and cosmetic
products etc. (Uddin et al., 2020). Despite those limitations, using
a comprehensive wastewater discharge dataset (UNEP/MED,
2011) contributed in the good agreement of the simulated
microplastics distribution with in situ data. Finally, an additional
source of macroplastics from coastal cities (beaches, harbors etc.),
distributed along the Mediterranean coastline as a function of
population density, was “tuned” in order to obtain a best fit with
available in situ data. For both micro- and macroplastics, the
seasonal variability in the adopted sources from coastal cities,
related with the population variation (i.e., due to tourism) was not
taken into account, in the absence of available data on basin-scale.

The simulated total amount of floating plastics
(∼3,760 tonnes), averaged from the 8-year simulation, is
slightly higher than the estimate by Cózar et al. (2015) around
756–2,969 tonnes, which is probably reasonable, considering that
measurements in Cózar et al. (2015) were mainly in open sea
waters. The total annual plastics load from the adopted sources is
∼17,600 tonnes, which might be considered low to intermediate,
as compared with other estimates (1,100–2,300 tonnes/year
Kaandorp et al., 2020; ∼100,000 tonnes/year Liubartseva et al.,
2018; ∼600,000 tonnes/year Jambeck et al., 2015). From this
load, ∼84% ends-up on the beach and the remaining ∼16%
ends-up on the seafloor and water column, on an annual basis.
Kaandorp et al. (2020) estimated a more balanced loss from
beaching (49–63%) and sinking (37–51%). However, their
estimates for floating plastics (190–340 tonnes) and total input
(2,100–3,400 tonnes/year) appear much lower (floating plastics
∼1/14, input∼1/7) from those in the present study.

The biofouling parameterization adopted for microplastics
could not be directly validated, in the absence of experimental
data, particularly on the size dependence of biofilm growth.
Thus, this may be considered as a first attempt to parameterize
and gain a better understanding on this process with a 3-D
model, validating simulated MPs distributions with available
in situ data in the Mediterranean. The vertical transport of
microplastics in the water column is still poorly known. Other
processes that might contribute to the removal of microplastics
from surface waters include aggregation with sinking particulate
organic matter (Long et al., 2015) and ingestion from a variety
of marine organisms, including zooplankton and planktivorous
fish (Cózar et al., 2014; Andrady, 2017; Choy et al., 2019 and
references therein), the latter posing concerns with regard to
ecosystem and human health. An estimate on the total amount of
plastics on fish was found much lower, as compared to the surface
water concentration (Booth et al., 2018; Kaandorp et al., 2020).
A more important plastics pool is probably found in mesopelagic
fish (Davison and Asch, 2011; Cózar et al., 2014) that live below
the photic zone (200–1,000 m), given their very high biomass
in the global ocean (Lam and Pauly, 2005). Fragmentation into
smaller particles is another important process, resulting from the
degradation of plastics that is primarily activated by ultraviolet
(UV) radiation of sunlight, being also regulated by oxygen
availability, temperature and mechanical abrasion (Andrady,
2011, 2017; Song et al., 2017). This mechanism is more efficient
for plastics lying on beaches, being significantly retarded in
the seawater, due to lower ambient temperatures and reduced
oxygen and UV radiation that is further inhibited by biofouling

(Andrady, 2011; Song et al., 2017). Other types of degradation
processes, such as hydrolysis and bio-degradation are considered
much slower, as compared to light-induced oxidation, at least
for commonly found polymers (e.g., polyethylene) in the marine
environment (Andrady, 2011; Booth et al., 2018). Even though
fragmentation of plastics probably acts on relatively long time
scales (∼years, Song et al., 2017), it provides a link between
plastics of different sizes and thus it should be considered in
future modeling efforts.

The developed modeling tool presented a reasonable skill
in reproducing the observed distributions of plastics, providing
useful insight to gain a better understanding on poorly known
processes, such as biofouling induced sinking, design future
monitoring campaigns and assess the current status of plastic
pollution on Mediterranean basin scale. Model outputs can
be used to identify ecologically important areas (e.g., Marine
Protected Areas, see Hatzonikolakis et al., 2021, Front. Mar. Sci.,
submitted) or other commercially important ecosystem services
(e.g., aquaculture and fisheries) that are potentially threatened by
plastic pollution. Most importantly, the modeling tool could be
used, by means of scenario simulations, to evaluate the impact
of cleaning actions and management plans for the mitigation of
plastic pollution. This is often a transboundary environmental
problem (Hatzonikolakis et al., 2021, Front. Mar. Sci., submitted),
as floating plastics may travel long distances from their sources,
depending on circulation patterns and numerical models provide
essential tools for its efficient ecosystem-based management.
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