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ARTICLE INFO ABSTRACT
Editor: Damia Barcel6 The present study provides indications and underlying drivers of wave-induced transport and retention potential
of microplastic particles (MP) in marine vegetation canopies having different densities. The anthropogenic
Keywords: occurrence of MP in coastal waters is well documented in the recent literature. It is acknowledged that coastal

Particle transport
Particle retention
Submerged canopy

vegetation can serve as a sink for MP due to its energy dissipating features, which can mimic a novel ecosystem
service. While the transport behavior of MP in vegetation has previously been investigated to some extent for
. stationary flow conditions, fundamental investigations for unsteady surf zone flow conditions under irregular
Canopy density X R R A ) A
Canopy flow waves are still lacking. Herein, we demonstrate by means of hydraulic model tests that a vegetation's retention
Particle Dean number potential of MP in waves increases with the vegetation shoot density, the MP settling velocity and decreasing
wave energy. It is found that particles migrating by traction (predominantly in contact with the bed) are trapped
in the wake regions around a canopy, whereas suspended particles are able to pass vegetated areas more easily.
Very dense canopies can also promote the passage of MP with diameters larger than the plant spacing, as the
canopies then show characteristics of a solid sill and avoid particle penetration. The particle migration ability
through a marine vegetation canopy is quantified, and the key drivers are described by an empirical expression
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based on the particle settling velocity, the canopy length and density. The findings of this study may contribute to
improved prediction and assessment of MP accumulation hotspots in vegetated coastal areas and, thus, may help
in tracing MP sinks. Such knowledge can be considered a prerequisite to develope methods or new technologies
to recover plastic pollutants and rehabilitate valuable coastal environments.

1. Introduction

Millions of tons of plastic enter the world's oceans every year (van
Sebille et al., 2020Db). It has been estimated that the cumulative amounts
have increased by an order of magnitude over the past decade, with a
further 50-fold increase expected by year 2100 (Everaert et al., 2018). Of
particular concern are particles in the microplastic regime, having
length scales <5 mm (Galgani et al., 2013). The fate of microplastic in
the ocean involves complex interactions, including fragmentation (Song
et al., 2017; Gerritse et al., 2020), transport (Zhang, 2017; van Sebille
et al., 2020b), ingestion by marine organisms (Deudero and Alomar,
2015), and potential accumulation in sediments (Wessel et al., 2016;
Harris, 2020), posing environmental concerns and potential threats to
marine ecosystems (Cozar et al., 2015). Aquatic coastal environments
such as dune ecosystems, salt marshes, seagrass meadows or mangrove
forests provide important ecosystem services (e.g. water quality
improvement, habitat creation, or carbon sequestration) and benefits (e.
g. flood control, biodiversity support or shoreline stabilization) (Duarte
et al., 2013). The trapping of microplastic particles (MP) and sediments
by coastal plant communities, due to the alteration of near-bed hydro-
dynamics and transport processes, have been reported in numerous
publications (Huang et al., 2020; de Smit et al., 2021; Duan et al., 2021;
Sanchez-Vidal et al., 2021; Contti Neto et al., 2022; Li et al., 2022;
Maghsodian et al., 2022; Ogbuagu et al., 2022; da Silva Paes et al., 2022;
Battisti et al., 2023; Ben-Haddad et al., 2023). In addition to these field
observations, the trapping and retention potential of vegetation have
been documented in laboratory studies under steady flow conditions (de
los Santos et al., 2021; Gallitelli et al., 2023). Research on the trajectory
and distribution of MP in complex coastal environments, especially
quantitative, is needed (Duan et al., 2021).

Framing of the present study, in relation to the existing literature
addressing key drivers of MP transportation processes in the coastal
environment, is provided in a background section through a brief
overview on wave hydrodynamics on the bottom boundary layer in the
surf zone, their influence on MP transport with respect to the MP
properties and the energy damping characteristics of vegetation patches.
Hereafter, Materials and Methods are introduced. The results and dis-
cussion section examines wave characteristics and beach profile evolu-
tion, flow conditions within submerged vegetation canopies, the cross-
shore distribution of microplastic particles in these canopies, the abil-
ity of particles to migrate cross-shore, and a detailed description of
observed transport mechanisms. Finally, the findings of the study are
summarized and implications are drawn in the conclusions.

2. Background

This chapter briefly introduces to (i) flow-conditions in the surf-zone
induced by waves and currents, (ii) the influence of these flows on MPs,
by means of the particle Dean number and (iii) the energy dissipation in
submerged vegetation patches.

2.1. Surf-zone hydrodynamics

In the coastal zone particles are exposed to forces induced by cur-
rents, wave-induced oscillations and turbulence induced by wave
breaking or fluid-seabed interaction (Dean and Dalrymple, 1991). These
active forces govern the transport, sedimentation and re-suspension of
MP. The forces (and thereby the transport) are naturally dependent on
the water level and wave conditions. Baltic amber (with a density similar

to plastic), for instance, migrates towards the shore during storms
(Chubarenko et al., 2018). Wave-induced hydrodynamics in the surf
zone represent an extremely turbulent and complex regime, which has
previously been investigated in small scale model tests (Ting and Kirby,
1994) and large-scale model tests with respect to flow and sediment
transport processes (Scott et al., 2005; Caceres and Alsina, 2012; Van der
Zanden et al., 2016, 2017). In the present study, we replicate the evo-
lution of a beach profile by drawing upon prior research on MP transport
in irregular waves (Guler et al., 2022; Larsen et al., 2023b), effectively
establishing consistent hydraulic boundary conditions. This approach
allows us to determine the influence of vegetation, relative to the pre-
viously determined MP transport processes without vegetation. The
underlying hydrodynamic transport processes in this configuration are
described in more detail by Larsen et al. (2023b). A comparison between
the present study and these references on the beach profile evolution
over time and the corresponding energy decay is provided in Kerpen
et al. (2023).

2.2. MP properties and transport ability

While fluid-driven sediment transport mechanisms have been stud-
ied for decades (Inman, 1949; Yalin, 1977; Van Rijn, 1993; Soulsby,
1997; Nielsen, 2009), hydraulic model experiments on non-buoyant MP
transport are rare. Size, shape and density of MP have a significant in-
fluence on their transport properties (Ballent et al., 2013; Zhang, 2017;
Waldschlager and Schiittrumpf, 2019; van Sebille et al., 2020a; Goral
et al.,, 2023). MP transport in steady currents has been considered in
several studies (de los Santos et al., 2021; Valero et al., 2022; Gallitelli
et al., 2023; Niinez et al., 2023). However, wave-driven surf zone flows
have different flow mechanisms and thus, e.g. MP transport processes
and rates will differ. To date, the wave-driven transport of non-buoyant
MP in shallow coastal waters has been studied by few authors. The
accumulation of heavy MP in the wave breaking (surf) zone, as well as
accumulation of light MP along the coastal profile, was previously
investigated in idealized short duration model tests over a fixed beach
profile with constant slope (Forsberg et al., 2020). Long duration ex-
periments on MP transport with regular waves on a live sediment bed
revealed a shift of the accumulation peak of typical MP fractions into
shallower water depths, with increasing particle size and density (Ker-
pen et al., 2020). Considering the importance of the MP settling velocity
on the location of MP accumulation (Kerpen et al., 2020), the transport
of non-buoyant MP beneath breaking irregular waves on a live sediment
bed is primarily governed by the dimensionless particle Dean number
(Guler et al., 2022; Ntnez et al., 2023):

H,

Q =
T,wy,

D

(€8]

which relates the characteristic deep water wave height Hy to the peak
wave period T, and the MP settling velocity wg. The particle Dean
number can be interpreted as a dimensionless descent rate. Furthermore,
the nearshore transport of buoyant MP across a coastal profile can be
predicted based on the wave-induced transport velocity (Larsen et al.,
2023a). In these five studies, vegetation was not taken into account. A
relation to the particle Dean number may likewise be relevant for
transport in vegetation patches, but such knowledge is presently lacking.
Hence, the present study will address the results of these previous
studies and examine the influence of vegetation on the resulting
migration pathways of MP.
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2.3. Energy dissipation by submerged vegetation patches

It is known that stiffness, shoot density and submergence ratio are
decisive factors for the reduction of flow velocities and wave heights
(Pujol et al., 2013; Jacobsen and McFall, 2022) in vegetated areas. This
has also been shown in field studies for seagrass meadows (Bradley and
Houser, 2009; Paul and Amos, 2011). A wake region with reduced ve-
locities behind vegetation stands can form (Villanueva et al., 2022),
which can promote sediment settling and reduce resuspension. The
latter was observed for a Ruppia maritima dominated meadow where
Suspended Particulate Material (SPM) was not affected by a high wind
event, whereas SPM concentrations increased in an adjacent unvege-
tated area during this event (Ward et al., 1984). Given the close link
between wave or flow induced shear velocities and sediment resus-
pension (Lawson et al., 2007), SPM concentrations in seagrass meadows
equally depend on shoot density (Newell and Koch, 2004) and sub-
mergence ratio (Ward et al., 1984). More recent measurements of ve-
locity and suspended sediment concentrations within and above a mixed
seagrass meadow have shown that the boundary layer which develops at
the top of a seagrass canopy leads to the independence of SPM con-
centrations within the canopy from hydrodynamic conditions above
(Contti Neto et al., 2022). Processes of enhanced sediment settling, on
the other hand, have not yet been directly measured in natural seagrass
meadows. However, it has been inferred from grain size distributions
(van Katwijk et al., 2010) or bathymetry (Eklof et al., 2015) and is a
widely accepted ecosystem service of seagrass meadows globally (Nor-
dlund et al., 2016). It is hypothesised that the governing processes can
lead to trapping of MP in vegetated areas, and Sanchez-Vidal et al.
(2021) found that MP can indeed become trapped in the filamentous
debris of Posidonia oceanica. However, the MP transport pathways inside
seagrass meadows under irregular waves have yet to be investigated,
either in the field or in indoor (laboratory) conditions. The present paper
will analyse the influence of vegetation patches on the migration of MP
and provide a mathematical scheme for predicting particle retention.
The paper seeks to elucidate the mechanism by which vegetation entraps
particles that would have otherwise passed through an unvegetated
area. The paper does not aim to quantify how many particles will be
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trapped within a vegetation.

Having introduced important aspects of surf-zone hydrodynamics,
the properties and transport ability of MP, and the energy dissipation by
submerged vegetation patches, Section 3 will outline the present
experimental set-up and procedure, the characteristics of MP and
vegetation to be considered, and concludes with some analytical con-
siderations. The migration and retention of six different MP groups with
varying particle Dean numbers (0.36 < Q, < 1.62) under (predomi-
nantly breaking) irregular waves are studied. The canopy is simulated
with four different canopy densities (defined in forthcoming Eq. 2 and
ranging from ¢ = 0.007 to 1.59).

3. Materials and methods
3.1. Wave flume and instrumentation

To investigate the influence of submerged vegetation on the wave-
induced migration of MP, physical model tests were carried out in a
wave flume at Ludwig-Franzius-Institute, Leibniz University Hannover.
The flume is 6.5 m long, 0.3 m wide and 0.45 m deep. Second-order
irregular waves were generated by a piston wave maker. The side
view of the experimental set-up is presented in Fig. 1a, with the origin
placed at the intersection of the wave maker (x = 0) and the bottom of
the beach plateau, and with the vertical z-axis pointing upwards.

Wave characteristics were recorded along the beach slope by ultra-
sonic wave gauges (WG 1-6, brand: USS10 by General Acoustics e.K.,
sampling frequency: f; = 100 Hz, vertical resolution: 5, = 0.2 mm, po-
sition: x = {0.05,1.09,1.77,2.34,2.93,3.58} m). In order to describe
the influence of the vegetated area on the MP transport, knowledge of
local flow intensities is important. A flow profile (0 < z < 30 mm, §, =
1 mm vertical resolution) was measured with a Nortek Acoustic-Doppler
Velocimeter (Vectrino Profiler, ADV, sampling frequency: f; = 50 Hz)
located above the vegetation canopy (x = 2.7 m,y = 0.15m, Fig. 1b).
Velocities were calculated from the raw data by applying a signal-to-
noise threshold-value of >15 dB and a signal correlation of >90 %.
MP were released 0.1 m (5 times the vegetation height h,) off- and
onshore the implemented canopies. The average of the measured water
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Fig. 1. a) Side view of the model set-up in the wave flume with dynamic beach profile (developed from an initial 1:25 slope after 170 h of wave exposure), vegetation
canopy location, location of instrumentation (six wave gauges [1]-[6], one ADV, camera observation frame). Definition of beach profile areas are provided. b) Detail
(dashed red square in subfigure a)) of the vegetated investigation area in the wave flume (x, = 0 m at x = 2.55 m) with MP (red) release points at the beginning of
each experiment. The position of the ADV with indicated flow profile (blue) close to the vegetation canopy. c) Parameters defined for the submerged canopy and a
single plant including qualitative profiles along the z-axis for the canopy density and the velocity profile. The canopy density profile ¢(z) and the velocity profile u(z)

in the canopy are inspired by Nepf (2012) for steady currents.
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temperatures throughout the experiments was 19.8 °C, the corre-
sponding density of the water was determined to be p; = 998 kg/m?,

and the corresponding kinematic viscosity to be v = 1.01 x 1075 m?/s.
The principal characteristics of a submerged canopy can be described by
the parameters defined in Fig. 1c. Further details about the parameters
defining the vegetation and canopy properties will be provided in Sec-
tion 3.3.

3.2. Microplastic particles

MP have been selected to show clear on- or offshore migration di-
rections in the plateau region in a case without vegetation. The corre-
sponding particle migration direction is mostly governed by the particle
Dean number (Guler et al., 2022). The six analyzed particle groups (50
particles each) and their properties are listed in Kerpen et al. (2023). All
examined particles had an irregular shape, but may be considered as
reasonably spherical (settling sphericity: 0.84 < y = (c?/(ab) )1/ <10
with a, b, ¢ as the particles xyz-dimensions respectively). The transport
mode of a particle is mainly influenced by the ratio of the acting local
flow velocity u to the particle settling velocity wg,. The settling velocity
of a particle depends on the geometric particle shape and the difference
in density relative to the surrounding viscous fluid (Dietrich, 1982). An
increasing particle drag force causes a decreasing particle settling ve-
locity. The mode of transportation (bedload or suspended load) of an MP
is directly related to the ratio of u/wg. During the tests involving
breaking wave-induced flow over the sediment bed, suspension of MP
having the highest tested particle Dean numbers Q, = 1.6 (with a cor-
responding low particle settling velocity) has been observed for a
number of waves. Close observation has revealed that this suspension
occurred in conjunction with bed ripples. Particles with Dean number
Q, = 1.08 were transported mainly as bed load, rolling, sliding, and
saltating (jumping) over the bed. In the Dean number regime 0.58 <
Q, < 0.66 most particles demonstrate a saltating transport, getting
momentarily lifted from the bed by accelerated flows and pulled
immediately downwards by gravity. Particles in the lowest tested Dean
number regime (Q, = 0.36) were in continuous contact with the bed
and were transported through traction (rolling). A graphical represen-
tation of the different transport features of MP is given in the discussion
at the end of the present paper (see forthcoming Fig. 7).

In relation to the tested near-bed flow velocity amplitude stemming
from the selected hydraulic boundary conditions (Section 3.4) the MP
diameters were comparatively large. This selection was made for two
reasons: First, to be able to clearly visualize, trace and identify the
particles in the test area; Second, to enable a direct comparison of
findings from the present study with the prior experiments conducted by
Guler et al. (2022), who have studied non-buoyant microplastic trans-
port beneath breaking irregular waves on a live sediment bed without
the presence of vegetation. We tested similar hydraulic and geometric
boundary conditions in order to address the influence of vegetation to
the principle findings from Guler et al. (2022). Findings stemming from
the present study can be reasonably transferred to larger scales or even
to natural environments, provided that the most important non-
dimensional numbers are similar. These critical parameters include
the Dean number of the plastic and sand, the canopy density, the wave
steepness and the relative submergence of vegetation. For more detailed
dimensional analysis without vegetation see Guler et al. (2022).

3.3. Vegetation

The characteristics of a submerged canopy are described by a num-
ber of parameters defined in Fig. 1c. In principle, a canopy consists of a
number of individual plants. The shoot density defines the number of
plants per square meter. The height of the plant and the canopy is
defined as h,. A plant is composed of a stem (length: b,., width: d,.) and a
number of branches sprouting from it. The fanning width of the branches
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is denoted dymq.. The spacing between the individual plants in the
canopy is defined in both long-shore (AS, ;) and cross-shore (AS, ¢) di-
rections. With these parameters, the canopy density

b,d,

¢= AS, 1 AS, ¢

@

represents the solid volume fraction, and is defined according to Nepf
(2012). As the diameters of the branches decrease with increasing
elevation (z > 0), the canopy density also decreases. The bottom flow
velocity u reduces with increasing canopy density as the cross-sectional
area flowed through is reduced. The canopy shear layer depth &, defines
the penetration depth of the canopy-scale turbulence (Nepf, 2012) from
the top of the canopy towards the bottom, which causes a local mini-
mum in the velocity profile.

The vegetation in the present tests considered four different den-
sities, where the very sparse density was mimicked by a 3D printed pile-
group arrangement, and the other three stemmed from artificial turf
mats. The variation of the canopy density was conducted by removing
individual plants from a pre-fabricated mat with a very homogeneous,
yet seemingly artificial pattern, e.g. homogeneous rows with machine
fabricated structure. At first, the original turf mat (dense canopy layout)
was tested. The transitional layout was manufactured by removing in-
dividual plant bundles in a checkerboard pattern from the original turf
mat. To receive the sparse canopy density each 2nd row (in the long-
shore direction) from the former transitional layout was manually
removed. The specifications of the four tested vegetation canopies and
an image of the three artificial turf mats are given in Kerpen et al.
(2023). The shoot densities were selected to create canopy densities
corresponding to a sparse (¢<0.1), a transitional (¢ ~ 0.1) and a dense
(¢ > 0.1) canopy, following the definitions of Nepf (2012). The modi-
fication of the long-shore spacing AS, ; between two plants (orthogonal
to the flow direction) shows a much greater influence on the flow
resistance of the canopy than the cross-shore spacing (Gijon Mancheno
et al., 2021). The tested dense and transitional canopies differed in the
long- and cross-shore spacing of plants. The transitional and sparse
canopies differed in the long-shore spacing of plants. Consequently, the
dense and sparse canopies differed in cross- and long-shore spacing of
individual plants.

The local water depth was constant (d = 0.105 m + 5 %) throughout
the tests and mimicked a prototype depth of 2.1 m in a scale of 1:20,
since many species build marine habitats in water depth of 1 to 3 m
(Krause-Jensen et al., 2000; Dolch et al., 2013; Schubert et al., 2015).
The investigated canopy height of h, = 2 cm, in combination with the
selected scaling, likewise represents realistic environmental conditions
for seagrass meadows with heights of 40 cm (de los Santos et al., 2016;
Paul and de los Santos, 2019). All canopies were tested in a shallow
submergence regime (d/h, < 5), which is common in aquatic systems
(Nepf and Vivoni, 2000). In this regime canopy-scale vortices — Kelvin-
Helmholtz vortices triggered by flow instabilities at the top interface of
transitional and dense canopies — dominate the turbulence field within
and above the canopy (Ghisalberti and Nepf, 2008). The present ex-
periments represent this complex flow process, which influences the
transport, penetration and re-suspension, and therefore the cross-shore
distribution, of MP.

3.4. Experimental procedure

The geometric and hydraulic boundary conditions have been
selected to mimic the experimental conditions of Guler et al. (2022) at a
scale of 1:2.5, since the wave-driven transport of a wide variety of MP
without vegetation has previously been studied in detail in this series of
experiments. The hydraulic parameters are representative boundary
conditions of the North Sea (mean wave height of 1.04 m and peak
periods in the range of 3-6 s, recorded off the coast of the Island of Sylt,
Germany, at the station “Westerland” in 2021 by BSH (2021)) at a model
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scale (Froude scaling) of about 1:20. The beach profile in the present set-
up was developed from an initially plain beach slope of 1:25. The sand
used to construct the bottom configuration had a median diameter of
Dys =0.19 mm and a density of p, = 2650 kg/m®. The irregular wave
conditions and the toe water depth in front of the wave maker (h =
0.2 m) remained constant throughout all tests. The wave characteristics
followed a JONSWAP spectrum (Hasselmann, 1973) with peak
enhancement factor of y = 3.3, spectral significant wave height Hy,o =
0.06 m and peak period T, = 1.0 s (peak wave length L, = 1.2 m, peak
wave number k, = 2r/L, =5.2m"!, dimensionless characteristic depth
kph = 1.1 and wave steepness Hinc /L, = 0.05) and a length of the time
series of 10 min (about 650 individual waves). This time series was
continuously repeated for the duration of each test. A long test duration
with a high number of waves (Table 1) was selected in order to achieve a
kind of dynamic profile equilibrium for the retention of the individual
particles in the system. Note that Larsen et al. (2023b) and Guler et al.
(2022) have formerly confirmed that this profile shape is indeed close to
equilibrium. The barred beach profile presented in Fig. 1 resulted from
wave-induced morphodynamic processes after >680,000 irregular
waves (170 h test time). The evolution of the beach profile and measured
wave heights along the flume are provided in comparison with the tests
from Guler et al. (2022) in Kerpen et al. (2023). Consistent with ex-
pectations from above, the final beach profile (t = 170 h) represented a
quasi-equilibrium state, which did not change significantly during
further investigations involving the interaction of MP with vegetation
(consecutive 10 h test duration each run).

As stated above, the water level in the vegetated area (d = 0.105 m)
remained nearly constant during the tests (5 % variation as a result of
the dynamic sand bed). At the beginning of each test, the initial bed
profile depth d in the observation region was restored. A reference test
had been performed in the barred profile configuration (Test nr. 101).
Six groups of MP with varying particle characteristics (50 particles each,
(Kerpen et al., 2023) were released over the barred beach profile at x =
2.6 m. After 10 h of irregular wave loading (>40,000 waves) the cross-
shore distribution of the MP groups was documented in order to identify
how the particles were transported and where they accumulated without
vegetation. Subsequently, four vegetation canopies with varying canopy
density (0.007 < ¢ < 0.159) were placed above the barred sediment bed
over a length of B, =0.2m (B,/h, = 10, B, /L, = 0.125) in sequences
(Test nr.102 to 105). Based on the observations from the reference test,
particles that migrated offshore (particle 'L') were placed on the on-shore
side of the canopy (x = 2.85m), and the MP groups that migrated
onshore on the offshore side (x = 2.45 m). This approach was selected in
order to force the particles to migrate through the installed canopy. After
each test, a manual spatial allocation and counting of the individual MP
was conducted. The state of the beach profile was documented by a
camera (single side view images of the flume section given in Fig. 1a)
before and after each test run, camera: Canon EOS 2000D, image reso-
lution: 6000x4000 px). Finally, Test nr. 101 without vegetation was
repeated one more time (Test nr. 106) after all tests with vegetation, in
order to prove the repeatability of findings and demonstrate that wave
and flow conditions were effectively constant throughout all tests.

Table 1
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4. Results and discussion
4.1. Wave energy dissipation and beach profile evolution

The wave characteristics along the beach profile throughout the
tests, as well as the beach profile evolution itself, will be briefly outlined.
Corresponding data are provided in Kerpen et al. (2023). In all experi-
ments, the wave height decreased along the flume due to increasing
energy dissipation induced by bottom friction and depth limited wave
breaking with decreasing water depth and increasing propagation dis-
tance from intermediate water depth (k,h = 1.05) towards the beach
(Hwes(x=3.58m) = 0.69Hwg1(x=0.05m)> (Kerpen et al., 2023)). Due to the
relatively short cross-shore dimension of the investigated canopies
(B,/L, = 0.125) and emergent canopy conditions (d/h, = 5), the in-
fluence of the vegetation on the energy dissipation of the waves in these
experiments was approximately 2 %, and so almost negligible (e.g. Test
nr. 103: Hyge(x—3.58m) = 0.67Hwe1(x—0.05m))- Nevertheless, the near-bed
hydrodynamics were altered by the presence of the vegetation, and
these will therefore be analyzed in greater detail in what follows.

4.2. Flow conditions in the canopy environment

Knowledge about local flow intensities enables characterization of
the MP transport processes in vegetation canopies. Fig. 2 provides ab-
solute values of measured flow velocities over the canopies for different
canopy densities 0 < ¢ < 0.159. RMS flow profiles are provided for
onshore (blue solid line) and offshore (red solid line) directed flows
(based on a wave period's half cycle). For the onshore direction corre-
sponding lower 25 % and upper 75 % quantiles of the averaged flow
velocities are provided with box-plots.

Without vegetation (¢ = 0, Fig. 2a), the flow velocity profile shows a
fairly constant amplitude, slightly decreasing towards the bottom due to
bed shear forces. For comparison, the RMS horizontal velocity profile
1,4(2) is provided (Fig. 2a, black dashed line) according to the estimated
medium orbital velocity component in the positive x-direction from Eq.
(A.3) (again, based on a wave period's half cycle).

For very sparse vegetation (¢ = 0.007, Fig. 2b) the flow profile
clearly indicates influence of the vegetation on the near-bed flow.
Disproportionate gradients within the flow profile (e.g. at interface of
the vegetation and the free flow region) indicate increased turbulence
caused by vortex shedding. This effect is similarly described by Raupach
et al. (1996). Additionally, a reduction in the flow amplitude towards
the bottom is measured at z < 0.25h, = 0.005 m.

With increasing vegetation canopy density (¢ = 0.028, Fig. 2c) a
canopy shear layer evolves with a distance of 5, from the canopy top.
Below this level, the measured flow velocity is almost zero. Close to the
top of the canopy the flow amplitudes increase slightly. Above the
canopy, the offshore directed flow amplitude (red line) is nearly con-
stant, whereas the onshore directed flow amplitudes (blue line) show a
decay with distance to the canopy. This difference might be explained by
the different distances to the edges of the canopy from the measurement
point (0.15 m to the offshore edge influencing the onshore oriented
velocities and 0.05 m to the onshore edge influencing the offshore ori-
ented velocities; compare with Fig. 1b). The processes just described

Description of the experimental runs. The total number of particles of each type was N = 50 in each experimental run.

Test nr. Initial bed configuration Canopy density ¢ Test duration (teng, hr) Number of waves Particles used (no. buried in parentheses)
001-055 Plain (1:25) 0 170 688,620 -

101 Barred profile 0 10 40,956 A (1), B (1), G(0), H(1), L. (3), N (0)

102 Barred profile 0.007 10 40,498 A (9), B (3), G(0), H(1), L (0), N (0)

103 Barred profile 0.159 10 40,496 A (2), B (2), G(0), H(0), L (0), N (0)

104 Barred profile 0.058 10 40,671 A (0), B (1), G(0), H(0), L (0), N (0)

105 Barred profile 0.028 10 41,078 A (0), B (1), G(0), H(0), L (0), N (0)

106 Barred profile 0 10 41,342 A (1), B (2), G(0), H(1), L (4), N (0)
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Fig. 2. Flow profiles (at x = 2.7 m, respectively x, = 0.15 m) from RMS flow velocities in x-direction u(z) for varying canopy densities (0 < ¢ < 0.159). Onshore
directed (1;): blue solid line with corresponding lower 25 % and upper 75 % quantiles. Offshore directed (&z_,): red solid line without quantiles. Canopy heights h,
are highlighted by a green dotted line and the canopy shear layer depth . by a black dashed-dotted line.

amplify with increasing canopy density (¢ = 0.058, Fig. 2d).

For the dense canopy configuration (¢ = 0.159, Fig. 2e), almost no
penetration of the flow into the canopy was measured. Instead, a
strongly flow-calmed shear area is measured up to 5 mm above the
canopy. Above this area, a clearly increased flow amplitude is measured.

Fig. 3 depicts the previously described influence of the various
canopies on the measured RMS flow velocity i, relative to that without
vegetation U;—o. The depth in the canopy is given for the normalized
water depth z” = (z + d) /h, with the top of the canopy atz" = 1. In these
terms, it becomes apparent that very sparse vegetation (¢ = 0.007)
leads to turbulent fluctuations along the flow profile but no significant
influence on the RMS flow profile compared to no vegetation
(Ui /Uy—o ~ 1). With increasing canopy density the flow amplitude in the
deeper canopy regions tends towards zero, whereas the flow amplitudes
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Fig. 3. Onshore, offshore profiles normalized by the RMS flow velocity without
canopy (i;—o) and net velocity with respect to the normalized water depth 2.

above the canopies tend to increase. The highest canopy density leads to
the clear formation of a shear layer with reduced RMS flow velocities
above the canopy and above that the highest flow velocities compared to
a situation without the presence of vegetation. For rigid canopies, this
layer of amplified flow velocities above the top of the vegetation canopy,
and a layer of reduced flow velocities directly below the top of the
vegetation canopy; was previously documented for unsteady currents
(Van Veelen et al., 2020). The net velocity profile without vegetation
clearly indicates the presence of an offshore directed undertow. This
flow is marginally affected by the very sparse vegetation. The provided
amplitude might be overestimated since the velocity probe is not located
in the center of the meadow (Fig. 1b) and the offshore directed flow
passes only 1/3 of the canopy distance compared to the onshore directed
flow. With increasing canopy density, the net flow velocity inside the
canopy tends towards zero. For the densest canopy, an onshore directed
net velocity directly above the canopy evolves.

The current investigation reveals that the mean positive and negative
amplitude of the flow in a depth of z* = 0.3 has almost the same value as
an unvegetated area (Fig. 3). This observation is confirmed by velocity
measurements in a seagrass meadow at Garden Island, Western
Australia, with boundary conditions comparable to those presented in
the present study (d/h, = 4.29;~ 400 shoots/m?) (Contti Neto et al.,
2022). They found that near-bed (z° ~ 0.3h,) mean current velocities
within a seagrass canopy were reduced to an average of 35 % relative to
those above the canopy, and for surf zone flow velocities, less attenua-
tion (83 % of those above the canopy). Therefore, the relatively low
wave energy dissipation for sparse canopies is replicated in the present
tests. On the other hand, it is known that wave attenuation is up to 70 %
less in flexible vegetation, relative to rigid vegetation (Van Veelen et al.,
2020). A comparison with this value is not possible with the data from
the present study, as (1) the tested canopy width is relatively short
(B,/L = 0.125) and (2) the tests with rigid (Test no. 102) and flexible
(Test no. 103-105) vegetation have different canopy densities. Never-
theless, due to scale effects, the energy dissipation for the artificial grass
meadows in the present study might be over-estimated relative to nat-
ural conditions as the stiffness may be too large during an upscaling.

The measured flow amplitudes in deeper regions of the tested can-
opies might be biased, as the acoustic measuring principle of the ADV
sensor might be affected by the presence of vegetation. The measure-
ment of dense canopy dynamics well below the threshold defined in
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Nepf (2012) might indicate this limitation. Even though this impact
cannot be ruled out, it is expected to be minor, especially given the
general agreement with flow profiles from other studies (Defina and
Bixio, 2005; Nepf et al., 2007).

4.3. Cross-shore distribution of MP

The cross-shore distributions of the MP at the end of each test run are
provided in Fig. 4, separated by vegetation density (columns, with
ascending ¢) and particle Dean numbers (rows, with ascending £2,). For
reference, the initial and final bottom profiles, including the MP release
locations, are given in the top row of Fig. 4. Test series without vege-
tation (Fig. 4, column 1) indicate the direction of particle movement
without influence of vegetation, which is illustrated with an arrow. The
tests indicate that the particle group with the lowest tested particle Dean
number tends to migrate offshore, while all other particle groups tend to
migrate primarily onshore. This observation seems reasonable. The
particles with the low particle Dean number have relatively low mobility
and low transport rates. Due to stochastic variations, any particles
reaching a point offshore of the bar crest are dominated by gravitational
forces. They are thus unable to be transported back onshore up the slope,
which explains why a large number of them accumulated at the offshore
toe (similar accumulation at the offshore toe was observed in the ex-
periments of Guler et al. (2022)). The MP Dean numbers are lower than
the sand Dean number (£2; = 3.4). The MP in other words act similar to
coarse grained sediments. Generally, there is natural grain sorting with a

no vegetation very sparse

Science of the Total Environment 912 (2024) 169280

coarsening towards the beach (Edwards, 2001). This was also found by
Mitzuani et al. (2003), who stated that coarse grains had a lower ten-
dency to go in suspension and become transported offshore by the un-
dertow. Coarse grain sands (and hence MP in the present study) will
therefore primarily be transported near the bed, whereas particles with a
higher particle Dean number can be temporarily suspended e.g. by the
breaking waves and, in the case of plunging breakers, be transported
onshore into shallower water due to a phase coupling between onshore
directed flow and turbulence (Guler et al., 2022). This process is also
similar to what has been observed in the case of sediments (Christensen
et al.,, 2019; Aagaard et al., 2021). Due to the stochastic nature of
irregular waves a small number of particles behave differently, and some
particles are found dispersed along the flume. The release point of the
particles in the present tests with vegetation was selected accordingly, to
ensure particle migration through the installed canopy.

The tested non-buoyant MP were transported by the wave-induced
surf zone flows close to the bottom sand layer. The flow characteris-
tics and transport mechanisms of MP over a barred beach profile without
vegetation are described by Guler et al. (2022). They found a strong
correlation between the particle Dean number and the particle mobility.
Additionally, they identified that plunger-type breaking waves in the
vicinity of the breaker play an important role for the on- and offshore
transport of MP. The dimension of the sand ripples is oversized in the
present study (as in all down-scaled hydraulic model tests; such features
may even be absent in field conditions) (O'Donoghue et al., 2006). This
might lead to an underestimation of the general mobility of particles
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Fig. 4. Cross-shore distribution of the MP sampled at the end of each test run (number of buried and non-buried particles N at flume coordinate x) for no vegetation
(1st column), very sparse canopies (2nd column) sparse canopies (3rd column), transitional canopies (4th column) and dense canopies (5th column). An image of
each particle is given over millimeter scale in the first column. The location of the canopy is highlighted by the green dashed lines. Initial and final bottom profiles
including the MP release locations are given in the top row. The cross-shore distribution of particles in ascending order of the particle Dean numbers (£2,) in the
following rows. The MP migration direction without vegetation is indicated by arrows in the 1st column.
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with low particle Dean number migrating in traction mode.
Independent of the canopy density, it is observed that the migration
speed increases with particle Dean number, which makes physical sense,
as these particles are more mobile (lower settling velocity). First, par-
ticles with €, > 1.6 generally reach their final accumulation hotspot
after 10 min, while the transport of particles with £, < 1.6 took several
hours. This observation is important, as this indicates that not all
microplastic particles will reach their terminal positions during a storm.
It is found that very sparse canopies are not able to sufficiently alter the
flow regime to trap MP with particle Dean numbers £, < 0.58, and
accumulation hotspots comparable to the unvegetated condition are
found (Fig. 4, column 2). The wave energy throughout the vegetation
height h, is nonetheless sufficient to transport particles through the
canopy (compare Fig. 2 and Fig. 3). Only particles with the lowest tested
particle Dean number £, = 0.36 (i.e. less mobile particles having the
largest settling velocity) are too inert and cease their migration through
the lowest tested canopy density. With increasing canopy density most
particle groups are trapped within the vegetated area (quantification
follows in Fig. 5). Two considerable exceptions are to be mentioned.
First, the majority of particles with £, = 0.66 reversed their migration
direction in the presence of a vegetation canopy (for ¢ > 0.007). It is
assumed, that these particles migrate in saltation (bouncing) close to the
bottom. As their onshore path is increasingly blocked by increasing
vegetation density, they instead experience a net offshore migration,
likely driven by the undertow and induced skewness in their transport
behavior (asymmetric transport in positive and negative directions).
Cases having the highest canopy density ultimately led to many particles
accumulating at the offshore toe of the breaker bar, there likely driven
by gravity, as similarly explained above for the case with £, = 0.36.
Second, particles with £, = 1.61 were not trapped by the sparse vege-
tation, but were mostly trapped by the transitional vegetation, and
somewhat trapped by the dense vegetation. As previously mentioned, it
was observed that these particles were easily suspended by individual
waves, due to their comparably low weight and hence settling velocity
(Kerpen et al., 2023). Hence, the wave energy in the sparse canopy is
nonetheless sufficient to transport these particles through the vegeta-
tion. In the transitional canopy, the particles are trapped in-between the
individual plants. For the dense canopy it is observed that the diameter
of these particles (Dyp, = 2.8 mm) is so large that the particles do not
penetrate through the upper layer of the vegetation (Dyp/(Svc—
d,,_max) > 1) and instead momentarily rest on top of the canopy. Sub-
sequent waves may then re-suspend these particles and transport them
over the canopy. In principle, the tested particles with Q, = 1.62 follow
the same transport mechanism. However, they have a smaller diameter
(Dnp = 1.08 mm). Accordingly, they do not rest on top of the dense
canopy during transport and penetrate deeper into canopy regions with
less wave energy before becoming trapped. Hence, the distance between
individual  shoots  relative to the particle diameter

05
Dnp/ (ASEYL + AS§.C> seems to play an important role for the retention

of MP in canopies. This is the opposite of observations made in other
studies (Gallitelli et al., 2023), which generally indicate an increase in
the capture of plastic particles with increasing canopy density. The
reasons for these differences could be that (i) their test series may not
have been conducted for sufficient time (1 min test duration after the
settling of the steady condition) and thus the entrapment is over-
estimated, (ii) they tested a larger particle size (5 mm < Dy, < 25 mm)
or (iii) the particle penetration possibility (Dy, < AS,;) has not been
taken into account so far as they studied different plant species (Myr-
iophyllum spicatum and Potamogeton crispus). The particles not pene-
trating through the upper layer might be a scale effect, as the
microplastic particles are not scaled. In field scales with a similar canopy
density it would seem that a particle with Dy, = 2.8 mm would likely be
able to penetrate the upper layer. However, this observation might still
be relevant for the fate of macro plastics (e.g. bottles or bags).
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Fig. 5. (a) Geometry of the canopy (shaded green area) in the flume, MP input
position (dashed red line) and shelter regions of lower wave energy in front of
and behind the canopy (dashed black line). (b-g) Particle retention (number of
buried and non-buried particles which deposit until location x, (N(x,)) relative
to the total number of particles migrating through the canopy (N, = N—
Noftshore), Solid green lines) for increasing penetration depth into the canopy
(x, > 0) normalized by the wave length L for varying canopy den-
sities (0 < ¢ < 0.159).

The present study shows that particles with high particle Dean
number cross dense canopies more easily, provided that the canopy
width is short (B, /L = 0.125). It is assumed that the number of trapped
particles increases with increasing canopy length. This assumption is
justified by the continuous energy dissipation along the canopy (Eq.
(A.4)), which further reduces the energy required for transport (Eq.
(A.8)). If the transport energy becomes too low, these particles also sink
into the canopy. For example, Gallitelli et al. (2023) found that higher
plant density leads to higher entrapment of plastics by plants. The plant
structure is a key factor in entrapping plastics. The present study shows
that the particle retention of non-buoyant MP reduces with increasing
flow velocity, decreasing shoot density and decreasing particle density
in breaking-wave induced flows. MP having high density were trapped
in wake regions close to the canopy. To date, these findings were only
investigated for marine vegetated canopies under steady flow velocities
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(2—30 cm/s) (de los Santos et al., 2021).

It was observed, that the canopy with the largest shoot density rep-
resented a kind of quasi-solid object for particles with larger diameter.
This is an extremal boundary for the transport process. In consequence,
particles did not migrate through the canopy, but rather over the can-
opy. During this process most of the particles lay on top of the canopy
while they migrated onshore.

More inert particles (2, = 0.36) were (with stochastic exceptions)
not able to migrate through any of the canopies. The reduced flow
conditions close to the sediment bed directly behind the canopy shelter
the heavy MP from further motion. It has also been observed by de Los
Santos et al. (2021) that MP with higher density (thus, larger settling
velocity and therefore a lower particle Dean number) tend to be trapped
in regions with lower flow energy.

Having highlighted the global migration characteristics of MP in the
tested vegetation canopies, focus will now be given to the quantification
of the particle trapping within the canopies themselves. Fig. 5a provides
the geometrical layout of the test section and the location where the MP
are released. Shelter areas located off- and onshore of the canopy with
prevailing reduced flow velocities are highlighted by a dashed black
line. The quantitative retention of MP with increasing particle Dean
number in the vegetation canopy is given in Fig. 5 (b-g). The migration
direction in subfigure b) is displayed as reversed for clarity, as the
particles with the lowest Dean number actually migrate in the offshore
direction. It was decided to consider only those particles that actually
moved through the vegetation during the experiment, in order to
differentiate from those distributed along the channel against the main
direction of migration (partly caused by stochastic outliers). Hence, the
number of buried and non-buried particles counted at the location x;,
(N(xy,)) at the end of a test (t = 10 h) is presented relative to the number
of particles that migrated through the vegetation N, = N — Nygrshore- N
represents the number of MP released at the beginning of the test at the
location Xsgart = 2.45 m (and t = 0 h) and Noggshore the number of particles
which changed migration direction towards offshore (vice versa for the
particles with ©, = 0.36) because of the presence of vegetation
(compare Fig. 4). The particle transmission through a canopy is
described by the particle transmission coefficient

—0:full retention in vegetation
N, —N(x,)

e(x,) 3

Nv —1:no retention in vegetation

which tends to zero when all particles are trapped in the canopy and
tends to 1 when no particles are trapped by the canopy.

An increased percentage of particles were able to migrate through all
tested canopies with increasing particle Dean number. With the excep-
tion of two outliers for the densest canopy (potentially caused by air
bubbles adhering to the particles), particles having the lowest Dean
number (particle 'L') were not able to migrate through any of the tested
vegetation patches. On the other hand, at least approximately 50 % of all
particles with one of the highest tested Dean number (particle 'G', 2, =
1.61) were able to migrate through (or over) the tested vegetation. With
some exceptions, the cause of which will be explained later, particles get
caught a shorter migration distance into the canopy, and more often, in
vegetation of higher density. It can also be seen, that particles with lower
Dean number tend to deposit more readily in the wake regions close,
before and behind the canopy. The promotion of sediment settling and
resuspension reduction of particles in the wake regions behind a canopy
is formerly documented (Villanueva et al., 2022, 2023). Likewise, e.g.
the MP pollution in subtropical mangrove forests increases with
increasing pneumatophore density (Duan et al., 2021). In their survey,
an increased abundance of MP in samples collected at a mangrove forest
fringe, compared to the mudflat or the forest interior, is documented.
Hence, the canopy fringe provides a sieve-like filtering effect (see Fig. 4
and Fig. 5).

With respect to the statistical robustness of the findings, it has to be
noted that the tests were repeated only once. On the other hand, the
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results are based on a high number of individual waves (>40,000 waves
per test, Table 1) and each of these waves has the potential to transport
the particles. For this reason, the observations on MP transport in
vegetation are reliable.

4.4. Cross-shore particle migration ability

The particle transmission e shall be described as a function of the
properties of the MP (wg; Dy,), the canopy density ¢, the penetration
depth into the canopy x, and the local hydraulic loads u; in the form:

o,  Px, @
é’DNp7 Ay

€pred(x\') _f{q);Frp =

where A, = u,T,/(27) is the maximum horizontal wave orbital excur-
sion. The measured particle transmission e (Eq. (3)) is expressed by the
cumulative number of buried and non-buried particles N deposited at a
location inside the canopy (x,) relative to the number of particles that
migrated into or through the canopy N,,.

First, the dependency of the transmission coefficient from the canopy
density ¢ (Eq. (2)) is derived (Fig. 6a). For very sparse canopies (¢ =
0.007), the particle retention is low and ¢ tends to 1. For sparse (¢ =
0.028) and transitional (¢ = 0.058) canopies, the particle retention
increases. Then, the particle retention decreases again with further in-
crease of the canopy density (¢ = 0.159). This is plausible as particles
cannot accumulate inside a theoretical rigid structure. It is observed that
a dense canopy acts rather like a solid object, especially for large par-
ticles with a high particle Dean number. A higher particle Dean number
expresses a higher resistance to the flow which allows for easier trans-
port of these particles. MP with lower particle Dean numbers are not
able to penetrate inside a canopy and hide in the fringe regions with
reduced flow velocities in front of the canopy (compare Fig. 4 and
Fig. 5). Therefore, it is plausible, that for ¢ = 1 the particle transmission
is € < 1. This influence of the canopy density on the particle trans-
mission is described by the canopy density function:

_ 1—(33¢)°
F¢) = max{ /B —o1s ®)

Now, the influence of the particle properties on the particle trans-
mission is analyzed. Small particle diameters (Dy, < 1 mm) influence
the particle drag disproportionately (Miedema, 2013). This influence is
observed in the data (Fig. 6b) and can be expressed by the particle
Froude number

Fr,=—2 )

which relates the particle settling velocity with the particle diameter.
Fig. 6b) reveals that the particle transmission, corrected against the
influence of the canopy density ¢/f(¢), increases for particle Froude
numbers Fr, < 0.4 and tends to 1 for Fr, > 0.4. The trend is described by
the particle function

F(Fr,) = 14 (3.4Fr,) @)

The influence of the cross shore canopy dimension on the particle
transmission is considered by relating the canopy density ¢ and particle
penetration distance x, relative to the maximum horizontal bottom flow
amplitude A, = u,T,/(27) to the relative particle transmission ¢/ (f(¢)-
f(Fry)) (Fig. 6¢). The correlation is expressed with the canopy length
function

) o ¢\’ ®)
1(5)=1rer(-5)

The data reveal an increasing trend in the relative particle trans-
mission ¢/ (f(¢)-f (Fr,) ) with decreasing canopy penetration depth x, of
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Fig. 6. Influence of a) the canopy density ¢, b) the particle Froude number Fr, and c) the relative canopy length (¢xv /Ap) on the particle transmission e through
vegetation canopies with varying density ¢. The correlation between the predicted (e,rq) and measured (e) particle transmission is given in d) without and in e) with

a special consideration for very sparse canopies and more inert particles. The black solid line provides the best fit with a goodness of fit of R?> = 0.89 with a root-

mean-squared error of RMSE = 0.11.

the particles. But, with decreasing x,, also the scatter increases caused by
the quantification of N,, over a shorter distance. Eq. (8) overestimates
the particle transmission for very sparse canopies (¢ < 0.007) which
will be addressed in the following.

Fig. 6d) provides the correlation of the measured (¢) and the pre-
dicted particle transmission from Eq. (5), Eq. (7) and Eq. (8):
e(t/),Frp, j—) :f<¢)f(Frp)f(j—;) ©
in a semi-logarithmic scale. In the present form, the prediction over-
estimates the particle retention for very sparse canopies (¢ = 0.007) and
for particles with high settling velocities (w, > 0.17, corresponds here to
the data e = 0). The overestimation of the particle transmission for very
sparse canopies is addressed in forthcoming Eq. (11) by maximizing eyreq
to 1. Additionally, the tests revealed that an initiation of particle motion
did not occur when the settling velocity was too high in relation to the
local flow velocity (no particle movement for wg, > 1.6u,f). Here, even
the slightest change in the seabed caused the majority of particles to
have no net movement, or even remain at the exact initial release
location. From this observation, a threshold value for the initiation of
the MP net motion into a canopy was derived in the form:

)]}

Following the approach of Eq. (4) by combining Eq. (9) and Eq. (10),
the predicted particle transmisson through submerged vegetation can-
opies is finally expressed by:

Dy 1
f (uhf) n .
14204 1 + tanh |500| =% —

upf

(10

Xy

o) L)

e(d)?Fr,”
upf

1

(1)

€pred = MAX

When e.q tends towards zero the resistance is high and particles are
hindered to migrate through the canopy. For increasing e, the particle
mobility increases, whereas the canopy resistance decreases, and

10

particle migration through the canopy becomes more likely.

The correlation between the predicted (ey.q) and measured (e)
particle transmission in the tested canopies is given in Fig. 6e). The
correlation is stronger for the data points for which the transmission was
considered throughout the full canopy (Ny, -3, , filled symbols). When the
particle retention is analyzed only up to a partial length of the canopy
(Ny,<,, blank symbols), thereby simulating data for a shorter canopy,
the scattering increases. The outlier data (sparse canopy layout ¢ =
0.028, square symbol, Q, = 1.61) show a measured particle trans-
mission of about ¢ =1 and a predicted particle transmission of about
€epred = 0.8. A cause for this deviation cannot be specified at present. The
uncertainties from Eq. (11) are expressed by a goodness of fit of R? = 0.
89 and a root mean squared error of 0.11. The application of Eq. (11) is
limited to 0.007 < ¢ < 0.159 and £, > 0.58.

Previously determined wave and flow conditions interacting with
marine vegetation canopies specified both the cross-shore distribution
and migration ability of MP. Governing drivers in a laboratory setting
have been revealed and clearly demonstrate the capacity and function of
marine vegetated canopies to filter, block and trap MP pollutants. Other
studies have disclosed similar behavior and performances, but until
now, have only partly identified accumulation hotspots and drivers of
transport and retention potential, which mimics a novel perspective on
ecosystem service of subtidal coastal vegetation.

Eq. (11) will mostly be valid for vegetation patches on profiles with
similar sand Dean numbers, waves coming perpendicular to the coast
and vegetation patches placed within the surf zone. However, the
qualitative description (not the direct bounds in the predictive equation)
is more widely applicable.

4.5. Description of observed transport mechanisms

Fig. 7 summarizes the measured flow conditions (described in Sec-
tion 4.2) of the present study and sets them qualitatively in the context
of flows across and around vegetation canopies. On the left, an idealized
undisturbed logarithmic velocity profile is shown in blue. Correspond-
ing streamlines are given in grey. The streamlines shown correspond to a
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Fig. 7. Qualitative streamlines around the vegetation canopy with principle flow profiles for varying canopy densities. Wake region on the down-stream side of the
canopy with principle recirculation flow profile (inspired by Cassiani et al. (2008)) which causes sediment accretion.

relatively impermeable canopy. As the canopy density decreases, the
intensity of all the processes described in the following decrease in
analogy. With flow propagation towards the canopy the flow is
concentrated and accelerates above the canopy. At the leading edge of
the canopy flow separation occurs, which indicates a clockwise vortex in
the wake region. The downward flow in front of the canopy leads to local
erosion effects. MP migrating in saltation and traction mode can be
easily trapped in this flow-reduced region. In general, the ratio wg, /uy is
reduced in this region and the transportation mode of individual parti-
cles may change towards more of a near-bed transport behavior.
Downstream of the leading canopy edge the streamlines form a recir-
culation boundary which ends further downstream at a reattachment
point with the canopy. Below this recirculation boundary an area of
undirected flow with strong three-dimensional-coherent turbulent
structures (compare Fig. 2e), also known as the roughness sublayer
(Ghisalberti and Nepf, 2008), is present. The retention time of trans-
ported MP is longer due to the unsteady flow with comparable low net
velocity above the canopy in this area, which enables penetration into
the canopy more likely. At the downstream side of the canopy the flow
separates again at the canopy's tailing edge forming another wake region
with a clockwise rotation vortex. The indicated flow profile reveals that
this area promotes sedimentation, and MP in saltation and traction
motion are trapped here and can be buried by sediments over time.
Observations confirm the dimension of this downstream wake region in
irregular breaking waves with 2-5 times the canopy height h, (Fig. 5c)
which was formerly quantified by Cassiani et al. (2008) for air-flows
across forests. For steady currents, the dimension of the wake region
behind a seagrass canopy is up to 5 times the canopy height (Villanueva
et al., 2022). Particles that migrate predominantly in suspension should
generally be less likely to have their migration hindered by vegetation,
as these particles will follow the streamlines to evade the vegetation
(Fig. 4, high particle Dean numbers).

5. Conclusions

By means of controlled hydraulic model (wave flume) tests with
irregular breaking waves, the migration of MP with varying size and
density through artificial, rigid and flexible vegetation canopies over a
mobile sand bed has been studied. For the first time, migration ability of
MP through vegetation has been quantified for breaking waves in the
surf zone. It was found, that the MP migration ability depends on (i) the
MP mobility itself, expressed by the particle Dean number €, (ii) the
canopy characteristic length and density and (iii) the energy dissipation
above the canopy, following an approach by Dalrymple et al. (1984),
with a vegetation drag coefficient calculated by Wang et al. (2019).
These boundary conditions were combined in an empirically derived
correlation which also covers a special case for very dense vegetation.
More inert MP with corresponding low particle Dean numbers tend to
migrate closer to the sand bed and were more likely to be trapped in
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wake regions in front of and behind vegetation canopies, as well as in
canopies of comparably low density. The dimension of the wake regions
in front of and behind a submerged canopy in irregular breaking waves
was in the range of 2—5 times the canopy height and therefore com-
parable to observations from steady flows. Heavy particles were buried
below accreting sediments over time. MP with a settling velocity lower
than the local flow velocity were suspended by the flow and could be
transported more easily over short canopies, having dimensions smaller
than the local wave length. Sparse canopies were too transparent to trap
MP with particle Dean numbers €2, < 0.58 and therefore can effectively
be treated as unvegetated. For very dense canopies it was shown that
particles with a diameter close to or larger than the distance of indi-
vidual plants are less trapped. Previously only confirmed for uniform
flows, the formation of a shear area above the canopy with increased
flow acceleration for increasing canopy density was also identified
herein for surf zone flow conditions. An increased retention of MP in
vegetation with increasing shoot density, the MP specific density or the
reduction of the flow velocity — also formerly only proven for stationary
currents — can now likewise be confirmed for wave-driven surf zone
flows.

Besides the widely acknowledged ecosystem services of submerged
coastal vegetation, encompassing habitat provision, nutrient cycling and
sediment stabilization (Duarte et al., 2013), it has been demonstrated
that these marine canopies function as a native sink for MP, hindering
their unimpeded dispersion in the water column. Thus, submerged
vegetation in coastal regions concentrates the MP pollution in aquatic
ecosystems, particularly in their fringe regions. On the one hand, this
can be interpreted as positive for the pollution in the water column. On
the other hand, this proves that a hotspot for biodiversity also becomes a
hotspot for concentrated pollution. Based on this study it should be
possible to better evaluate where to explore areas for MP accumulation
in the vicinity of subtidal coastal vegetation. This allows technologies
and measures to be developed for potential cleaning and removing MP,
as it can now be determined where it is approximately located. Potential
removal of MP from these areas would then be less costly, and the
intervention in nature can hopefully be concentrated over smaller areas.

It would be of interest to test the applicability of the presented
approach for canopies with dimensions wider than a wave length in
future investigations, as it is assumed that these canopies could trap
significantly more MP. Furthermore, an extension of the hydraulic
boundary conditions would be interesting as the migration ability of the
MP in the present study varied only in the particle properties (e.g.
settling velocity) themselves, and not by a variation of the load scenario.
As only the cross shore migration of MP has been studied it would be
interesting to conduct tests in a 3D wave basin in order to quantify also
the long shore transport.
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Appendix A. Analytical considerations

Geometric properties, as well as kinematic and dynamic processes, will are described for the study area. Sediment properties are excluded from the
analytical consideration as the transport mechanism of MP over a quasi-steady beach profile is in the focus and significant hiding and exposure effects
between sediment and MP were not observed. Hence, the following physical quantities for describing the local wave conditions, the fluid properties,
the MP properties and the characteristics of the vegetation canopy are identified, based on the considerations provided in Section 2, to potentially
describe the wave-driven transport of MP through a vegetation canopy:

HmO(X)7T])(x)>d(-x)7 y?ﬂfs 8 7dv7bwhvaSv.bASv.CaBrvDN.pyp/,»awsp (A.l)
wave fluid  kinematic, vegetation microplastic
dynamic

Here g is the acceleration of gravity and B, the cross-shore width of the canopy.
Since the non-buoyant MP rest on the sediment bed at the beginning of an experiment, the near-bed flow velocity uj, is of interest. The magnitude of
the near-bed flow velocity can be approximated as that at the bed based on linear wave theory:
HmO” 1

: = A.2
Up max T’, sinh (kpd) ( )

considering local wave conditions. The Root Mean Square (RMS) flow velocity likewise corresponds approximately to:

~ _ UWpmax

u= " (A.3)
The presence of a submerged vegetation canopy increases the bottom friction compared to a flat sand bed. Following Eq. (A.2), the near-bed flow

velocity is directly dependent on the wave height. The influence of an increased bottom friction can thus be derived from the wave decay over the

submerged vegetation. For a given cross-shore position x, in the canopy (with x, = 0 at the offshore fringe), the decay of the wave height H(x, = 0) is

described by Dalrymple et al. (1984), so that the relation to a wave height H(x,) in or at the onshore-located end of a canopy (or the height of the

transmitted wave H, = H(x, = B,)) can be described by:

H, 1

= - - A4
f H(x,=0) 1+ax, (A.4)
The damping factor
2Cp, d, H(x, =0) . . 4k
= 2o (5 =) (Gob' ks, + 3 sinh kh) (A5)

3r AS,;, 24S,. 3sin kd (sinh 2kd + 2kd)

(having inverse length units) accounts for the vegetation properties, namely the mean plant width d, = dﬁ)tingg; the long-shore plant spacing AS, 1, the
height of the vegetation h, and the canopy drag coefficient, which is calculated according to Wang et al. (2019):
58.8
Cp, =0.819 + (A.6)
2(1-¢)
4¢Re,

The canopy density ¢ is calculated from Eq. (2), and the canopy Reynolds number
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(A7)

is calculated with the maximum near-bed velocity upma from Eq. (A.2). The settling of MP having diameter Dy,, and density p, following the direction
of gravity g in a fluid with a density p; induces a drag force Fy,. Goral et al. (2023) provide an approach to calculate the MP drag coefficient (hence

settling velocity) based on particle and fluid properties. In the present tests, oy, has been experimentally measured in the same aperture and procedure

as described in Goral et al. (2023).

Relating the wave-induced near-bed flow velocity above the sediment bed uy 4, from Eq. (A.2) and the vegetation-induced energy dissipation due
to increased bottom friction f from Eq. (A.4) with the particle settling velocity wg, gives the dimensionless expression

oy

Up maxf

which finally takes into account all physical quantities listed in Eq. (A.1).
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