
Influence of Particle Size and Fragmentation on Large-Scale
Microplastic Transport in the Mediterranean Sea
Victor Onink,* Mikael L. A. Kaandorp, Erik van Sebille, and Charlotte Laufkötter

Cite This: Environ. Sci. Technol. 2022, 56, 15528−15540 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Microplastic particles move three-dimensionally through the
ocean, but modeling studies often do not consider size-dependent vertical
transport processes. In addition, microplastic fragmentation in ocean
environments remains poorly understood, despite fragments making up the
majority of microplastic pollution in terms of the number of particles and
despite its potential role in mass removal. Here, we first investigate the role of
particle size and density on the large-scale transport of microplastics in the
Mediterranean Sea and next analyze how fragmentation may affect transport
and mass loss of plastics. For progressively smaller particle sizes, microplastics
are shown to be less likely to be beached and more likely to reach open water.
Smaller particles also generally get mixed deeper, resulting in lower near-surface
concentrations of small particles despite their higher total abundance.
Microplastic fragmentation is shown to be dominated by beach-based
fragmentation, with ocean-based fragmentation processes likely having
negligible influence. However, fragmentation remains a slow process acting on decadal time scales and as such likely does not
have a major influence on the large-scale distribution of microplastics and mass loss over periods less than 3 years.
KEYWORDS: Plastic pollution, Lagrangian modeling, Physical oceanography, Plastic fragmentation, Ocean plastic, Mediterranean Sea

1. INTRODUCTION
Marine plastic pollution has negative ecological and economic
impacts, such as harming marine wildlife through ingestion and
entanglement54,57,78 and reducing tourism at commercial
beaches.3,5 Plastic is ubiquitous in marine habitats, with
microplastic (<5 mm) particles being found everywhere from
coastlines to the deep sea.9,10 Yet, the pathways and ultimate
fate of plastic once it enters the ocean are not fully understood,
complicating a full assessment of the associated risk of marine
plastic pollution. A complete understanding of the fate of
plastic once it enters the ocean is therefore necessary and
urgent.
Lagrangian models are commonly used to explore various

(micro)plastic scenarios and interpolate between the available
measurements.37,51,52,62,64,80 However, many models assume
that all plastic is buoyant and remains at the ocean surface
throughout the entire simulation. Furthermore, microplastic
particles come in a wide array of sizes and densities, but
models often assume one generic particle.11,16,36,51,52,62,64,80

While these assumptions reduce model complexity, such
models ignore all vertical transport processes and cannot be
used to examine subsurface microplastic distributions.
However, positively buoyant microplastic particles can be
mixed below the ocean surface by wave-driven turbu-
lence,43,45,63 and buoyant polymers have been found on the
seabed thousands of meters below the ocean surface.6,9,82 Field

measurements also indicate that the debris size affects the
likelihood of the object reaching the open ocean, with smaller
particles being more likely to escape coastal regions.58 On a
global scale, Mountford and Morales Maqueda59 showed that
the particle buoyancy can influence the large-scale transport
both horizontally and vertically but did not explicitly relate
these different buoyancies to particle sizes, while also using
spatially coarse flow fields. Similarly, Huck et al.36 demon-
strated that over 80% of neutrally buoyant particles get mixed
below 30 m but did not explicitly consider particle size and
density, nor did they consider vertical turbulent mixing
processes. In addition, plastic transport is further complicated
by the various transformations that plastic particles undergo,
such as changes in particle density due to biofouling,28,29

decreasing particle size due to fragmentation,30,75 and the
influence of particle shape anisotropy on the particle
behavior.13,22 The fragmentation of microplastics into
gradually smaller particles is suggested as a possible mass
sink,49 and it is important to understand the rate at which this
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could occur. Furthermore, while it is assumed that
fragmentation generally occurs more quickly on beaches than
in the open ocean due to higher UV exposure, higher oxygen
levels, and greater temperature fluctuations,2,37 there is limited
experimental work that validates this assumption.
Understanding the influence that particle size has on large-

scale transport is critical, as it can affect the particle buoyancy
and therefore susceptibility to vertical mixing, as well as the
bioavailability of the particles to marine organisms.83 Here, we
first present a series of Lagrangian experiments to investigate
the influence of microplastic particle size and density on the
large-scale transport. We limit our scope to the Mediterranean
Sea, due to the availability of both field measurements15,18,56,71

and modeling studies38,39,76 to compare our results with. We
then include microplastic fragmentation into our size-depend-
ent transport framework, building upon the work from
Kaandorp et al.,39 to investigate the relative influence of
ocean-based fragmentation. We also estimate the rate of mass
transfer to plastic particles smaller than 0.156 mm (below the
commonly used mesh size in microplastic observations, which
is 0.33 mm).

2. METHODS
2.1. Ocean Reanalysis Data. For the 2010−2013 zonal

and meridional currents, temperature, salinity, and Mixed
Layer Depth (MLD) data, we use the CMEMS Mediterranean
Sea Physics Reanalysis Product (CMSPRP),27 which has a
temporal resolution of 3 h, a horizontal spatial resolution of 1/
24°, and 141 vertical depth levels. The model code is based on
the NEMO version 3.653 ocean general circulation model
(OGCM), and the reanalysis is forced with atmospheric
forcing fields from the ECMWF ERA5 reanalysis.33 The
simulated Mediterranean circulation and salinity/temperature
fields match well with observations.26,35

Since the CMSPRP does not account for wave forcing, we
use the Mediterranean Sea Waves Reanalysis (MSWR)44 for
the peak wave period and meridional and zonal surface Stokes
drift. This reanalysis product has a temporal resolution of 1 h
and a horizontal spatial resolution of 1/24°. The model code is
based on the ECMWF WAM 4.6.2 wave model23 and is
similarly forced with the ECMWF ERA5 reanalysis.33

For calculating the wind-driven turbulent mixing within the
surface mixed layer, we use hourly 10 m surface wind fields
from the ECMWF ERA5 atmospheric reanalysis33 for
consistency with the CMSPRP and MSWR products.

2.2. Lagrangian Transport. We use Parcels21,47 to model
plastic as virtual particles that are advected by the surface
ocean currents. A change in the horizontal particle position x ⃗ =
(lon, lat) is calculated according to

+ = + + +
+ ÷÷x t t x t v x v x z d R

dtK
r

( ) ( ) ( ( , ) ( , , ))
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t t
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where v(⃗x,⃗ t) is the horizontal surface velocity at the particle
location x(⃗t) at time t, ÷÷vS (x,⃗ z, τ) is the horizontal Stokes drift,
R ∈ [−1, 1] is a random process representing subgrid motion
with mean zero and variance r = 1/3, dt is the integration time
step, and Kh = 10 m2 s−1 is the horizontal diffusion
coefficient.46,62 The depth-dependent horizontal Stokes drift
is calculated based on Breivik et al.8Eq 1 is integrated using a
fourth order Runge−Kutta scheme with dt = 30 s, and particle
positions are saved every 12 h.

The turbulent vertical particle transport is modeled as a
Markov-0 process following Onink et al.,63 where the vertical
particle position z(t) is calculated by

+ = + + +z t t z t w K x z t dt K x z t dW( ) ( ) ( ( , , )) 2 ( , , )r z z z

(2)

where wr is the particle rise velocity, Kz(x,⃗ z, t) is the vertical
diffusion coefficient, ∂zKz = ∂Kz/∂z, dW is a Wiener increment
with zero mean and variance dt, and the vertical axis z is
defined positively downward with z = 0 at the air-sea interface.
Since the vertical and horizontal diffusion fields are not
provided within the CMSPRP data set, we use a local form of
the K-profile parametrization (KPP)7,48 for the wind-driven
vertical Kz,W profile within the surface mixed layer
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where κ = 0.4 is the von Karman constant, u*w(x,⃗ t) = τ(x,⃗ t)/
ρw(x,⃗ t) is the friction velocity of water, ϕ = 0.9 is the stability
function in Monin-Obuokov boundary layer theory, θ is the
Langmuir circulation enhancement factor, and z0 is the
roughness scale of turbulence following85 for a wave age β =
1.21.45,63 Langmuir circulation (LC) turbulent mixing can
increase turbulent mixing up to θ = 3−4,55 but as calculating θ
is not trivial, we assume conservative wind mixing with
negligible LC-driven mixing where θ = 1.0. Following Large et
al.48 and Boufadel et al.,7 we assume Kz,W(x,⃗ z, t) = 0 for z >
MLD. We also account for tidal-driven vertical mixing Kz,T(x,⃗ z,
t) throughout the water column based on tidal mixing
climatologies,19 where the full vertical vertical mixing
coefficient Kz(x,⃗ z, t) is expressed by
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The particle rise velocity wr depends on the particle size and
for a spherical particle with diameter d is calculated as

=
× × ×
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for the particle density ρp, seawater density ρw, gravitational
acceleration g = 9.81 m s−2, and Reynolds number Re(x,⃗ z, t) =
wrd/ν(x,⃗ z, t) with the kinematic viscosity of seawater ν.25 The
kinematic viscosity ν(x,⃗ z, t) at the particle position is
calculated following ref 42.
Following Onink et al.,63 the boundary condition at the

ocean surface has the particle depth set at z = 0 if the particle
crosses the air-surface interface. Microplastic entrainment
remains a highly uncertain process, and there is insufficient
field and laboratory data to properly parametrize seabed
settling and entrainment. Therefore, a reflecting boundary
condition is applied where a particle is reflected at the seabed
without any possibility of settling or particle flux through the
seabed.
The beaching and resuspension of particles on coastlines is

modeled following Onink et al.62 Concentrations of beached
microplastics are influenced by a wide range of processes, such
as winds, coastal morphology, tides, and human usage of the
beach.9,10,20,32,40,68,72 However, such processes typically act on
smaller spatial and temporal scales than those resolved in
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ocean reanalysis products. As such, particle beaching is
implemented as a stochastic process where a particle’s
beaching probability pB for time step dt is

=
=

> =

l
m
ooo
n
ooop

d D p dt

d D p

if , 1 exp( / )

if , 0B
B B

B (6)

where d is the distance from the particle to the nearest model
land cell, D sets the outer limit of the beaching zone within
which beaching is possible, and λB is the beaching time scale in
days. Following Onink et al.,62 we set the beaching zone D = 6
km such that all land-adjacent ocean cells are fully contained
within the beaching zone. The probability pR of beached
particles being resuspended for a time increment dt is

=p dt w1 exp( / ( ))R R r (7)

where the resuspension time scale λR(wr) is size-dependent.
Based on field experiments with drifters of various sizes, Hinata
et al.34 found a linear relationship between the particle rise
velocity and the resuspension time scale in days

= × +w w( ) 260 7.1R r r (8)

where smaller particles have smaller rise velocities and are
more likely to be resuspended. While Hinata et al.34 only
considered a single beach in Japan, it is the only field study that
has studied the relation between particle size and beach
residence time, and therefore, we apply the relation to the
Mediterranean. There is likely also a relation between the
particle size and the beaching probability, but as this has not
been sufficiently studied to date, we set λB to a uniform value
of 26 days, based on the model calibration study in Kaandorp
et al.38 To prevent particles getting stuck on land cells, an
antibeaching current is applied where particles within 500 m of
a land cell are pushed back at 1 m s−1.62,64 This does not affect
the relative large-scale distribution of particles64 and assures
beaching can only occur following eq 6. The order in which all
parametrizations are applied is indicated in Figure S1.

2.3. Fragmentation Model. 2.3.1. Kaandorp Box Model
and Ocean Fragmentation. The fragmentation model is
based on Kaandorp et al.,39 where plastic particles split into
smaller fragments based on fractal theory.12,77 For a spatial
dimension DN = 3, one starts from a cubic parent object with
dimensions L in size class k = 0. Over time this parent object
splits into smaller fragments, where fragments in size class k =
n have size L/2n. The continuous fragmentation index f
indicates the number of full fragmentation cycles that have
taken place, where the probability mass function (pmf) gives
the mass fraction m in each size class k

= +
+

m k f p
k f

k f
p p( ; , )

( )
( 1) ( )

(1 )k f

(9)

where p is the fraction of the original parent object that has
been lost to smaller size classes at f = 1, and Γ is the gamma
function. For k = ∞, eq 10 has mass conservation, but with a
finite number of size classes mass is gradually lost. The number
of fragments n(k, f, p) in each size class is

= +
+

m k f p
k f

k f
p p( ; , )

( )
( 1) ( )

(1 )k f

(10)

where p is the fraction of the original parent object that has
been lost to smaller size classes at f = 1, and Γ is the gamma

function. For k = ∞, eq 10 has mass conservation, but with a
finite number of size classes mass is gradually lost. The number
of fragments n(k, f, p) in each size class is

=n k f p m k f p( , , ) 2 ( ; , )D kN (11)

While a spatial dimension of DN = 3 indicates a cubic parent
object, DN = 2 corresponds to a sheet, and a noninteger DN
would indicate a mixture of various particle types. A value of p
= 0.4 was reported to be suitable for pellets made out of
polymers such as polyethylene and polypropylene. The
fragmentation index f is related to the time an object spends
in the maritime environment, but the fragmentation rate is
highly uncertain. Laboratory experiments indicate a linear
fragmentation rate of 1.8 × 10−2f week−1,75 while fitting the
fragmentation model to observational data of particle sizes
suggested a rate of 2.0 × 10−4f week−1.39 Defining the
fragmentation time scale λf as the time in days such that f = 1
(implying 40% mass loss of the parent object with p = 0.4), this
implies λf = 388−35000 days.39,75 However, this relation
between f and time is not necessarily linear and likely varies
depending on environmental conditions and the polymeter
type.2

To study the microplastic fragmentation in the Mediterra-
nean, Kaandorp et al.39 developed a box model representing
microplastic transport between beaches, coastal waters, and
open water for various particle size classes. The transition
probabilities between the coastal and open waters are based on
Lagrangian simulations using the same CMSPRP and MSWR
data products used in this study,38 while the particle
resuspension followed eq 8. Kaandorp et al.39 also assumed
that fragmentation only occurs on beaches. For the full details
of the implementation of the box model, we refer to Kaandorp
et al.39 In order to test the sensitivity of the box model to
ocean fragmentation, we modify the box model to also allow
for fragmentation in coastal and open waters. We therefore
differentiate between the beach-based fragmentation time scale
λf,B and the coastal/open water fragmentation time scale λf,O.
Kaandorp et al.39 included a sink term PS in the box model,

such that the amount of plastics in the ocean system steady
state matched observed plastic quantities. The steady state
concentrations in the beach and coastal/open water reservoirs
can then be solved by matrix inversion, where depending on
the fragmentation rate a steady state is reached after
approximately a decade of simulation time.
The sensitivity analysis of ocean fragmentation considers a

base scenario with only beach-based fragmentation particles in
12 size classes (d = 0.002−5.000 mm) with λf,B ∈ [388,
35000]days. We then add coastal/open water fragmentation
with λf,O ∈ [1, 5, 10, 100, 1,000, 10,000] × λf,B. We assume a
continuous weekly microplastic input of size class k = 0 for the
purpose of the sensitivity analysis. We set λB = 26 days38 and
λR according to eq 8.

2.3.2. Lagrangian Model. The Kaandorp et al.39

fragmentation model predicts an exponential rise in the
number of microplastic fragments in the system. Given that
it is not computationally feasible to represent each microplastic
fragment with an individual virtual particle, each virtual particle
represents a certain microplastic number/mass within a given
size class. In addition, the generation of fragments is discretized
instead of being continuous and gradual.
For illustration, consider a virtual particle which represents

microplastic particles in the k = 0 size class (d = 5.000 mm)
with an initial number and mass weight of 1. When this particle
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is released, its horizontal and vertical transport is calculated by
eqs 1 and 2, and it cycles through beaching and resuspension.
Assuming that fragmentation only occurs when a particle is
beached, a timer tracks the cumulative time that the particle is
beached (even if it is resuspended intermittently). Once this
timer indicates that a particle has been beached for 90 days, it
fragments, and 5 new particles are created corresponding to
size classes k = 1−5. Based on the fragmentation time scale λf,
the beached time converts to the equivalent fragmentation
index f, which in turns sets the particle number and mass for
each of the virtual particles based on eqs 10 and 11. The beach
timer then resets, with all newly created particles being initially
beached at the same location as the parent particle.
The described procedure applies to all particles in our

fragmentation scenario (e.g., fragmentation of a k = 2 particle
can create k = 3−5 fragments), where we track particles for up
to 3 years with λf ∈ [388, 1000, 10000, 35000, 50000] days. In
the Lagrangian fragmentation scenario, we only consider 6 size
classes (d = 0.156−5.000 mm) with ρ = 920 kg m−3, both due
to computational constraints and since our fragmentation
validation rests almost solely on Neuston net measurements,
which generally have a mesh size of 0.33 mm. Any particle
mass transfer to smaller size classes (d < 0.156 mm) is
considered lost from the system.

2.4. Lagrangian Model Input. For all simulations, the
spatial distribution of microplastic inputs is scaled according to
riverine inputs,50 where particles are released in shore-adjacent
ocean cells. For each particle size in the size-dependent
transport scenario, we release 85,196 particles at the beginning
of the simulation. Since the size-dependent transport scenarios
do not have an exponential increase in the number of particles,
we consider 12 size classes (d = 0.002−5.000 mm) with
particle densities ρ ∈ [30, 920, 980, 1020] kg m−3, which
correspond to expanded polystyrene (PS), polypropylene
(PP), polyethylene (PE), and approximately neutrally buoyant
polymers.9 With the fragmentation scenarios, we release 2718
particles per month (97,848 in total), where these are evenly
divided over the six size classes. The initial weighing of the
particles across the size classes is based on river microplastic

size distributions.84 While the size distribution of microplastics
entering the ocean can vary in space and time,50,74,84 we lack
the necessary field data to represent such input variability and
assume temporal and spatial invariance in the input size
distribution.
All simulations in both the size-dependent transport and

fragmentation scenarios ran for three years (2010−2012).
While this is insufficient time for the system to reach any
equilibrium in the fragmentation scenarios, the exponential
increase in the number of virtual particles with each additional
simulation year means that longer simulations are computa-
tionally infeasible. However, three years is sufficient to study
the horizontal and vertical spread of microplastics throughout
the Mediterranean and to quantify the mass loss rate of
microplastics due to fragmentation.

3. RESULTS
3.1. Size-Dependent Transport. Figure 1 shows the

relative distribution of particles between beaches, coastal
waters (<10 km from the model coastline), and open water
(>10 km from the model coastline), where each simulation
corresponds to a given particle size and density averaged over 3
years. Almost all the large (d = 5.000 mm) particles are near
coastlines, either beached (35.24−81.96%, depending on the
density) or adrift in the coastal zone (17.01−59.01%), with
only a small fraction in open water (1.04−5.74%). For the
smallest particles (d = 0.002 mm), the open water fraction rises
to 21.85−25.08%, with the coastal zone holding the majority of
the particles (59.37−61.84%). Microplastic particles are less
likely to be beached as the particle size decreases, as smaller
rise velocities result in shorter resuspension time scales.
However, with the exception of the ρ = 30 kg m−3 particles,
only around 1% of particles reach open water for sizes d >
0.156 mm, as particles remain close to land. While the exact
distribution of particles over the beached, coastal, and open
water slightly varies with particle density, the general trends
with decreasing size are the same. The near-shore trapping of
almost all microplastics d > 0.1 mm also occurs with size-
independent resuspension (Figures 1b and S2).

Figure 1. Mediterranean beach (blue symbols), coastal (green), and open water reservoirs (red) as percentages of the total number of particles in
each size class and in each microplastic density for (a) size-dependent resuspension and (b) size-independent resuspension time scale λR = 7 days.
The fractions are averaged over the entire three year simulations. Each size class/particle density represents an individual model simulation.
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The near-shore trapping of microplastics depends on local
circulation patterns, and the likelihood of microplastics to
reach the open ocean varies spatially (Figure S3). While certain
areas, such as the western Mediterranean coastlines, show
relatively little near-shore trapping for any particle size,
generally small particles are more likely to reach the open
ocean than large particles. However, certain regions such as the
Adriatic Southern Italian coastline show the opposite trend
where larger particles are more likely to reach the open ocean.

The vertical and horizontal distributions are strongly
affected by the particle size. Smaller and denser microplastic
particles are mixed deeper below the ocean surface (Figures 2
and S4), where up to 58.21% of the smallest and heaviest
microplastics are below 10 m from the ocean surface (Table
S1). The vertical transport of particles varies seasonally, as
stronger stratification during the spring and summer months
generally leads to shallower mixing (Figure 3 and Table S1).
However, vertical mixing by internal tides can transport

Figure 2. Normalized vertical microplastic concentrations during different seasons and for 5.000−0.002 mm particles with ρ ∈ [920, 980] kg m−3

with size-dependent resuspension. All profiles are averaged over the three year simulation period and normalized by the total number of particles in
each simulation (n = 85, 196).

Figure 3. Column-integrated and near surface (particle depth z < 1 m) horizontal microplastic concentrations for (a - b) 5.0 mm and (c - d) 0.002
mm particles. All concentrations represent the first year of the simulation with size-dependent resuspension and ρ = 920 kg m−3.
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particles down far below the MLD, with particles of various
sizes and densities reaching over 2,000 m below the ocean
surface.
In summary, large particles remain at the ocean surface,

whereas smaller particles can get mixed far below the ocean
surface; and this is reflected in the horizontal distribution. The
open water column-integrated concentrations are orders of
magnitude lower for large (d = 5.000 mm) (Figures 3a and S5)
rather than small (d = 0.002 mm) particles (Figures 3c and S5)
in the first simulation year. This is in large part due to larger
particles being more likely to beach and less likely to reach
open water. The horizontal distribution is strongly dependent
on the input scenario, with the highest concentrations near the
Algerian coast and in the Levantine Sea. However, by the third
simulation year the smaller (d < 0.078 mm) particles are
distributed more homogeneously throughout the entire
Mediterranean basin (Figure S6g-l), while almost all larger
(d > 0.078 mm) particles are either beached or in coastal areas
(Figure 6a-f). However, as smaller microplastic particles are
more easily mixed below the surface, the near-surface
microplastic concentrations are higher for large rather than
small particles (Figures 3b and d, S7, and S8). As such, while
smaller microplastic particles are more likely to reach open
waters in the Mediterranean, our model suggests they are less
likely to be observed in surface water. Surface field measure-
ments similarly show relatively low surface concentrations of
small (<1 mm) microplastics,15,31,71 which is likely due to a
combination of the ocean dynamics demonstrated in this
model and difficulties in sampling small microplastic particles.

3.2. Ocean Fragmentation. We next examine the effect of
fragmentation on the size distribution of microplastic particles

with the Kaandorp box model. Figure 4 shows the steady-state
size distributions assuming different ocean-based fragmenta-
tion time scales λf,O, separated into open water, coastal, and
beach reservoirs. The baseline steady state size distributions
show an exponential increase in the number of particles for
smaller size classes. The faster beach fragmentation time scale
λf,B = 388 days results in 4 orders of magnitude more particles
and mass in smaller size classes compared to λf,B = 35,000 days.
The addition of ocean fragmentation has a minimal influence
on the modeled size distribution unless λf,O ≈ λf,B, i.e., ocean
fragmentation is equally fast as fragmentation on beaches.
Based on laboratory experiments, the ocean fragmentation

time scale λf,O is highly variable and dependent on the object
polymer, object type, and experimental setup (Table 1).
Assuming a fragmentation fraction p = 0.4, a parent object
would lose 40% of its initial mass over a full fragmentation
cycle ( f = 1), and this is estimated to take anywhere from years
to centuries in marine environments. However, for the type of
PP and PE fragments considered in this study, λf,O appears to
be on the order of decades. Compared with the λf,B estimates
from ref 75 of 0.3−1.1 years, this would suggest that ocean-
based fragmentation is negligible relative to beach-based
fragmentation, at least within the Mediterranean. We acknowl-
edge however that laboratory fragmentation estimates do not
include interactions of microorganisms with particles and
hence may underestimate open-ocean fragmentation rates.

3.3. Lagrangian Fragmentation. Based on the sensitivity
study performed with the box model, we solely consider beach-
based fragmentation in our Lagrangian fragmentation scenario,
and λf henceforth refers to the beach-based fragmentation time
scale λf,B. Three simulation years is insufficient for a steady

Figure 4. Steady-state normalized microplastic size distributions of microplastic particles with varying beach and ocean fragmentation time scales
using the Kaandorp et al.39 box model.
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state to be established, and the size distributions are heavily
influenced by the initial input size distribution (Figure 5). It is
only in the smallest size classes that clear differences arise
between the various λf values. The fragmentation with λf = 388
days is over 2 orders of magnitude faster than with λf = 50,000
days, and in the coastal and beached reservoirs, the k = 5 size
class correspondingly has 2 orders of magnitude more particles
and mass. However, in the open water, these differences are
smaller due to the relatively small number of particles reaching
open water. There is a gradual mass transfer to smaller size
classes, but the overall mass loss to size classes < 0.156 mm
(smaller than the regular Neuston net mesh size) is only 0.24−
2.45%.
The horizontal spread of the microplastic size classes

resembles the distribution in the size-dependent transport
scenarios (Figures 3 and 6), with the concentrations near
coastlines being orders of magnitude higher than in the open
ocean. Smaller size classes generally show higher concen-
trations in open water due to the shorter resuspension time
scales and decreased coastal trapping. However, although
smaller particles are more numerous (Figure 6), the larger size
classes still hold a large portion of the total microplastic mass
(Figure S9). For example, with λf = 388 days, by count 53.25%
of the particles have a size d = 0.156 mm, but only 1.98% of the
microplastic mass is in the size class (assuming spatial
dimension DN = 2.5). In contrast, the three largest size classes

make up only 5.61% of the microplastic particles by count but
76.04% of the mass.

4. DISCUSSION
The distinct differences in the column-integrated and near-
surface concentrations highlight the importance in considering
the full 3D transport of microplastics. Particles with near-zero
rise velocities, either due to their small size or being nearly
neutrally buoyant relative to the seawater, are more likely to be
mixed below the ocean surface.36 As suggested by Coźar et
al.,14 this can be a partial explanation of why microplastic
measurements collected with Neuston nets show fewer small
particles than expected. The near-surface concentration
distribution in the first model year closely resembles that of
Tsiaras et al.,76 despite using a different input scenario and
model setup. For the larger size classes (d > 0.313 mm), this
also matches well with field measurements throughout the
Mediterranean basin.15,66 However, validating the horizontal
distribution of particles smaller than ≈0.1−0.33 mm is
currently not possible, as these particles are generally not
captured within Neuston nets and alternative sampling
methodologies are not commonly used. Similarly, while the
high subsurface concentrations predicted by the model are in
line with observations,24,65,67,69 these observational records do
not have sufficiently high temporal and spatial resolutions to
validate the modeled vertical concentration profiles. This
would also require sampling techniques other than Neuston
nets, such as Niskin bottles67 or high-volume filtration
systems,86 to study the distribution of microplastic particles
< 0.33 mm.
The transformation of microplastic particles due to

fragmentation is critical for understanding the long-term fate
of microplastics, as changes in the particle size can affect the
large-scale transport and the bioavailability to marine
ecosystems. While various processes and properties are
known to affect the fragmentation rate, such as polymer
type, UV exposure, and oxidation,75 isolating which is the
dominant process is vital for developing basic fragmentation
models. One simplifying assumption made by Kaandorp et
al.39 was that fragmentation predominantly occurred on
beaches, and based on the results in this current study and
Isobe and Iwasaki,37 this assumption appears justified. While
comparing fragmentation rates from different experimental
setups is challenging, the fragmentation time scale for
polyethylene and polypropylene polymers is generally on the
order of decades in water, compared to years in a beach-like
environment.75 As such, neglecting ocean-based fragmentation
likely will have a negligible impact on the results on this study.
However, for other plastic polymers outside of the immediate
scope on this study, such as cellulose, PLA, and compostable
polymers, λf,O appears to be on the order of years, and
neglecting ocean-based fragmentation may result in under-
estimating the fragmentation of such plastic objects.
Over a three year period, fragmentation is not shown to lead

to significant amounts of lost microplastic mass, as the mass
transfer to size classes d < 0.156 mm is at most 2.45%. In
reality, this mass fraction loss is probably even smaller, as most
plastic mass would be contained in objects larger than the 5
mm particles considered in this modeling study. Given the
slow rate at which microplastic fragmentation occurs, after
three years, the modeled size distributions still closely resemble
the input size distribution. As such, greater understanding of
the size distribution of microplastic inputs would provide

Table 1. Estimates of the Ocean-Based Fragmentation Time
Scale λf,O from Literature Sourcesa

study plastic object λf,O
O’Brine and
Thompson60

PE strip 15.3−19.2
yearsb,c

compostable polyester strip <0.5 yearsb,c

Resmerita ̌ et al.70 PP strip 20.2−25.8 years
Zhu et al.87 postconsumer expanded PS

fragment
0.3−2.7 yearsc

postconsumer PP fragment 0.3−4.3 yearsc

postconsumer PE fragment 33 yearsc

PE pellet 0.5−49 yearsc

North Pacific Gyre (NPG)
fragments

2.8 yearsc

NPG fragments (no UV) 58 yearsc

Gerritse et al.30 low-density PE air pouch 50−63.6 years
high-density PE air pouch 66.6−84.9 years
PS packaging foam 33.3−42.3 years
PS beaker 400.0−510.6

years
Latex balloon 8.7−10.8 years
silicon tube 40.0−50.8 years
PET bottle 8.2−14.3 years
PET fleece 13.8−17.4 years
PU foam 13.3−16.8 years
cellulose beaker 5.1−6.2 years
CA cigarette filter 2.7−3.2 years
compostable postal bag 2.6−3.1 years
compostable trash bag 1.5−1.6 years
PLA food bag 5.6−6.9 years

aUnless otherwise noted, the lower and upper bounds are estimates of
the time for the parent object to lose 40% of its original mass
assuming linear and exponential mass loss rates. bAssumes the loss of
the strip surface area is equivalent to the loss of mass. cEstimate of the
time scale for the parent object to lose all mass provided directly by
the literature source.
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insight into the size distribution of microplastics in the
Mediterranean as a whole. Compared to size distributions from
field measurements, the model predicts relatively higher
amounts of microplastics in size classes k = 0−5. In part,
this could be due to the lack of microplastic particles larger
than d = 5.000 mm in the model, which could affect the
relative number of particles in each size class. However, it is
also possible that three years is simply not long enough for the
model to stabilize to a long-term size distribution. However,
the current Lagrangian model setup provides insight into the
distribution of the microplastic fragments in the Mediterranean
which is not possible with simpler box models. While
observational studies often report microplastic concentrations
as particle counts (e.g., Figure 5), it is shown in Figures 6 and

S9 that microplastic mass and counts show different relative
distributions. The number concentration of microplastics is
dominated by smaller particles, but the distribution of
microplastic mass is more strongly influenced by the
distribution of larger particles. This difference could have
important consequences for, e.g., quantifying risks associated
with microplastic pollution.
Considering the results of both the size-dependent transport

and Lagrangian fragmentation scenario, the fate of micro-
plastics when they enter the Mediterranean is strongly size-
dependent. Large microplastics tend to remain close to shore,
where they are likelier to beach and gradually fragment into
smaller particles. Eventually, as the particles get smaller and
especially for particles d ≈ 0.156 mm or smaller, particles are

Figure 5. Comparisons of the surface (<0.26 m) Lagrangian modeled and measured microplastic size distributions (MSDs). All modeled MSDs are
normalized to the maximum size class, and all measured MSDs are normalized relative to the measured size class closest to 5 mm. The Zeri et al.84

data in panel (c) indicates the size distribution of particles entering the simulation. In panels (a - d), the gray-shaded area indicates particle sizes <
0.33 mm, representing particle sizes below the detection limits of typical Neuston nets used to collect surface microplastics.
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likelier to reach open water. At this point, the particles are also
sufficiently small so that vertical transport processes become
more important, leading to greater mixing of the particles
throughout the water column. Overall, this study reiterates the
importance of coastal regions in the overall fate of micro-
plastics suggested by Onink et al.62 Given that many coastal
processes occur on spatial and temporal time scales that are
unresolved by large-scale circulation models such as CMSPRP
and MSWR,79 it is possible that such coastal trapping is weaker
when all near-shore processes are represented. This still
highlights an urgent need for greater understanding of the
nearshore microplastic transport.1,41 However, it is promising
that the model shows the same size-dependent trapping
pattern as Morales-Caselles et al.,58 who found that larger
debris appears more likely to remain trapped close to shore
than smaller debris.
We consider a range of size-dependent processes, which

have various degrees of uncertainty. There are numerous
studies that calculate the rise velocity of a particle based on its
density and size,42,73,81 but the Enders et al.25 parametrization
was used due to relative computational ease within this model
setup. However, depending on a particle’s particular shape or
spatial orientation, we acknowledge the rise velocity could
vary.13,22 There is higher uncertainty in the size-dependent
resuspension time scale and similarly in assuming size-
independent beaching time scales. The resuspension time
scale is based on empirical experiments by Hinata et al.,34 but
the relation is an extrapolation for microplastic particles, as
Hinata et al.34 used drifters > 1.3 cm in size. However, size-
independent resuspension time scales λR ∈ [7, 50] days only
affected the relative distribution of particles over the beached
and coastal reservoirs, with the percentage of particles reaching
open water remaining unaffected. Similarly, we assumed a
single beaching time scale λB = 26 days for the entire
Mediterranean, while this likely varies depending on the
particle characteristics and local geomorphology. Given that
the beaching time scale remains uncertain for any type of
particle,37,62 we used λB = 26 days based on an inverse

modeling study that best fit with field measurements in the
Mediterranean.38 Furthermore, given that spatially varying
beaching and resuspension time scales do not seem to affect
the large-scale distribution of microplastic particles,17 assuming
spatial invariance in these time scales is the best available
option until additional field experiments have been conducted.
Another assumption in the current model setup is that the

particle density remains unchanged over the three year
simulation period. Biofouling was not included in this study
in order to focus solely on the influence of particle size.
However, even without biofouling, microplastic particles are
shown to be mixed throughout the entire water column,
including down the seabed up to 3000 m deep. The size-
dependent scenarios show this is even the case for particles up
to 5 mm in size if the particle is nearly neutrally buoyant
(Table S1). Yet, by excluding biofouling, the current study
could be underestimating the amount of subsurface micro-
plastics.29 The amount of vertical mixing might also be
underestimated by assuming negligible LC-driven mixing. The
KPP wind mixing parametrization can account for LC-driven
turbulence through the LC enhancement factor θ, but
computing θ from spatially and temporally coarse reanalysis
data is not trivial and beyond the scope of this study. Ideally,
the CMSPRP data set would include vertical turbulent mixing
data, as the Onink et al.63 parametrization now had to use the
MLD data from the CMSPRP data set. Since the MLD in the
CMSPRP data set is defined by a density criteria relative to the
seawater density at 10 m, during the spring and summer
months, almost the entire Mediterranean basin had an MLD =
10 m, resulting in the artificial spike at z = 10 m in the vertical
microplastic concentration profiles (Figure 2). However, with
no readily available alternative parametrization for wind mixing
that does not have its own set of limitations, this is the best
possible approach.
The size-dependent modeling framework includes several

complex physical processes that are not fully understood.
Additional laboratory and modeling studies are required to
advance our understanding of microplastic transport in the

Figure 6. Columnn-integrated horizontal microplastic count concentrations for size classes k = 0−5 in the third simulation year.
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ocean. While the seafloor potentially holds millions of tons of
plastic debris,4 the current understanding of microplastic
settling and entrainment is insufficient to realistically account
for these processes within large-scale models. With regards to
fragmentation, more laboratory and ideally field experiments
are required to measure the rate at which different polymers
fragment in both beach and open ocean environments,
preferably over a range of climatological environments. The
current model framework also assumed simple relations
between particle size, particle beaching, resuspension, and
rise velocities, which should be refined in future studies.
Finally, we reiterate the absolute necessity for more extensive
and standardized sampling of microplastics in various marine
environments, such that the observational record can be used
to validate and constrain future modeling studies.
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