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Abstract
Marine microplastics can be colonized by biofouling microbial organisms, leading to a decrease in

microplastics’ buoyancy. The sinking of biofouled microplastics could therefore represent a novel carbon
export pathway within the ocean carbon cycle. Here, we model how microplastics are biofouled by dia-
toms, their consequent vertical motion due to buoyancy changes, and the interactions between particle-
attached diatoms and carbon pools within the water column. We initialize our Lagrangian framework with
biogeochemical data from NEMO-MEDUSA-2.0 and estimate the amount of organic carbon exported below
100 m depth starting from different surface concentrations of 1-mm microplastics. We focus on the Medi-
terranean Sea that is characterized by some of the world’s highest microplastics concentrations and is a
hotspot for biogeochemical changes induced by rising atmospheric carbon dioxide levels. Our results show
that the carbon export caused by sinking biofouled microplastics is proportional to the concentration of
microplastics in the sea surface layer, at least at modeled concentrations. We estimate that, while current
concentrations of microplastics can modify the natural biological carbon export by < 1%, future concentra-
tions projected under business-as-usual pollution scenarios may lead to carbon exports up to 5% larger
than the baseline (1998–2012) by 2050. Areas characterized by high primary productivity, that is, the
Western and Central Mediterranean, are those where microplastics-mediated carbon export results to be
the highest. While highlighting the potential and quantitatively limited occurrence of this phenomenon
in the Mediterranean Sea, our results call for further investigation of a microplastics-related carbon export
pathway in the global ocean.

The mechanisms regulating the carbon cycle in the ocean
are being increasingly perturbed by global changes triggered
by increasing greenhouse gas emissions caused by anthropo-
genic activities (Wanninkhof et al. 2013) and by the manifold
feedback mechanisms consequently triggered (Heinze
et al. 2019). The so-called global biological carbon pump is a

pathway linking the relatively fast air–sea interactions with
the slower deep geological carbon cycle (Falkowski et al. 2003)
that is expected to be impacted by changes in nutrient avail-
ability, rising temperatures, and increasing atmospheric car-
bon dioxide concentrations (Laufkötter et al. 2016; The
Intergovernmental Panel on Climate Change [IPCC] 2021,
2022). Climatologists are currently unable to precisely predict
the extent of these modifications (Passow and Carlson 2012);
in terms, both of their intensity and the marine areas
involved. In fact, simultaneous changes in the carbonate sys-
tem, temperature, vertical mixing, and nutrient regimes of the
pelagic environment are expected to manifest differently in
distinct regions of the ocean (McGinty et al. 2011). In particu-
lar, the Mediterranean Sea is known for being one of the
regions that is most sensitive to global change (Giorgi 2006)
as well as a mesocosm that foreshadows ongoing alterations of
marine ecosystems worldwide (Lejeusne et al. 2010).

Similarly to ongoing trends in the global ocean, the rich
Mediterranean biodiversity (about 7% of the world’s marine
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biodiversity; Coll et al. 2010) is also being severely impacted
by other types of human interference (Micheli et al. 2013),
including plastic pollution. A recent study by Everaert et al.
(2020) highlighted that, in 2010, 15.9% of the Mediterranean
surface was characterized by concentrations of microplastics
exceeding the predicted no-effect concentration (a threshold
for toxicity) for several species, with even more unfavorable
projections in business as usual future scenarios. Marine pro-
ductivity is consequently expected to be impacted by micro-
plastic pollution (Troost et al. 2018), with reductions in
phytoplankton photosynthesis and growth (Sjollema
et al. 2016; Tetu et al. 2019), and in the development and
reproduction of zooplankton (Cole et al. 2015), all of which
are key regulating mechanisms of the biological carbon pump.
For example, ingested microplastics can change the density
and sinking rates of zooplankton fecal pellets (Cole
et al. 2016), also modifying the remineralization rates and the
aggregation/disaggregation of the particulates that constitute
the majority of the carbon flux to depth (Chen et al. 2018;
Porter et al. 2018), including marine snow (Kharbush
et al. 2020). When incorporated into other components of the
marine biological pump, such as marine snow and sinking of
zooplankton fecal pellets, microplastics could slow down the
carbon export related to them (Long et al. 2015; Cole
et al. 2016; Wieczorek et al. 2019).

In addition to manifesting changes in marine productivity
due to microplastic pollution, the mechanisms described above
may additionally transport significant amounts of microplastics
to depth (Kvale et al. 2020a,b), hinting to the fate of the “miss-
ing” fraction of surface microplastics (C�ozar et al. 2014; Eriksen
et al. 2014; Van Sebille et al. 2015), together with particle sink-
ing caused by biofouling (Egger et al. 2020; Nguyen et al. 2020;
Van Melkebeke et al. 2020). A variety of microbial organisms is
in fact known to attach and accumulate on the surface of plastic
objects, constituting the so-called plastisphere (Zettler et al. 2013;
Amaral-Zettler et al. 2020; Wright et al. 2020). This community
potentially accounts for 1% of the microbial cells in the ocean
surface microlayer and up to 1.1 � 104 tons of carbon biomass
(Zhao et al. 2021). Biofouling can modify the density properties
of initially buoyant microplastic particles, making them prone
to sinking (Andrady 2015). Consequently, the motion of
biofouled particles also drives a flux of the organic carbon bound
to them; furthermore, biofouled microplastic particles may sink
faster than natural aggregates that constitute marine snow (Kooi
et al. 2017), yet another way in which microplastics could
impact the carbon cycle (Galgani and Loiselle 2021; Kvale
et al. 2021). Although there is ongoing debate about whether
the export at depth of organic particulates may demonstrate the
strength of the biological carbon pump or not (see Koeve
et al. 2020; Nowicki et al. 2022), here we focus on how carbon
export is affected by microplastic pollution, as it is indeed an
important component of the marine biological pump.

Our work aims at simulating and assessing the occurrence
of carbon export mediated by microplastics (assumed here to

be 1-mm spheres) in the Mediterranean Sea, and the spatial
distribution of the most important areas for such export.
Because the Mediterranean has high concentrations of micro-
plastics and is highly exposed to the effects of climate change,
the microplastic-mediated carbon export could be particularly
relevant here. We use the novel Lagrangian–Eulerian frame-
work elaborated in Guerrini et al. (2022) and the Parcels
framework for Lagrangian particle-tracking (Delandmeter and
Van Sebille 2019) to model (1) the sinking behavior of proto-
typical microplastic particles related to biofouling dynamics
(following Fischer et al. 2022) at several locations in the Medi-
terranean Sea and (2) the interaction between the carbon in
microplastics’ biofilm, the concentrations of dissolved inor-
ganic carbon (DIC), and the particulate organic carbon (POC)
in the water column. In order to provide a preliminary poten-
tial estimate of how microplastic biofilm development can
modify organic carbon fluxes, we test the effects using differ-
ent scenarios of particle concentrations on the entire Mediter-
ranean basin. We also simulate the carbon export resulting
from two realistic scenarios of microplastic pollution in the
Mediterranean Sea provided by Everaert et al. (2020), one rep-
resenting the recent past (2004, which has been regarded as a
typical year for the biogeochemical parameters linked to bio-
fouling; see Lobelle et al. 2021, and S1 therein) and one for
mid-century future (2050) counts of microplastics, where
business-as-usual trends in plastic production are assumed.

Methods
Model setup

The vertical motion of biofouled microplastic particles is
simulated using the Parcels (version 2.3.0) Lagrangian particle-
tracking framework (Delandmeter and Van Sebille 2019). We
describe the biofouling process using the version of the Kooi
model (Kooi et al. 2017) modified by Fischer et al. (2022),
which simulates diatom growth on microplastic particles. The
assumption that the biofilm consists mainly of diatoms is cor-
roborated by recent research, identifying diatoms as early colo-
nizers of marine microplastics (Zettler et al. 2013; Amaral-
Zettler et al. 2020; Wright et al. 2020), thus suggesting that
they significantly contribute to initiating particle settling.

We simulate biofouling, the consequent vertical motion, and
the related carbon export by 1-mm microplastic spheres of low-
density polyethylene (LDPE: 920 kg m�3). These characteristics
are quite representative of Mediterranean microplastic pollution:
it has been observed that the average plastic particle diameter in
Mediterranean samplings is around 1 mm (Ruiz-Orej�on
et al. 2016; Suaria et al. 2016; Güven et al. 2017), and LDPE has
been found to be one of the most common plastic polymers
found in the ocean globally (Erni-Cassola et al. 2019). Further-
more, Lobelle et al. (2021) found that the sinking behavior of
biofouled microplastics is broadly similar for polymer densities
ranging between 30 and 1020 kg m�3. The modeled items thus
described will be referred to shortly as “particles.”
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As we focus on biofouling-induced–vertical motion of mic-
roplastic particles within the water column, we omit their hor-
izontal and vertical displacements caused by transport by
ocean currents. Particles are released at the center of each
oceanographic grid cell with a 1� � 1� resolution of the Medi-
terranean Sea (5�E–36�W, 30�N–46�N), at 0.6 m depth (the
depth of the first layer in NEMO-MEDUSA, detailed in the
section below). Each particle is initialized at the onset of
sinking, that is, assuming that, upon release, it carries an
amount of attached biofilm that makes it neutrally buoyant
when compared to local seawater density. Seawater density is
technically computed by informing the polyTEOS10-bsq
algorithm, included in Parcels, with salinity and temperature
data from NEMO-MEDUSA fields. Our model simulates two
plausible scenarios of microplastics concentration for 2004
and 2050, respectively, as proposed by Everaert et al. (2020),
and for a series of logarithmically spaced concentrations of
particles (1, 10, 100, and 1000 particles m�2; hereafter,
p. m�2), which are released in a spatially homogeneous man-
ner over the whole Mediterranean Sea. We model the differ-
ent concentrations by simulating one particle per location
while adjusting the cross section of the water column the
particle interacts with (e.g., a 0.01 m�2 horizontal water col-
umn section is used for simulating a concentration of
100 particles per m�2). This algorithmic expedient allows us
to dramatically reduce the computational effort required for
simulating the highest concentrations. By using this
approach, we are implicitly assuming that particles are all
identical, so that the equation of their motion is determinis-
tic. Also, we assume that they do not interact with other par-
ticles released at the same location.

Modeling microplastics–seawater carbon exchange
In this work, the biofilm growing on microplastics is simply

interpreted as a carbon pool. Following Guerrini et al. (2022),
we explicitly simulate the interplay between biofilm dynamics
and carbon concentrations in the seawater surrounding each
particle as sketched in Fig. 1. The simple equation that
describes the dynamics of the biofilm (following Fischer
et al. 2022) reads as:

dC
dt

¼GcollþGgrow�Lgraz�Lresp�Lnonlin ð1Þ

where the G terms are gains and the L terms are losses in the
biofilm dynamics and are therefore related to an increase or a
decrease of carbon, respectively, in the relevant pool in the
surrounding water at the particle’s depth. More precisely, Gcoll

represents a particle’s collision with free-floating diatoms and
their consequent colonization; Ggrow is the growth of the
attached diatoms; Lgraz describes biofilm grazing; Lresp is the
biofilm loss rate via respiration; and Lnonlin represents pro-
cesses involving biofilm loss that depend on the abundance of
diatoms, such as diseases. The data we use to inform those

terms is further detailed in Section S1 of the Supporting Infor-
mation. As we are interested in the carbon content of the bio-
film, the G and L terms in Eq. 1, which is mutuated after
eq. 6 in Fischer et al. (2022), are converted from algal cellsunit
time�1 into mgCunit�1 time using the median carbon content in
diatoms of 2726�10�9 mgCalgal cell�1 (Menden-Deuer and
Lessard 2000). As in Fischer et al. (2022), relevant physical and
biogeochemical data are retrieved from the NEMO-MEDUSA-2.0
ORCA00083-N06 (hereafter, MEDUSA) outputs (Yool et al. 2013),
a global gridded dataset with 1/12� horizontal resolution,
75 unevenly spaced depth layers, and 5-day averaged data. Among
the variables included in the MEDUSA dataset, we use temperature
(potemp, �C), salinity (salin, psu), free-floating diatom (PHD) and
nondiatom (PHN) phytoplankton concentrations (in mmolNm�3),
microzooplankton (ZMI), and mesozooplankton (ZME) concentra-
tions (in mmolNm�3), detritus (DET, mmolNm�3), the three-
dimensional total primary productivity of both diatoms and non-
diatoms (TPP3, mmolNm�3 d�3), and DIC concentration (DIC,
mmolCm�3) to calculate biofilm growth on particles and the
related change in particle buoyancy.

To model the changes caused by the biofouling of micro-
plastics on the ambient carbon pools (as sketched in Fig. 1), the
MEDUSA variables related to the biological carbon cycle are
modified during the simulation at each particle’s geographic
coordinates and depth. For instance, collisions between parti-
cles and free-floating diatoms resulting in particle colonization
(Gcoll) determine a decrease in the concentration of the free-
floating diatom phytoplankton field (PHD) and the transfer of
the carbon contained in the ambient seawater algae to the
particles. Another process that removes carbon from the water
column is diatom growth, driven by primary productivity
(TPP3), and the related carbon fixation (Ggrow), which in turn
modifies the concentration of DIC in seawater. Three pro-
cesses cause instead carbon to be released from the biofilm on
particles to the surrounding seawater: (1) carbon loss due to
algal respiration (Lresp) in the form of DIC, (2) grazing of bio-
film by mesozooplankton (Lgraz), and (3) processes that
depend on the abundance of diatoms and cause their death,
such as diseases and viral lysis (Lnonlin). We assume that pro-
cesses (2) and (3) release carbon in the form of POC, which is
equivalent to supposing that the diatom carbon ingested by
mesozooplankton will entirely return to the water column
upon the organisms’ death, thus neglecting respiration (which
would contribute to DIC instead). No other removal mecha-
nisms are accounted here to act on the carbon content of the
diatom biofilm. We thus neglect interactions among biofouled
particles (e.g., collisions), between particles and marine organ-
isms (e.g., ingestion by fish), and between particles and the
physical component of the water column, that is, we neglect
any effects of shear stress on particles and on the attached bio-
film. This latter choice is motivated by the sinking velocity of
biofouled particles (reaching up to hundreds of meters per
day; Long et al. 2015), that is, indeed too low to force diatom
detachment (see Characklis 1981).
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Note that while the DIC-particle exchanges are two-way, as
particles can take up inorganic carbon through biofilm growth
(Ggrow) and then release a fraction of it in the same inorganic
form (Lresp; see Fig. 1), PHD–particle interactions are one-way,
meaning that free-floating diatom phytoplankton in the water
column can only be depleted, since we neglect the detach-
ment of living diatoms from the particle biofilm. On the other
hand, the interaction between particles and the POC field
through Lgraz and Lnonlin acts in the opposite direction with
respect to the interactions between the particles and the free-
floating diatom phytoplankton field, as it can only add
organic carbon to the surrounding seawater. Diatom dynamics
do not depend on the POC field, but represent instead the
only source of POC in this simple model. For this reason, we
can assume that the POC field does not require an initial con-
dition prior to the interaction with particles, and thus we ini-
tialize it at zero at each depth of the MEDUSA fields.

Figure 2 shows maps of the time-averaged, depth-integrated
total primary production (TPP3) for 2004 (Fig. 2) as retrieved
from MEDUSA. This variable is of particular relevance for our
modeling of biofouling-mediated carbon export, as depth-
integrated total primary production can be considered a proxy
of diatom growth: thus, its spatial patterns can hint to areas of
relevance for microplastics-related carbon export. The depth-
integrated total primary production (Fig. 2) shows a steep east-
to-west gradient in primary productivity, with the highest
values being observed close to the Strait of Gibraltar. Within
the generally lower productive Levantine basin of the Mediter-
ranean Sea, there is an area with relatively high primary pro-
ductivity that is located south of Crete.

In this work, the biogeochemical MEDUSA model is coupled
offline with the motion of Lagrangian particles in the water col-
umn and with the particle-related updates of carbon tracer

fields, as will be detailed below. For the sake of simplicity, we
do not feed the particle-modified tracer fields to the MEDUSA
model; thus, neither their related modifications are not subject
to advection–diffusion processes throughout the water column,
nor do these influence the dynamics of other compartments
within the MEDUSA model. For these reasons, biofouling-
mediated interactions between microplastics and the surround-
ing seawater cause the carbon and diatom phytoplankton fields
in our model to be updated differently with respect to the
MEDUSA model at subsequent time steps. Therefore, the length
of each run of the simulation is constrained to the time

G

G

L

L

L

Fig. 1. Schematic representation of the microplastics-seawater carbon exchanges considered in our model. The gray circle is a microplastic particle; the
green area surrounding the gray circle represents the biofilm; bold dashed lines contour the carbon pools in our model, namely in the biofilm, free-
floating diatom phythoplankton (PHD), POC, DIC, and particle-bound carbon. Green arrows represent the exchanges between the pools, that is, the flow
terms of Eq. 1. On the left is a graphical representation of our simulations: a column of water and a neutrally buoyant biofouled microplastic sphere that
sinks as the attached biofilm grows.
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Fig. 2. Time-averaged, depth-integrated maps of total primary produc-
tion for the year 2004 as obtained from the MEDUSA parameters (TPP3).
Overlayed on the map is the partitioning of the Mediterranean Sea in the
five regions, as proposed in Guerrini et al. (2022) that will be referenced
in the analyses (derived by grouping the maritime boundaries of each of
the Mediterranean-facing countries as from the Marine Boundaries v11
product by Flanders Marine Institute 2019). C, central region; NE, north-
eastern region; S, southern region; SE, southeastern region; W, western
region.
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resolution of the MEDUSA outputs, that is, 5 d. This relatively
short duration of our simulations can still capture the sinking
behavior of 1-mm particles effectively because—as emerging
from the results by Fischer et al. (2022)—larger microplastics
(0.1–1.0 mm) have remarkably shorter oscillation timescales
(< 10 d) than smaller fragments (0.01–0.1 mm, up to 130 d).
Since there is no full integration of our Eq. 1 within the
MEDUSA model that could provide synchronous updating of
all the state variables of the problem, we emphasize that the
aim of the present work is not to explore any cumulative
and/or long-term impacts of microplastics on the biological car-
bon pump. Rather, we want to assess the potential for the
microplastics-mediated pathway to act as an additional carbon
export mechanism over timescales relevant to particle sinking
due to biofouling.

Vertical profiles of the free-floating diatom phytoplank-
ton (PHD), DIC, and POC fields, acting in our simulations as
carbon pools within the water column, are initialized at the
beginning of each 5-d simulation using the MEDUSA data
of the starting day; their subsequent changes caused by par-
ticle interactions are stored at the same time steps as parti-
cle data. PHD and DIC are stored with their original units
(namely, mmolN m�3 and mmolC m�3), while the POC
field is in mgC m�3. Following Guyennon et al. (2015), we
consider the POC that is found below 100 m depth as being
“exported.”

To set the contribution of biofouled microplastics apart
from that of a natural biological carbon export scenario, we
test the interplay between the different surface concentrations
of particles and the environmental conditions of a typical
year, thus removing the confounding factor of interannual
differences in the meteorological forcings. Starting from each
given particle concentration, particle–seawater carbon interac-
tions are simulated for 12 months, from December 2003 to
November 2004. The 5-d averaged MEDUSA data are used to
set the initial conditions for each 5-d run of our simulations:
by doing so, our simulations account for the different nutrient
concentrations and temperature profiles across the Mediterra-
nean Sea and their seasonal variations. The vertical position,
biofouling state, and field carbon concentrations are updated
using a 4th-order Runge–Kutta method with an integration
time step of 60 s and stored every 3 h of simulation. Longer
integration time steps were tested and caused a poorer descrip-
tion of particles’ sinking trajectories, especially in case of verti-
cal oscillations in the particles’ trajectories. Oscillatory
patterns frequently arise due to the interplay of the attached
organisms’ dynamics, their response to environmental vari-
ables, particle characteristics, and density gradients in the
water column (Kooi et al. 2017; Kreczak et al. 2021; Lobelle
et al. 2021). Our modeling results of microplastics-mediated
carbon export are lastly compared with POC export calculated
by Guyennon et al. (2015), who time-averaged a 15-yr (1998–
2012) simulation of the hydrodynamics and biogeochemistry
of the Mediterranean Sea.

Results
Yearly maps with estimations of carbon export below

100 m depth caused by 1-mm microplastics biofouled by dia-
toms are shown in Fig. 3 for the different tested surface log-
scaled concentrations (from 1 to 1000 p. m�2). At all concen-
trations, particle-mediated carbon export appears to be more
intense in the western part of the Mediterranean basin, which
is also an area characterized by high total primary productivity
(see Fig. 2 where the Mediterranean regions are also defined)

Fig. 3. Estimates of yearly particle-mediated carbon export below 100 m
depth (in gC m�2yr�1) for the four surface microplastic concentrations
tested. (a) 1 p. m�2; (b) 10 p. m�2; (c) 100 p. m�2; (d) 1000 p. m�2.
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and thus more favorable for diatom growth. No export below
100 m depth seems to occur in the Southern Mediterranean
Sea in any of our simulations, due to the shallower sinking
depths reached by particles released there (see Fig. S1 in the
Supporting Information). Particle concentration is also clearly
correlated to the particle-mediated carbon export below
100 m: at the lowest surface concentrations (i.e., 1 and
10 p. m�2), little POC (< 1 gC m�2 yr�1) is released at depth,
with a slight increase in some highly productive areas in the
Northwestern Mediterranean Sea. Particle-mediated export is
also relatively high in the central region of the basin for parti-
cle concentrations from 100 p. m�2.

The monthly averaged daily export rates per particle
(in mgC p.�1 d�1) are shown in Fig. 4 for each of the four sim-
ulated concentrations of microplastics, also unraveling their
spatial patterns over the five Mediterranean regions shown
previously in Fig. 2 (see the Supporting Information for
details). Seasonality seems to play an important role in
particle-mediated carbon export—winter (December–February)
and spring (March–May) are characterized by the strongest
export fluxes, if any. In fact, the Western Mediterranean basin
(Fig. 4a) is the only area showing particle-mediated carbon
export almost all year round, except for the month of July,
and the one with the highest average value (about 0.06

mgC p.�1 d.�1). In the other regions, the particle-mediated
carbon export is generally lower (halved in the central region,
and about two orders of magnitude lower in the southern,
northeastern, and southeastern regions), and limited to winter
and spring only. Notably, the southeastern region (Fig. 4e) is
where particle-mediated carbon export occurs for the shortest
time period, from January to March, corresponding to the
phytoplankton bloom in late winter/spring (Sammartino
et al. 2015).

Although the concentration of particles typically does not
seem to significantly affect particle sinking depth (see Fig. S1
in the Supporting Information) and the related daily POC
export throughout the year, some exceptions occur in sum-
mer. In June, August, and (to a lesser extent) in October, the
amount of carbon transported below 100 m by each particle
in the western region (Fig. 4a) seems to be higher at the
highest particle concentration. Furthermore, the 1000 p. m�2

simulation is the only one in which some export occurs also
during September, similarly to what happens in the central
and southern regions in June (Fig. 4b,c see Fig. S1 in the
Supporting Information for mapped sinking depths).

The 2004 and 2050 scenarios of microplastic pollution in
the Mediterranean Sea (as provided by Everaert et al. 2020) are
redrawn in Fig. 5a,b, together with the carbon exports
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Fig. 4. Amount of carbon exported below 100 m depth during first sinking, per plastic particle per day, across the 1-yr-long simulation for each of the
four tested concentrations of microplastics. First sinking is defined as the maximum depth reached by a sinking particle when its sinking velocity (Eq. S1
in the Supporting Information) changes sign due to biofouling-related modifications in buoyancy. Each plot refers to the spatially averaged value in the
relative Mediterranean region. Absence of plotted values means that no microplastic-mediated carbon export was registered during that month in our
simulations.
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resulting from our simulations (Fig. 5c,d). It is worth notic-
ing that the particle concentrations used to simulate the
2004 scenario (Fig. 5a) are closer to the lower-concentration
scenarios used for the previous simulations (1–100 p. m�2),
while the projected microplastics concentrations for 2050 are
closer to those of the higher-concentration scenarios (100–
1000 p. m�2). Interestingly, although the highest counts of
microplastics are found in the eastern part of the basin in
both the 2004 and 2050 scenarios, these areas do not seem
to contribute to carbon export significantly because primary
productivity is much lower there. In fact for year 2004 (Fig. 5c),
microplastics-mediated carbon export is expected only in few
locations of the Western region, namely between the Spanish
Balearic Islands and the French Gulf of Lion, and along the
Algerian coasts, and with very low values (around
0.1 gC m�2 d�1). The same areas yield higher carbon export if
polluted with the concentrations of microplastics projected for
2050 (Fig. 5d), with particle-mediated carbon export above
0.1 gC m�2 d�1 in most of the western region and part of the
central one, up to the Italian coasts.

A comparison between our estimates of yearly carbon
export in each of the five Mediterranean regions for the 2004
and the 2050 plastic pollution scenarios and the estimates of
biological carbon export produced by Guyennon et al. (2015;

see Fig. 5) are reported in our Fig. 6. As also suggested by
Fig. 5c,d, the areas with lower total primary production, such
as the southern, the northeastern, and the southeastern
regions seem to be those where carbon export due to sinking
microplastic particles could contribute less to biological car-
bon export. The expected share of biological carbon export
that can be ascribed to particles amounts to < 1% in all regions
for the 2004 scenario, with a Mediterranean-wide average of
0.07%. However, at 2050 concentrations, particle-mediated
carbon export could start representing a pathway for carbon
export in the western (4.5% of the total yearly POC export)
and central (2.8%) regions.

Discussion
Our results outline that microplastics-mediated carbon

export depends not only on local microplastics concentrations
but also on geographic and on seasonal factors. In fact, it is
mainly confined to the western and central regions of the
Mediterranean Sea in winter and spring, with the eastern
regions presenting a negligible contribution to this phenome-
non. These regional and seasonal variations in microplastic-
mediated carbon export in our results are caused by an inter-
play between regional density gradients, both longitudinally

Particle concentration (p.m–1)

gC m–2 yr–1

Fig. 5. Particle concentrations and resulting maps of particle-mediated carbon export for the two scenarios of microplastic concentrations of 2004 and
2050. Upper plots: particle concentrations in 2004 (a) and 2050 (b), redrawn after Everaert et al. (2020). Lower plots: estimates of yearly carbon export
(in gC m�2yr�1) below 100 m for 2004 (c) and 2050 (d).
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and throughout the water column, and different biofilm
growth/decay patterns caused by local temperature, mixed
layer depth, nutrient availability, and the related total primary
productivity, that are related to seasonal patterns. In particu-
lar, the Mediterranean Sea is characterized by a strong west-to-
east gradient in nutrient concentrations, with the Eastern
Mediterranean Sea being characterized by ultraoligotrophic
properties (Lazzari et al. 2016), hampering primary productiv-
ity in those areas. Furthermore, the eastern regions tend to be
more saline, and thus denser, than western regions (see, for
instance, among others, the recent work by Sammartino
et al. 2022), hindering the sinking of biofouled microplastic
particles there and the related carbon export. The spatiotem-
poral patterns of carbon export projected in the present study
are coherent with those obtained by Guyennon et al. (2015)
using a microplastics-free full account of the Mediterranean
biogeochemistry and hydrodynamics, as well as with the mea-
surements taken by Kessouri et al. (2018) in the western
region. This agreement between the spatial and seasonal pat-
terns of carbon export caused by either microplastics-mediated
mechanisms or the biological carbon pump pathways intui-
tively suggests that the areas of the Mediterranean basin
where the biological carbon export is more intense are also of
primary interest when examining how this mechanism can be
affected by microplastic pollution.

The carbon export related to the 2004 plastic pollution sce-
nario is small compared to the overall magnitude of the esti-
mated biological carbon export in the Mediterranean Sea
(Fig. 6). This is also the case for the 1–10 p. m�2 simulations,
for which the surface microplastics concentrations used as
inputs are similar to those of the 2004 scenario (compare

Fig. 3a,b with Fig. 5c). However, current trends in concentra-
tions of microplastics related to business-as-usual plastic input
to the Mediterranean Sea (Everaert et al. 2020) could start
impacting carbon export in the western and central regions
over the next decades. For instance, when our model is run
under the expected microplastic pollution scenario of 2050
(Fig. 5b), microplastics-mediated carbon export occurs in the
entire western region, and accounts for 4.5% of the total natu-
ral POC export there (Fig. 6). Some plastic-mediated export
(comprising 2.8% of POC export in the area) is found also in
the central region by 2050.

According to projections by Everaert et al. (2020), micro-
plastic concentrations in the Mediterranean Sea will be, on
average, 25 times higher in 2050 than in 2004 due to the
increase in plastic production and waste. Assuming that nutri-
ent availability will not change significantly, as in the case of
our simulation setup, such an increase would be mirrored by
an equivalent growth in microplastics-mediated carbon export
(as shown in Fig. 6), suggesting a linear relationship between
the surface concentration of microplastics- and plastic-
mediated carbon export to depth, at least within the range of
concentrations we considered. This relationship is in fact
apparent in our simulations not only in their yearly carbon
export fluxes (Fig. 3), but also—and perhaps even more
prominently—when examining daily particle-wise carbon
exports (Fig. 4), for which no significant differences were
found within the range of tested surface microplastic concen-
trations. Consequently, in the 100 and 1000 p. m�2 scenarios,
which represent, for several locations in the Mediterranean
Sea, microplastic concentrations higher than those projected
for 2050, the fraction of carbon export due to the sinking of
biofouled particles is expected to increase remarkably. For
instance, in the 100 p. m�2 simulation, the western and cen-
tral regions contribute to about 14% and 19%, respectively, to
the yearly POC carbon export there, and even exceed the nat-
ural biological export reported by Guyennon et al. (2015) in
the 1000 p. m�2 simulation.

Microplastics could thus cause unforeseeable effects on the
biogeochemistry of the highly productive waters of the west-
ern and central regions. Conversely, in less productive areas
(like the Levantine basin; see Fig. 2), particle-mediated carbon
export seems to be absent for most of the year (May to
December) and, consequently, to contribute less to the share
of carbon export in this region (Fig. 6). Mechanisms other
than diatom phytoplankton mortality could be dominating
the biological carbon pump in those regions, for example,
mortality of other organisms (mesozooplankton and ciliates),
the egestion of fecal pellets, and sloppy feeding by
mesozooplankton, among those included in the Guyennon
et al. (2015) study, or coastal discharge and shelf resuspension,
as documented by Alkalay et al. (2019). Moreover, these natu-
ral aggregates are generally denser (1.08 g cm�3 for marine
snow, up to 1.70 g cm�3 for fecal pellets, and a median of
1.17 g cm�3 for biofouling organisms; see Amaral-Zettler
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Fig. 6. Fraction of the total yearly POC export below 100 m, as obtained
feeding our model with the data by Guyennon et al. (2015), that can be
attributed to microplastic particles in each of the five regions of the
Mediterranean Sea.
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et al. 2021) than negatively buoyant biofouled microplastics,
so their sinking below the 100-m mark (thereby contributing
to carbon export) is expected to be less affected by seasonal
vertical mixing.

The approach presented here is certainly a simplified one. In
fact, we simulated the dynamics and interactions of biofouled
particles along 5-d-long independent runs, without accounting
for advection–diffusion processes affecting the carbon pools
through the water column. Such a dynamic that would have
required computationally intensive online integration of our
module into MEDUSA. Also, our model neglects the possible
biogeochemical interactions with other components of the
marine carbon pump, for example, other microbial organisms
interacting with the ambient POC. Furthermore, our simula-
tions are carried out over a 1 � 1 grid, thus our model is cur-
rently not suitable to capture submesoscale variability in
physical and biological variables driving Mediterranean marine
productivity (Marrec et al. 2018). We recognize that coupling
microplastics-mediated carbon export dynamics with a compre-
hensive description of the biogeochemistry and hydrodynamics
of the Mediterranean Sea, possibly at a finer spatial resolution,
is crucially required to assess long-term impacts of microplastics
on the biological carbon pump, in particular in relation to
changes in temperature and nutrient availability, two aspects
that are being consistently affected by climate change. Never-
theless, increasing the resolution of our results would have
required to reproduce with a finer scale model the microplastic
pollution scenarios offered by Everaert et al. (2020), an effort
that goes well beyond the scope of the present work.

Furthermore, our biofouling model is somewhat simplified,
as it accounts only for the dynamics of diatoms among the
different organisms of the so called “plastisphere” (Zettler
et al. 2013) that can contribute to oceanic carbon fluxes. The
microbial community growing on the surface of plastics can
in fact develop over time and become very diverse (Amaral-
Zettler et al. 2020), also with regional signatures (Amaral-
Zettler et al. 2021), and could respond differently to changes
in the available nutrients in the water column, thus poten-
tially inducing different particle sinking behaviors in long-
term simulations. Future studies should also account for the
variety of sizes and shapes of microplastic particles, as these
properties can affect both biofouling dynamics and sinking
timescales (Karkanorachaki et al. 2021; Lobelle et al. 2021),
also considering the potential for biofouled microplastics to
oscillate throughout the water column or sink at depths
shallower than 100 m in response to biofilm dynamics and
density gradients (Kooi et al. 2017). This mechanism requires
further attention, as in principle it could prevent the carbon
content of the biofilm onto these microplastics from being
exported at depth. In addition, sinking plastic particles could
be accounted as POC themselves, and be accordingly included
in carbon sequestration fluxes (Kharbush et al. 2020; Stubbins
et al. 2021). It is possible to compare the carbon export due to
the carbon content of microplastic particles with the one

related to the biofilm they carry through a rough calculation.
The microplastic particles modeled in our simulations are
1-mm LDPE spheres (density = 920 kg m�3), thus each
modeled microplastic weighs 3.85 mg. LDPE has a carbon con-
tent of � 80% (as reported, for instance, in Smeaton 2021),
yielding 3.08 mgC per microplastic particle. Peak daily carbon
export per particle in our models is � 0.1 mgC p.�1 d�1. This
would mean that the ratio exported C : plastic C can almost
reach, in our model, at most 1 : 31. Furthermore, extrapolat-
ing from our roughly calculated ratio and the estimated yearly
sequestration of plastics in ocean depth that accounts for
7.8 � 1.73 MtC of carbon that globally reaches the seabed
every year (Smeaton 2021), the upper bound estimate of the
associated carbon export due to the biofouling of such plastics
could amount to � 0.2 MtC. As stated, this is inherently an
overestimate: in fact, not all the plastics reaching the seabed
are the same as our modeled microplastic particle in terms of
polymer type, shape, and size. For instance, a large fraction in
mass of the plastic found on the seabed is made of high-
density materials (e.g., the work by Erni-Cassola et al. 2019)
that sink rapidly after entering the ocean, hampering the
growth of biofilm.

Conclusions
We have provided a first, simplified model for carbon

export mediated by the sinking of biofouled microplastics in
the Mediterranean Sea elaborating over the framework of
seawater–particle exchange developed by Guerrini et al.
(2022). We simulated an array of surface concentrations of vir-
tual microplastic particles within a Lagrangian framework, as
well as their colonization by diatoms and consequent vertical
movements in the water column, using the biofouling model
proposed by Fischer et al. (2022). Upon sinking, particles
interact with carbon pools in the water column (namely, free-
floating diatom phytoplankton, DIC, and POC) via the
dynamics of the biofilm, thereby contributing to biological
carbon export. Our simulations provide a preliminary estima-
tion of the magnitude of microplastics-mediated carbon
export in the Mediterranean Sea. Results show that biofouled
microplastics may contribute to a small fraction of the base-
line biological carbon export below 100 m depth in the Medi-
terranean Sea. Particle-mediated carbon export is highest in
the western and central areas of the basin, and peaks in the
early spring season. Comparing our outcomes with
Mediterranean-wide studies (Guyennon et al. 2015) and local
sampling campaigns (Kessouri et al. 2018), we find that the
spatial and temporal patterns we detected in microplastics-
mediated carbon export mirror those related to the natural
biological carbon pump, suggesting that the sinking of
biofouled particles could act as an additional export
mechanism.

Nonetheless, given the series of assumptions underlying
the simplified model, it is still challenging to infer whether
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the contribution of microplastics could increase the natural
biological carbon export, and if any increase would in turn
impact marine ecosystems. For instance, the modeling
approach proposed by Kvale et al. (2021) showed that the
reduced grazing of phytoplankton, caused by zooplankton
feeding instead on microplastics, could cause an increase in
the sinking of phytoplankton as detritus globally, which in
turn would deplete oxygen at depth upon remineralization
(Kvale et al. 2021), potentially exacerbating hypoxia in some
regions. The complexity and variety of the mechanisms con-
tributing to the marine carbon cycle, and their interplay, need
to be considered in a holistic manner. Further modeling exper-
iments that couple particle-based approaches with a compre-
hensive description of the underlying biogeochemistry and
hydrodynamics of the Mediterranean Sea, including a wider
variety of plastic particle sizes, shapes, and densities (Kooi and
Koelmans 2019), and considering anthropogenic inputs and
current-driven dispersal, are thus needed. Interestingly, our
results for the 2050 scenario of microplastic pollution suggest
that the contribution of microplastic-mediated carbon export
on the biological carbon pump could increase in the future; in
this respect, more in-depth analyses, including simulations
over longer time horizons, might be crucial to increase the
knowledge on this phenomenon. This perspective is also
supported by recent research suggesting that plastics could
impact on biological carbon pumping at centennial or longer
timescales (Kvale 2022). Future climate scenarios also need to
be included in modeling efforts in this line of research, as the
Mediterranean Sea is warming 25% faster than the global
mean (Cramer et al. 2018). By the end of the century,
according to the models of the MED-CORDEX ensemble rang-
ing between RCP8.5, RCP4.5, and RCP2.6 (Soto-Navarro
et al. 2020), the Mediterranean Sea is expected to be subject to
a temperature increase of 0.81–3.71�C in the first 150 m of
depth, as well as a reduction of the nutrients in the basin, and
the consequent decrease (up to 20%) in the rate of carbon
export at 1000 m, especially in the Western Mediterranean
(Pagès et al. 2020).

With the presented model, we chose to focus on the Medi-
terranean Sea, a highly polluted basin with large concentra-
tions of microplastics that could hint at the fate of other
areas of the global ocean with similar oceanographic features,
like pronounced seasonal stratification and generally oligo-
trophic waters (see, e.g., Moutin and Raimbault 2002). How-
ever, our model could be applied to other regional or global
scales, including for example tropical upwelling systems, to
analyze the relevance of microplastics-mediated pathways
within the biological carbon cycle in different contexts. A
healthy ocean is key for nature-based measures to tackle the
climate crisis, and anthropogenic disturbances represent
novel variables in a complex system whose inner interactions
are extremely difficult to decipher. For this reason, our study
could be the beginning of a research program into under-
standing the effects of microplastics on the carbon uptake

capability of the global ocean and the related impacts on
Earth’s climate.

Data availability statement
The datasets generated during the study are based on model

simulations that use as inputs the biogeochemical data from
NEMO-MEDUSA-2.0, and scenarios of plastic concentrations
in 2004 and in 2050 after Everaert et al. (2020). The outputs
resulting from the current study are available from the
corresponding author on reasonable request.
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