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A set of laboratory experiments was conducted to assess the trapping efficiency of buoyant plastic debris by the
estuarine vegetation Spartina maritima. Different hydrodynamic conditions typical of salt marshes were simulated
in a hydraulic flume. These conditions included varying water levels between 40% and 90% of stem height, wind
speeds up to 2 m/s, and unidirectional current velocities between 0.1 and 0.3 m/s. Moreover, three vegetation
densities (small/medium/high) and nine plastic debris types varying in shape (elongated/two-dimensional/
three-dimensional) and size (macro/meso) were tested. The results indicate that Spartina maritima functions as a
natural trap. Specifically, the study highlights that lower surface velocities, higher stem densities, greater
emergent heights, and larger debris sizes significantly enhance trapping efficiency. It was also inferred that for a
Spartina maritima density comparable to that observed in marshes, the dominance of surface velocity or debris
size effects on trapping efficiency is primarily dependent on debris shape. Consequently, surface velocity has a
greater impact on two-dimensional elements, whereas debris size is more significant for three-dimensional el-
ements. Finally, a preliminary trapping model was developed to integrate all the aforementioned variables. This
model has the potential to enhance the accuracy of numerical predictions regarding the transport and fate of

plastic debris using Lagrangian modeling, and can be further refined by incorporating additional data.

1. Introduction

The presence of plastic debris in the marine environment is currently
a major global concern (Cozar et al., 2014; Galgani et al., 2015; Law,
2017). Macro- (>25 mm), meso- (5-25 mm), and microplastics (<5 mm)
pose multiple threats to the health and stability of marine and estuarine
ecosystems (Crawford and Quinn, 2017). These primary risks include
entanglement, ingestion, and the transport of toxic chemicals attached
to their surfaces (Galloway et al., 2017; Kiihn and Van Franeker, 2020;
Zhao et al., 2024). Hence, the presence of plastic debris in the aquatic
environment has also been recognized as a global issue (Diaz-Torres
et al., 2017; Meijer et al., 2021), comparable to other global concerns
such as climate change, ocean acidification, and loss of biodiversity
(Tiller et al., 2019).

Approximately 80% of marine plastics come from land-based sour-
ces, mainly from rivers (Rech et al., 2014; Galgani et al., 2015; Lebreton
etal., 2017; Tramoy et al., 2020; Meijer et al., 2021). It is estimated that
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the global river system annually contributes between 1.5 and 2.4 million
tons of plastic material to the oceans (Lebreton et al., 2017). As transi-
tional areas between rivers and oceans, estuaries are hotspots for the
accumulation of plastic debris before it reaches the ocean (Mazarrasa
etal., 2019; Ntnez et al., 2019; Yao et al., 2019; Li et al., 2024), where it
is transported by waves (Alsina et al., 2020; Forsberg et al., 2020; Ker-
pen et al., 2020, 2024; Ntnez et al., 2023b; Iuppa et al., 2024), wind,
and currents to the coast, to the wave breaking zones, or to oceanic
convergence gyros (Lebreton et al., 2012; Maximenko et al., 2012; Van
Sebille et al., 2012, 2020). Therefore, understanding the trapping role of
estuarine areas is crucial for developing effective mitigation and cleanup
strategies, ultimately reducing the entry of plastic debris into the ocean.

The transport, dispersion, and trapping of plastic debris in estuaries
are significantly influenced by the interactions between tidal and fluvial
currents, wind forces, and the presence of salt marshes (Jalon-Rojas
etal., 2019; Niunez et al., 2019, 2020, 2021; Li et al., 2024). Salt marshes
are tidal flats that host a wide variety of estuarine vegetal species,
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including Spartina spp., Halimione spp., and Juncus spp., among others.
These vegetated communities reduce flow velocities and inhibit both
offshore and onshore transport during tidal cycles (Zhao et al., 2015;
Mazarrasa et al., 2019, 2023; Yao et al., 2019; Wu et al., 2020; Cesarini
and Scalici, 2022; Ogbuagu et al., 2022; Girones et al., 2024). Conse-
quently, salt marshes function as natural barriers that promote the
accumulation of plastic debris, particularly macro- and meso-sized
particles. These particles are more readily trapped and subsequently
degraded and transformed into microplastics within these areas (Yao
et al., 2019; Cozzolino et al., 2020; Newbould et al., 2021; Cesarini and
Scalici, 2022).

Previous field studies have demonstrated a direct correlation be-
tween the presence of estuarine vegetation and the ability of estuaries to
trap plastic debris. These studies analyzed the trapping efficiency across
different vegetation communities located in intertidal zones, namely:
Spartina spp. (Mazarrasa et al., 2019; Yao et al., 2019; Cozzolino et al.,
2020; Almeida et al., 2023; Girones et al., 2024), Juncus spp. (Mazarrasa
et al., 2019; Almeida et al., 2023), Halimione spp. (Mazarrasa et al.,
2019), Zostera noltii (Cozzolino et al., 2020), Phragmites australis
(Almeida et al., 2023), and Sarcocornia perennis (Girones et al., 2024).
Moreover, the most common types of plastic debris found in these lo-
cations were also documented. In general, the studies found that high-
marsh communities (e.g., Juncus spp. or Halimione spp.) exhibited
higher concentrations of plastic debris compared to adjacent low-marsh
communities (e.g., Spartina spp.). However, the underlying causes
remain unclear because these studies did not investigate the potential
relationship between trapping efficiency and hydrodynamic conditions.
Therefore, it is uncertain whether the observed differences are attrib-
utable to vegetation characteristics or to variations in flooding- ebbing
processes between the two marsh areas.

Numerical models have mainly focused on analyzing the influence of
plastic sources, hydrodynamics, and wind drag on the dispersion, trap-
ping, and hotspot formation of plastic debris in estuarine environments
(Jalon-Rojas et al., 2019; Ntnez et al., 2019, 2021; Lopez et al., 2021;
Chen et al., 2023; Garcia-Rellan et al., 2023; Li et al., 2024). Never-
theless, these models often do not consider the influence of vegetation,
mainly due to the lack of necessary information linking trapping to
hydrodynamics, vegetation, and plastic debris characteristics. As sug-
gested by some conceptual models (Vermeiren et al., 2016; Liro et al.,
2020) and review studies (Lechthaler et al., 2020; Garcia-Rellan et al.,
2023), there remains a significant knowledge gap in this area, necessi-
tating laboratory studies to address it.

Some laboratory experiments have begun to investigate how hy-
drodynamics, vegetation characteristics (distribution, morphology, and
density), and plastic debris properties influence trapping (de Los Santos
et al., 2021; Ogbuagu et al., 2022; Gallitelli et al., 2023). These studies
analyzed species such as Spartina anglica, Zoostera noltii, or lagoon
communities, among others. The results suggest that, in addition to
vegetation density, the density and size of plastic debris are among the
most important factors influencing trapping. Macro- and mesoplastic
debris are more likely to be trapped than microplastics, and non-
buoyant microplastics are more prone to entrapment than buoyant
microplastics, even at high current velocities. Despite these findings,
further complementary research is required to gain insights into the
complex interactions between the many factors involved.

This study aims to evaluate the efficiency of estuarine vegetation
Spartina maritima in trapping buoyant macro- and mesoplastic debris. To
this end, a series of laboratory experiments were conducted in a hy-
draulic flume, considering a wide range of shapes and sizes of buoyant
macro- and mesoplastics under a range of hydrodynamic conditions
representative of salt marshes. As a result, a database was developed,
and an expression was derived that relates the trapping of Spartina
maritima to the shape and size of plastic debris and salt marsh currents.
This expression can be incorporated into numerical models of plastic
debris transport and dispersion to improve their predictive ability to
identify plastic debris hotspots in estuaries. Therefore, in line with the
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goals set by the 2030 Agenda and Sustainable Development Goals (SDGs
6 and 14) (Nations, 2015), the results of this study provide relevant
information to assist managers and policymakers in developing effective
strategies against plastic pollution.

2. Material and methods
2.1. Experimental setup

The experiments were conducted in the hydraulic flume of the
Instituto de Hidrdulica Ambiental of the University of Cantabria
(IHCantabria, Spain), which comprises three different zones: the hy-
draulic flume has a length of 12 m, a width of 0.35 m and a height of 0.5
m (Z1); the transition zone is 1.9 m long, 0.35 m wide and has a linearly
variable height ranging from 0.5 m to 0.6 m (Z2); and the expansion
zone is 4.1 m long, 1.50 m wide, and 0.6 m high, and serves to stabilize
the system of currents (Z3). Furthermore, energy dissipators were
installed at the flume entrance to mitigate the flow’s energy and velocity
prior to its entry into the experimental zone. Vegetation was placed in
Z1, covering an area of 1 m x 0.26 m at its base, with an average stem
height (h) of 0.2 m (Fig. 1a and c).

The hydraulic flume is equipped with a centrifugal pump with a flow
capacity of 100 L/s, a rated power of 15 kW, and a rotational speed of
1,450 rpm. The pump is designed to operate at various frequencies up to
50 Hz. A butterfly valve regulates the flow rate into the flume (Fig. 1g).
Fig. 1h illustrates the pump performance curve with the valve fully
open, derived from the relationship between flow rates and corre-
sponding pump operating frequencies. At the end of the expansion zone,
an adjustable discharge gate allows for water level regulation (Fig. 1b).
Additionally, an axial-type fan with 38 cm diameter blades, a power of
0.3 kW, and an operational frequency up to 50 Hz generates wind
(Fig. 1d). The fan is located 4.5 m from the water inlet and features an
adjustable duct to direct the airflow in the same direction as the
waterflow. In the experiments, the air duct length was set at 2.5 m,
defining the experimental zone between this point and the end of the
vegetation. Fig. 1f shows the correlation between fan operating fre-
quencies and the velocity generated at a distance of 3.0 m from the fan
and at a height of 0.2 m above the water surface. This figure was ob-
tained from air velocity measurements at different fan operating fre-
quencies and water levels (9, 14.5, and 18.5 cm). Since velocity
variations at the same fan frequency were negligible at different vertical
positions, the average fan performance curve was plotted.

Twenty-seven (27) hydrodynamic conditions (HC) were replicated
through the combination of varying water levels (1), flow rates (Q), and
wind speeds (uy), thereby representing typical current magnitudes
observed in salt marshes (Table 1). By varying these parameters, hy-
drodynamic conditions were controlled, and water level adjustments
specifically allowed for examining the effect of emerged stem height
(he = h— #) of Spartina maritima on trapping (Fig. 1i). Unidirectional
flows were analyzed to assess trapping once plastic debris was trans-
ported to the vegetation by currents. Free surface elevations were
measured with millimeter precision using a graduated scale at positions
upstream and downstream of the vegetation to monitor vegetation-
induced water level changes. Flow rates were recorded with a flow
meter, and currents were recorded with an Acoustic Doppler Velocim-
eter (ADV) at a sampling rate of 50 Hz. To establish baseline flow con-
ditions, velocity measurements were taken 0.45 m upstream of the
vegetated area, where the vegetation’s influence was assumed to be
minimal. Velocity measurements were conducted at depths from 1.0 to
12.5 cm from the bottom, with the number of measurement points
increasing with water level (Fig. 1i). Furthermore, the surface velocity at
the ADV location for each HC was estimated by following the trajectories
of buoyant plastic items (representing flow tracers) with a video camera.
The camera was a high-resolution video camera (4 MP Fixed Bullet
Network Cameras, HIKVISION) with a 4 mm lens, a resolution of 2560 x
1440 pixels, and a frame rate of 20 fps. This camera was placed at a
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Fig. 1. Sketch of the experiments: a) an overview of the hydraulic flume; b) discharge gate; c¢) experimental set-up with flow meter, Acoustic Doppler Velocimeters
(ADV), anemometer, and camera; d) fan; €) anemometer; f) fan performance curve: fan frequency (ff) vs. wind speed (uy); g) pump with butterfly valve; h) pump
performance curve: pump frequency (fp) vs. flow rate (Q). The red dots on the performance curves correspond to the hydrodynamic and wind conditions (HC)
selected for analysis when the valve is open; and i) velocity measurement points and average emerged stem height (h,) for the different HC. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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Table 1

Hydrodynamic conditions (HC) reproduced during the experiments, combining
water levels (1), flow rates (Q), and wind speeds (uy,). The Q from HCy; to HCpe
were obtained by valve throttling.

HC 7 (m) Q (m*/s) Uy (m/s)
01 0.085 0.0043 0.0
02 0.6
03 2.0
04 0.090 0.0043 0.0
05 0.6
06 2.0
07 0.130 0.0080 0.0
08 0.6
09 2.0
10 0.145 0.0080 0.0
11 0.6
12 2.0
13 0.0120 0.0
14 0.6
15 2.0
16 0.160 0.0080 0.0
17 0.6
18 2.0
19 0.0120 0.0
20 0.6
21 2.0
22 0.185 0.0080 0.0
23 0.6
24 2.0
25 0.0120 0.0
26 0.6
27 2.0

height of 1.3 m above the bottom of the flume. Finally, wind speed was
recorded with an anemometer at a sampling rate of 10 Hz (Fig. le).

2.2. Spartina maritima

The Spartina maritima used in the experiments was collected at the
low intertidal zone in the Marshes of Victoria, Santona, and Joyel
(northern Spain, within the Bay of Biscay), between —0.2 and 0.5 m with
respect to the local zero (Fig. 2a). A total of four field surveys (FS) were
conducted: two in the fall, on November 20, 2023 (FS;) and December
19, 2023 (FSy); one in the winter, on January 15, 2024 (FS3); and one in
the summer, on July 19, 2024 (FSy).

A total of 10 trays (dimensions 26 x 19 x 9 cm) of vegetation were
collected during each FS. The average height (h) of Spartina maritima
was approximately 20 cm, which is a typical value for this species in the
sampled area. Five of these trays were used in the experiments, while the
remaining five were kept as spare in case the experimental procedures
damaged the vegetation. These trays were maintained for a period of
three weeks, as the vegetation showed no observable degradation when
removed from its natural environment for this period. Fig. 2b shows five
of the trays corresponding to FS;, arranged according to the experi-
mental design.

For characterization purposes, the volumetric density (p,), defined as
the effective volume occupied by the vegetation (Vy) divided by the total
volume of its envelope (Vg), was estimated for each tray of Spartina
maritima in the laboratory. To estimate Vy, a cubic container with an
edge of 35 cm, filled with water to a height of 28.5 cm, and a graduated
millimeter scale was used. The water volume displaced by each tray of
Spartina maritima with sediment and the volume displaced by only the
tray with sediment were measured inside this container. The difference
between the two volumes provides Vy. Vz was estimated geometrically
by assuming a parallelepiped shape and measuring the corresponding
dimensions using graduated scales with millimeter accuracy.

Fig. 2d illustrates the p, distributions of Spartina maritima, estimated
using this method, for all field surveys. The distributions are shown as
box plots. It is observed that the distributions from FS; to FS3 were
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similar, with a median volumetric density (p,) between 6.2% and 7.4%,
respectively, and standard deviations (c) of 1%, without considering
outliers. With these densities, trapping tests were performed under the
hydrodynamic conditions from HCy7 to HCg; defined in Table 1. How-
ever, the distribution associated with FS,4 exhibited significantly lower
densities (p, of 5.6%) and higher dispersion (¢ = 2%). Fig. 2c shows the
Spartina trays collected in FS4. These densities were used for experi-
ments related to hydrodynamic conditions from HCy; to HCyp3 (Fig. 2e-f).
Finally, it was decided to test the effect of a potential increase in p, on
trapping. To this end, after the previous experiments were completed,
the density of five of the vegetation trays, collected during FS4, was
artificially increased using the remaining vegetation available (here-
after, FS4* refers to the artificial density modification of vegetation trays
from FS4). As a result of the replanting, the distribution associated with
FS4* was obtained (p, = 8.7%, 6 = 1.8%). With these p, conditions, the
trapping of plastic debris was analyzed under conditions from HCy4 to
HC06.

Accordingly, three types of mean vegetation densities are described,
namely: p,; = 6.8%, associated with the combined distribution FS; 2 3;
py2 = 5.6%, associated with FSy4; and p,3 = 8.7%, associated with FS4*,
for the subsequent analysis of the trapping results.

2.3. Plastic materials

The plastic debris under study corresponds to some of the most
common plastic materials found in the marine environment in general
and in salt marshes in particular. They are mostly macro- and meso-
plastics of different shapes made of high-density polyethylene (HDPE),
low-density polyethylene (LDPE), polypropylene (PP), and polystyrene
(PS) (Zhang, 2017; Mazarrasa et al., 2019; Yao et al., 2019; Cozzolino
et al., 2020; Cesarini and Scalici, 2022). In addition, the study of face-
masks was included as their use has increased in recent years due to the
global COVID-19 pandemic (Mourgkogiannis et al., 2018; De-la-Torre
and Aragaw, 2021). The facemasks are manufactured from meltblown
(MB) and spunbond (SB) nonwovens, which are mainly made of PP.
Different shapes of macro- and mesoplastic were considered because
although these are the sizes most prone to trapping, the shape of the
debris will also be a determining factor. In order to eliminate variability
from weathered field debris and isolate the effect of Spartina maritima,
pristine plastic materials were used.

In total, the behavior of nine (9) types of plastic debris (Pi) was
evaluated (Fig. 3). Table 2 lists the main characteristics of these macro-
and mesodebris, indicating aspects such as their density range (4pp),
dimensions (a: major axis, b: intermediate axis, c: minor axis, and t:
thickness), and shape defined by the Corey shape factor (csf = ¢/vab,
Corey, 1949). The csf is a non-dimensional parameter that describes
particle shape, with O representing flat elements and 1 representing
perfect spheres. In addition, each Pi is defined by an average dimension,
the equivalent nominal diameter (D,), calculated using the equation
derived from Francalanci et al. (2021): D, = a-csf*3*-(b/a)®>, which
incorporates both particle size and shape. This approach was intended to
explore if a single parameter could capture the combined effects of size
and shape in trapping.

Material density ranges were obtained from manufacturer informa-
tion when available and from the literature (Zhang, 2017). Specifically,
the densities of P8 and P9 facemasks were obtained from the study of
Bandi (2020). Dimensions were estimated by measuring 10 samples of
each piece of plastic debris. The size of the plastic debris was measured
using millimeter precision scales and a caliper with a resolution of 0.05
mm. In some cases, t was obtained from the manufacturer’s informa-
tion. Moreover, csf was used in this study to categorize Pi based on their
geometric shape. Plastic materials with csf close to 0, such as P5, P8, and
P9, were classified as flat objects. Those with csf between 0 and 0.3 were
considered elongated, typically resembling narrow cylinders with a
dominant vertical axis (P6 and P7). Plastic debris with csf in the
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Fig. 2. Sampling of Spartina maritima: a) location of the Marshes of Victoria, Santona, and Joyel (Spain); b) five trays of Spartina maritima in the hydraulic flume
(corresponding to FS;); ¢) 10 trays of Spartina collected during FSy4; d) box plots of Spartina maritima density from field surveys FS,, FS,, FS3, and FS,, from combined
data FS; 5 3, and from replanting densities FS,*. Medians are represented by red lines, maximum and minimum values by black lines, and first and third quartiles by
blue boxes. Red crosses represent outliers. Each distribution from the field surveys consists of 10 densities, while the replanting result consists of five. The distri-
butions selected to describe the subsequent analysis of the trapping results are highlighted in yellow; and e-f) some of the plastic debris under study trapped in the

vegetation trays from FS,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

0.3-0.5 range were identified as flattened cylinders with horizontal di-
mensions exceeding the vertical axis (P1 and P2). Finally, for csf be-

tween 0.5 and 0.8, the objects resemble more equilateral cylinders with
comparable base and height (P3 and P4).

2.4. Experimental methodology

The trapping of each Pi by Spartina maritima was tested individually
in the flume for each HC defined in Table 1. The experiments were
performed in three phases. In the first phase, the hydrodynamic and
wind conditions were measured with the instrumentation described in
subsection 2.1. In the second phase, the surface velocities were esti-
mated (after removing the instrumentation and keeping only the cam-
era). In the third phase, the plastic debris trapping was analyzed without

the measuring instruments to avoid singularities that could affect the
results.

Surface velocity is a relevant parameter in this study because
buoyant plastic debris was analyzed. However, it cannot be determined
directly with the ADV due to the inherent limitations of the instrument,
which restricts measurements to approximately 5 cm below its location.
Therefore, an experimental approach was used to estimate surface ve-
locities. For this purpose, the trajectories of plastic elements, identical in
composition to P5 (LDPE with a density of 910 kg/m®) but with smaller
dimensions of 5 mm x 5 mm x 0.07 mm, were analyzed inside the

flume. These elements can be considered as flow tracers since they are
characterized by Stokes numbers <0.03 (St<1) for the evaluated HC.
Twenty elements were released one by one at a distance of 60 cm before
the beginning of the vegetated area, and their trajectories within the
experimental area were subsequently monitored by the camera. The
surface velocity was then derived from the analysis of the trajectories in
the vicinity of the ADV location based on the method proposed by
Passalacqua et al. (2023). This result was verified by the measurements
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Fig. 3. Plastic materials (Pi) under study.

Table 2

Main characteristics of the experimental plastic materials (Pi): density range (4pp), longest axis (a), intermediate axis (b), smallest axis (c), thickness (t), Corey shape
factor (csf), equivalent nominal diameter (D,), and class defined according to D, and csf.

Plastic debris type Plastic material App (kg/m>) a (mm) b (mm) ¢ (mm) t (mm) csf (—) Dy (mm) Class (size/shape)

P1 Bottle cap HDPE 930-970 30 30 11 0.85 0.37 21 Meso/Flattened cylinder
P2 Bottle cap HDPE 930-970 40 40 11 0.95 0.28 26 Macro/Flattened cylinder
P3 Bottle HDPE 930-970 92 35 35 0.6 0.62 48 Macro/Equilateral cylinder
P4 Bottle HDPE 930-970 130 48 48 0.95 0.61 67 Macro/Equilateral cylinder
P5 Piece of bag LDPE 910-940 50 50 0.07 0.07 0.001 5 Meso/Flat

P6 Cotton swab PP 850-950 73 3 3 1.0 0.20 9 Meso/Elongated cylinder
pP7 Straw PP 850-950 108 3 3 0.2 0.17 10 Meso/Elongated cylinder
P8 Surgical mask MB&SB (PP) 350-410 175 95 1.5 1.5 0.01 28 Macro/Flat

P9 FFP2 mask MB&SB (PP) 450 155 105 2.5 2.5 0.02 34 Macro/Flat

of the ADVs at depth, which allowed for the reconstruction and analysis
of the velocity profile in the flume.

As for the trapping experiments, they were conducted for each of the
27 HC and the nine Pi, resulting in a total of 243 experiments. Each
experiment was carried out by releasing plastic debris at the end of the
air duct in groups of five, without mixing different types. The number of
items trapped by the vegetation within 40 s of release was then counted.
In instances where the plastic made contact with the contour before
reaching the vegetation, the data was excluded from the analysis. Ten
valid replicates of each experiment were considered to assess the vari-
ability and consistency of trapping efficiency under controlled hydro-
dynamic and wind conditions, resulting in a total of 2430 releases.
Lastly, it should be noted that these experiments were conducted in
freshwater with a density of 1000 kg/m® and a water temperature of
15°C.

2.5. Data processing

The measurements, provided by the ADV at different depths (u(z))
and by the anemometer (u,), were subjected to a filtering process to
remove any potential noise from the original recorded series. This was
achieved by using a percentile analysis to identify and remove outliers,

thus ensuring the reliability of the data.

Surface velocity (u;) was determined using video processing tech-
niques, following the method proposed by Passalacqua et al. (2023). A
MATLAB code-based algorithm was used to track plastic tracers and
measure their travel time over a 1 m distance. The process involved: 1)
extracting individual frames from the video, 2) converting pixel co-
ordinates into physical coordinates to obtain real-world measurements,
3) enhancing tracer visibility by transforming RGB images into binary
images, 4) identifying plastic tracer positions using blob analysis, 5)
tracking tracer positions across successive frames to reconstruct their
movement, and 6) calculating the velocity based on the displacement
over time. This methodology enabled a quantitative analysis of plastic
tracer movement and surface velocity estimation.

Velocity profiles were derived by fitting the average velocities from
the ADVs and the average of the surface velocity estimates to water
depth. The velocity profile in an open flume can be expressed as a log-
arithmic profile (French, 1985; van Rijn, 1990; Gonzalez et al., 1996;
Kirkgoz and Ardiclioglu, 1997):

u(z) = %m (%) ¢3)
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where: u- is the friction velocity, « is the von Karméan constant (x0.41),
and 2y is the bed roughness (=~ 0.001 for a smooth bottom).
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Fig. 4. Velocity profiles for each HC: a) HCy1_o3, b) HCo4_06, ¢) HCg7_00, d) HC19_15, €) HC16_01, f) HC22_27, with R? always >0.95 and the average flow velocity (ug,)
represented by white filled circles; g) wind-induced changes in surface velocity (Aus) over the ugy.

3. Results
3.1. Hydrodynamic conditions in the flume

Panels “a” to “f” of Fig. 4 depict the velocity profiles obtained in the
flume for each HC, where the average flow velocity (ug,) is defined as the
velocity developed at a distance from the bottom equal to 40% of the
total water depth (Te Chow, 1959; French, 1985). It is observed that the
resulting profiles exhibited a high degree of similarity for the different
combinations of flow rates and water levels, with the wind-induced ef-
fects only noticeable in the near-surface region. As verified in panels “c”,
“d”, “e”, and “f”, for a given flow rate, the current velocity decreased as
the water level increased, thereby resulting in an increase in the cross-
sectional area. For instance, an increase in water level from 13 c¢cm to
18.5 cm for a flow rate of 0.008 m®/s resulted in a decrease in ug, from
0.23 m/s to 0.12 m/s. Similarly, panels “d”, “e”, and “f” show that an
increase in flow rate for a given flume section resulted in an increase in
flow velocity. As illustrated in panel “f”, an increase in flow rate from
0.008 m®/s to 0.012 m%/s at a water level of 18.5 cm was associated with
an increase in ug, from 0.12 m/s to 0.19 m/s.

In the velocity profiles, it is also observed that an increase in wind
speed led to a proportional increase in the surface velocity. This phe-
nomenon is clearly illustrated in panel “g” of Fig. 4, which shows the
increase in surface velocity due to wind over the average velocity of each
HC. Furthermore, it is evidenced that the wind-induced effect on the
surface velocity was more relevant for the combinations of water level
and flow rate that correspond to lower average flow velocities. This is
since, in systems with low hydrodynamic velocities, wind can constitute
a relevant proportion of the total energy. However, in the case of strong
currents, the influence of wind becomes negligible in comparison to the
energy of the current. To illustrate this, a comparison between the hy-
drodynamic conditions defined by the lowest (HCyy_24: g, =0.12 m/s)
and highest (HCy3 15: ug,=0.26 m/s) flow velocities demonstrated that,
for the same wind intensity, the most significant changes in surface
velocity with respect to the calm wind condition occurred in HCyy 24. In
these cases, wind speeds of 0.6 m/s and 2 m/s resulted in surface ve-
locity increases of 8% and 46%, respectively, while in HC;3 ;5, these
values were 3% and 10%, respectively.
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Fig. 5. Trapping efficiency (T) of Spartina maritima: a) bar charts accounting for different vegetation densities (p,), different plastic types (Pi), and hydrodynamic/
wind conditions (HC: #, Q, u,). Note that the red, green, blue, and gray shades represent plastic types with similar shapes, namely: flattened cylinders like bottle caps
(P1 and P2), equilateral cylinders like bottles (P3 and P4), elongated elements (P6 and P7), and flat elements (P5, P8 and P9), respectively. b) Percentage of HC where
T of each Pi (Tp;) equals or exceeds T of similarly shaped materials (Ty;,). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article).
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3.2. Trapping rates of buoyant macro- and mesoplastic debris

3.2.1. Overview of experimental results

The set of experimental results obtained is summarized in Fig. 5.
Fig. 5a shows the bar charts of the trapping rates of Spartina maritima,
characterized by different mean volumetric densities (p,), for the
different types of plastic debris (Pi) and hydrodynamic (4, Q) and wind
(uy) conditions analyzed (Table 1 and Table 2).

For the lowest vegetation coverage (p,2=5.6%, green dashed box in
Fig. 5), the greatest wind-induced variation in T was exhibited by
smaller, flattened cylindrical plastic items such as bottle caps (P1 and
P2). Under calm wind conditions (u,=0), T reached 74% and 96% for P1
and P2, respectively. However, for the strongest wind (u,=2 m/s), these
values decreased by approximately 45%. In contrast, elongated items
(P6 and P7) exhibited high trapping rates (exceeding 80%) at wind
speeds of <0.6 m/s, with only slight reductions (approximately 20% or
less) observed at u,, values of 2 m/s. Larger items, such as bottles (P3 and
P4) or flat debris (P5, P8, and P9), demonstrated consistent trapping
rates of approximately 100%, regardless of wind conditions.

As the mean vegetation density increases to 8.7% (p,3, gray dashed
box in Fig. 5), an overall larger T is observed for all plastic types,
regardless of hydrodynamic or wind conditions, suggesting a positive
correlation between vegetation density and trapping.

For an intermediate Spartina density (p,;=6.8%), a more complex
interaction between trapping, hydrodynamic forces, wind conditions,
and plastic properties can be inferred due to the greater amount of
related data collected during the experiments. In general, higher water
levels were found to increase trapping rates for a given flow rate and
wind speed, i.e., higher T are associated with lower surface velocities.
As an example, at the highest flow rate (0.012 m3/s) during calm wind
conditions, a 2.5 cm rise in water level (from 16.0 to 18.5 cm) resulted in
a nearly 50%, a 36%, and a 15% increase in trapping for P1, P5, and P3,
respectively (red dashed box in Fig. 5). Analogously, when water level
and wind speed were held constant, a reduction in flow rate resulted in
an increase in T. As noted above, these conditions also correspond to
lower surface velocities. For instance, at the three highest water levels
(14.5, 16, and 18.5 cm) and across all wind conditions analyzed, P6
exhibited an approximately 30% greater values in trapping efficiency at
a flow rate of 0.008 m3/s compared to a flow rate of 0.012 m>/s (blue
dashed box in Fig. 5). Moreover, trapping efficiency generally decreased
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as wind speed increased when flow rates and water levels remained
constant. This could be a direct result of wind drag or wind-induced
surface currents. As highlighted in the black dashed boxes in Fig. 5,
for a flow rate of 0.012 m®/s and a water level of 18.5 cm, when
comparing the calm wind with the highest wind speed of 2 m/s, the
absolute reduction in T forallPi(i=1, 2, ..., 9) ranged from 2% to 50%,
depending on the plastic type.

Furthermore, the bar graphs confirm that T is also dependent on the
size and shape of plastic debris. Fig. 5b represents the percentage of
hydrodynamic and wind conditions in which the trapping rate of each Pi
exceeds or matches that of similarly shaped materials: flat items (csf =0;
P5, P8, P9); elongated items (0<csf<0.3; P6, P7); bottle caps
(0.3<csf<0.5; P1, P2); and bottles (0.5<csf<0.8; P3, P4). Across all
categories, larger items consistently showed higher trapping rates. For
instance, P9 exceeded or equaled the trapping rates of P5 and P8 in
nearly 90% of the conditions analyzed. In the same way, P7 out-
performed or equaled P6 in 70% of cases, P2 surpassed or equaled P1 in
85% of the conditions, and P4 consistently exhibited a trapping rate
greater than or equal to P3 across all conditions analyzed.

Considering these results, it can be concluded that the trapping rates
of buoyant plastic debris are closely related to several different factors
identified in subsection 2.6, including surface current velocities, wind
speeds, intrinsic properties of the plastic debris itself, such as shape and
size, and vegetation characteristics, such as its volumetric density.
Moreover, a factor not directly mentioned, but related to water level, is
the height of emerging stems. A comprehensive analysis of the effect of
plastic debris characteristics, wind speed, emerged stem height on
trapping rates is presented below, not in isolation, but considering the
wide range of hydrodynamic conditions and vegetation densities under
study.

3.2.2. Influence of surface velocity, plastic debris size and shape on
trapping rates

Fig. 6a depicts the scatter plots, where the white, gray, and black dots
denote calm, moderate, and stronger wind conditions, respectively.
Additionally, Fig. 6a shows the curve fit of T over u; for each type of Pi
for the average density of Spartina maritima (p,1 ). As shown in this panel,
there was no clear influence of wind on trapping. However, it is
observed that the trapping measurements fit well with a shifted power
law as a function of surface velocity, indicating a strong correlation
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Fig. 6. Trapping rate (T) as a function of surface velocity (u;): a) Scatter plots and curve fits between T and us for each Pi and b) Curve-fit matrix of T and u;

organized by the shapes (csf) and sizes (D,) of each Pi.



P. Nilnez et al.

between the two variables (R? value of at least 0.7). The coefficients “a”
and “f”, and thus the trapping, were found to depend on both the shape
and size of the plastic debris. Furthermore, the trapping data associated
with p,2 (white diamonds) and p,3 (black crosses) are superimposed in
Fig. 6a, showing that the discrepancies in behavior were only signifi-
cantly different when the density of the vegetation was artificially
increased to p,3, where the analyzed plastic types were trapped
regardless of the value of u;.

Fig. 6b shows these results organized by the shape (csf) and size (D,,)
of the plastic debris under investigation. Notwithstanding the interde-
pendence of D, and csf, the individual assessment of their effects offered
a more precise representation of trapping behavior. In general, surface
velocities below 0.10 + 0.02 m/s resulted in trapping rates exceeding
90%. In contrast, velocities around 0.22 + 0.02 m/s facilitated the
release of more plastic elements, with trapping rates between 80% and
90%. Finally, velocities of 0.32 + 0.01 m/s led to the release of up to
50% of the items. In particular, an analysis of the shape of the plastic
debris indicates that Spartina maritima was particularly effective for
trapping flat or elongated elements (csf<0.3). At the highest surface
velocity of 0.33 m/s, at least 40% of this debris was trapped. Conversely,
three-dimensional elements (csf>0.3) showed a limited capacity to be
trapped, with <10% of the items remaining trapped at the same velocity.
The only exception is the largest material evaluated, P4, which
demonstrated 90% entrapment even at these high velocities. In terms of
the dimensions of the plastic debris, it is demonstrated that the larger the
debris, the greater the probability of it being trapped. This observation is
consistent across all categories of debris representative of their shape.

Based on these results, it can be concluded that the trapping rate of
plastic debris by Spartina maritima is strongly related to surface velocity,
which in turn depends on current and wind conditions, as well as the
shape and size of the debris.

3.2.3. Influence of wind speed on trapping rates
Fig. 7 provides more detailed information on the influence of wind
speed on trapping. Panels “a;” illustrate the trapping rate of each plastic
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type under the hydrodynamic and wind conditions analyzed (Table 1
and Table 2). Each panel represents a set of three HC with constant flow
rates and water levels, varying only the wind speed, thus showing the
influence of wind speed on T for that flow condition. Panels “b;” show
the statistical distributions of T for all Pi in the form of box plots.

Overall, it can be observed that higher wind speeds were associated
with lower trapping efficiencies. Panels “al-b1” refer to HC associated
with the lowest vegetation density (p,2=5.6%), while panels “a2-b2”
refer to the highest vegetation density (p,3=8.7%). This explains the
significant differences in trapping rates despite similar average HC
(uqy<0.15 m/s). Thus, while p,, allowed small elongated (P6 and P7)
and flattened cylindrical (P1 and P2) materials to escape, especially at
higher wind speeds, p,3 trapped all Pi regardless of wind speed.

For the remaining panels, p,; is 6.8%. As a result, the trapping effi-
ciency for the three wind speeds can be directly compared under similar
average flow conditions. The shaded boxes classify HC according to
average flow velocities that generate similar trapping behaviors: blue,
green, and red shades represent velocities below 0.15 m/s, between 0.15
and 0.20 m/s, and above 0.20 m/s, respectively. The highest trapping
rates, about 100% for all Pi, were observed at the lowest flow velocities
(panels “a6-b6” and “a8-b8”), and only the highest wind speed of 2 m/s
managed to release some of these elements. Intermediate flow velocities
(panels “a3-b3”, “a4-b4”, and “a9-b9”) resulted in lower T, and even
lower trapping occurred at higher flow velocities (panels “a5-b5” and
“a7-b7”). On average under calm wind conditions, 6% to 8% of the items
escaped at intermediate flow velocities, while 32% to 34% escaped at
higher flow velocities. As wind speed increased, more elements escaped:
for instance, at the highest wind speed analyzed (2 m/s), an average of
14% to 26% of the items escaped at moderate flow velocities, and up to
50% escaped for higher flow velocities. These findings thus confirm that,
in addition to plastic debris characteristics, vegetation density, and
hydrodynamics, wind conditions influence the trapping efficiency of the
buoyant plastic debris analyzed here by Spartina vegetation. However, it
remains unclear whether this influence is direct, as wind drags, or in-
direct, as surface currents.
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Fig. 7. Trapping rate (T) as a function of wind speed (uy,): a) For each plastic type (Pi), where HC corresponds to the conditions in Table 1 and p, to the vegetation
densities studied; and b) Statistical distributions (box plots) considering all Pi, where the median (red dots), maximum and minimum (black lines), first and third
quartiles (blue boxes), and outliers (red crosses) are reported. Note that the blue, green, and red shades represent different categories of mean flow velocities (ugy),
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reader is referred to the web version of this article).
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Fig. 8. Trapping rate (T) as a function of the emerged height of vegetation (h,): a) For each plastic type (Pi); and b) Statistical distributions (box plots) considering all
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blue, green, yellow, and red shades represent different categories of surface velocities (u;) for the mean vegetation density p,;, while the shaded gray areas
correspond to p,2 and p,3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

3.2.4. Influence of emerged stem height on trapping rates

In order to analyze the effect of the emerged stem height (h,) on the
trapping rate, the hydrodynamic and wind conditions were classified
into four categories based on surface velocity. The class represented in
panels “al-b1” (u;<0.2 m/s) encompasses five HC. The category shown
in panels “a2-b2” (0.2<u;<0.24 m/s) includes seven HC. The category of
panels “a3-b3” (0.24<u;<0.28 m/s) consists of eight HC, and the cate-
gory in panels “a4-b4” (u; >0.28 m/s) comprises seven HC. This clas-
sification was required to generate comparable trapping behavior across
different h, values, given the direct correlation between emerged height
and water levels, which can result in varying expected behaviors. Thus,
it is expected that greater vegetation emerged height will result in higher
T, but also in lower water levels and, therefore, higher flow velocities,
which may release trapped debris. Accordingly, the average trapping
rate versus h, is shown in Fig. 8 for each HC category and plastic type.
Note that the colored shades represent the different u; categories for the
mean vegetation density p,1, while the shaded gray areas correspond to
ﬁv2 and ﬁv3~

An important verification in this figure is the relevant role of vege-
tation density. A h, of 11 cm corresponded to p,» (8.7%), which blocked
almost all Pi in all four surface velocity classes. Conversely, a h, of 11.5
cm, although similar in magnitude, was associated with p,3 (5.6%) and
allowed plastic debris, primarily the smallest flattened cylindrical (P1
and P2) and elongated (P6 and P7) materials, to escape. Considering all
Pi, an average of 4% of the items escaped (with a maximum of 30% for
P1) when u; was below 0.28 m/s, and 16% escaped when u; exceeded
this threshold (with a maximum of 72% for P1).

For the remaining emerged heights, associated with p,; (6.8%), it can
generally be inferred that for a given surface velocity range, a larger
emerged height resulted in higher trapping efficiency. However, as
illustrated in panel “c”, the surface velocity remained the dominant
factor, with lower surface velocity consistently leading to higher trap-
ping efficiency. It is important to note that the influence of surface ve-
locity was especially relevant at lower emerged heights. In this sense, for
a h, of 4 cm, the average trapping rate ranged from 56% to 100% for u;
>0.28 m/s and u; below 0.2 m/s, respectively. However, as emerged
height increases, the effect of surface velocity diminishes. Thus, for a h,
of 7 cm, the observed variation in trapping ranged from 86% to 100%.
These results demonstrate that the emerged stem height also has a

11

notable impact on the trapping rate. Nevertheless, it can be stated that
the surface velocity remains the dominant factor for the plastic types and
HC under analysis.

3.3. Trapping model of buoyant macro- and mesoplastic debris for
Spartina maritima

In light of the findings detailed in subsection 3.2, it can be inferred
that the trapping of buoyant macro- and mesoplastic debris by Spartina
maritima fundamentally depends on the following key factors: surface
velocity (resulting here from hydrodynamic and wind conditions),
plastic debris characteristics (shape and size), and estuarine vegetation
(volumetric density and emerged stem height). This section describes a
trapping model (T-model) of buoyant macro- and mesoplastics derived
from the aforementioned variables and the density of vegetation
sampled in the marshes (Fig. 9a).

The T-model shows that the surface velocity is always a parameter
that influences the trapping rate, while the importance of the plastic
debris size depends on its shape. In this regard, the greater the three-
dimensional geometry of debris (i.e., the higher the csf), the more its
size affects trapping.

For purposes of comparison, Fig. 9b illustrates the model-predicted
trapping for 16 hypothetical macro- and mesoplastic types, classified
into four shape categories and four nominal sizes (D,; =0.01 m,
Dy2=0.02 m, Dy3=0.05 m, and D,4=0.10 m). For flat debris (csf =0), the
probability of trapping depends almost exclusively on the surface ve-
locity, regardless of size. For instance, velocities of 0.27 and 0.34 m/s
are associated with trapping rates of 80% and 50%, respectively. For
elongated debris (0<csf<0.3), smaller elements with D,; behave like flat
debris, achieving 80% and 50% trapping rates for surface velocities of
0.25 and 0.34 m/s, respectively. However, debris size also begins to
have an effect, with the two largest elongated materials (D,3-4) being
more susceptible to trapping even at surface velocities above 0.3 m/s.
For the three-dimensional flattened debris (0.3<csf<0.5), the influence
of size is even more relevant. The probability of Spartina maritima
trapping small plastic debris (Dp; —2) with this shape is 80% and 50% for
velocities near 0.19 and 0.27 m/s, respectively. The two largest debris
items (D,3_4) require velocities of 0.26 and 0.31 m/s to achieve the same
trapping rates, respectively. Finally, three-dimensional debris with
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Fig. 9. a) Trapping model (T-model) of buoyant macro- and mesoplastics by Spartina maritima as a function of vegetation properties (p,= 6.2%, h,), plastic debris
characteristics: shape (csf) and size (D), and surface flow velocity (us). The probability density function of p,, for which the T-model was obtained, results from
combining data sets from field surveys without considering densities from artificial replanting; b) some results of the T-model for plastic debris within different shape
categories and D,; c) Scatter plot between trapping rates from the laboratory (Tj;;) and the model (T},q); and d) T-model residuals (Tjgp- Tinar) OVer us.

comparable dimensions (0.5<csf<0.8) exhibit an enhanced effect of size
on trapping. It is observed that the maximum trapping efficiency for
small debris (Dp;_2) reaches only 60% to 70% even at the lowest ve-
locities, and decreases to 50% when surface velocities reach about 0.26
m/s. In contrast, larger debris (Dn3_4) exhibited a higher trapping rate.
At velocities close to 0.30 m/s, 80% of the debris is trapped, while at
velocities close to 0.34 m/s, the trapping rate is 50%. In conclusion,
these results suggest that larger plastic debris requires higher surface
velocities to avoid trapping, while debris shape influences the balance
between surface velocity and debris size in determining trapping
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efficiency. However, the limited size range of plastic samples analyzed
in this study constrains a comprehensive assessment of size effects.
Therefore, these size-related results should be interpreted with caution
and require further validation through studies examining a wider range
of plastic debris sizes.

Fig. 9c depicts the scatter plot of the trapping rates derived from
laboratory data and those predicted by the model. The coefficient of
determination (R2) between both data sets is 0.67, and the Wilmott Skill
Index (WSI) (Willmott, 1981) is 0.95. These statistical indicators
collectively suggest that, in general terms, the model is performing well



P. Nilnez et al.

with regard to trapping rates. Nevertheless, as illustrated in panel “d”,
the model also exhibits some significant residual values in certain pre-
dictions. In general, only 6% of the residuals show discrepancies
exceeding 25%, and 1% (i.e., two predictions) is near 50%. These dis-
crepancies are within the shape category of equilateral cylinders
(bottles).

4. Discussion

The efficiency of the estuarine vegetation Spartina maritima to trap
macro- and mesoplastic debris commonly found in salt marshes was
evaluated using physical modeling. A series of hydrodynamic conditions
characteristic of salt marshes were simulated in a hydraulic flume by
varying water levels, currents, and wind intensities. A range of water
levels was evaluated that allowed Spartina maritima stems to emerge
between 40% and 90% of their total height (approximately 20 cm).
Fluctuations in flow velocity typically range from 0.05 to 0.30 m/s
during tidal cycles in salt marshes (Monge-Ganuzas et al., 2017). To
match these conditions, the experiments examined velocities in the same
range for the specified water levels, achieving mean velocities between
0.12 and 0.26 m/s, with surface velocities reaching up to 0.33 m/s due
to wind (Fig. 4).

The trapping capacity of Spartina maritima stems was evaluated for
three densities: one from field sampling during the fall-winter period,
with an average volumetric coverage of 6.8%; another from sampling
during the summer period, with an average coverage of 5.6%; and one
from artificial replanting, with a coverage of 8.7% (Fig. 2d). The dif-
ference in densities between the fall-winter and summer seasons can be
attributed to the fact that the optimal growth of this vegetal species
requires constant humidity, moderate salinity, and low sulfide concen-
trations. Surface runoff was the only freshwater input to the salt marshes
where Spartina maritima was sampled. Therefore, a reduction in fresh-
water inputs during the summer months could result in alterations in
substrate salinity, while elevated temperatures could increase sulfide
concentrations. Both factors may negatively affect stem density (Adams
and Bate, 1995; Sanchez et al., 1997). The life cycle of Spartina maritima
plays an important role in the dynamics and processes of estuarine
ecosystems. Periods of increased stem density enhance sedimentation
processes (Neumeier and Ciavola, 2004; Wilkie et al., 2012) and
contribute to the trapping of plastic debris in its vegetative structures
(Gallitelli et al., 2023).

As for the types of plastic debris, several buoyant macro- and
mesoplastics with nominal diameters ranging from 5 mm to 67 mm were
analyzed to complete and extend the types analyzed in previous
experimental studies. These studies focused mainly on buoyant and non-
buoyant microplastics (de Los Santos et al., 2021; Ogbuagu et al., 2022),
but also on non-buoyant mesoplastics (Gallitelli et al., 2023). The plastic
materials under study exhibited a variety of shapes, such as bottle caps,
bottles, cotton swabs, straws, plastic bag fragments and facemasks, as
the shape of the debris, in conjunction with its size, plays a significant
role in determining its potential for becoming trapped.

The results of the experiments indicate that generalized trapping
rates exceed 90% when the surface velocity is <0.2 m/s (Fig. 6).
Although velocities below 0.2 m/s are highly probable in salt marshes,
previous field studies have demonstrated that lower concentrations of
plastic debris are observed in low marshes, where Spartina spp. develop,
compared to high marshes where other community types such as Juncus
spp. or Halimione spp. are present (Mazarrasa et al., 2019; Yao et al.,
2019). The discrepancy between the experimental results and those
observed in the field can be primarily attributed to the experimental
setup, which consistently directs the plastic debris towards the vegeta-
tion, where it may or may not become trapped. Under estuarine con-
ditions, however, the hydrodynamics transporting plastic debris may or
may not drive it towards vegetation, reducing the probability of
entrapment. For instance, in the marshes where vegetation was collected
for these experiments, Spartina maritima was found at depths between
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—0.2 and 0.5 m from local zero. Considering an average height of 20 cm
for this vegetation and the annual frequency of flooding by only astro-
nomical tides, the probability of plastic reaching each Spartina maritima
plant is estimated to be about 6%. This reduction factor adjusts the
experimental trapping probability to an estimate closer to field obser-
vations. Thus, the combination of a 6% probability of plastic arrival and
a 90% probability of trapping provided by the experiments would result
in an effective trapping of 4.5% when the surface velocity is <0.2 m/s.

Based on these experimental results, a model of macro- and meso-
plastic trapping by Spartina maritima was developed (T-model in Fig. 9).
The model was identified as an effective preliminary tool, demonstrating
promising performance in predicting the trapping of plastic debris in
Spartina maritima low marshes, particularly during the fall-winter sea-
son, but also during the summer. As new data from ad hoc experiments
are incorporated, the model has the potential to be further refined and
improved. The T-model can be integrated into numerical models of
plastic debris transport and dispersion, similar to the approach taken
with the “beaching” parameter in particle models such as TrackMPD,
Delft3D-PART, or TESEO, among others (e.g., Jalon-Rojas et al., 2019;
Ntnez et al., 2019, 2021). The T-model dynamically estimates trapping
based on local hydrodynamics (us), plastic debris characteristics (D,
csf), and vegetation properties (p,, h.). In a Lagrangian tracking model,
these parameters can be incorporated as follows: At each time step, the
model reads the velocity fields that transport particles with predefined
size and shape, either as fixed values or drawn from statistical distri-
butions. Vegetation density and emerged height can be included as
constant values or as spatially and temporally variable data. When a
particle enters a vegetated area, the T-model calculates the trapping
probability based on these variables, determining whether the particle is
retained or continues its trajectory. As a result, the data provided by
numerical models would be improved, allowing managers and policy-
makers to better formulate effective strategies and policies to clean up
and mitigate plastic pollution.

Although the trapping model provides valuable insight into plastic
debris trapping under controlled experimental conditions, it is impor-
tant to recognize that it may not fully capture the complexity of natural
estuarine dynamics. Further research, including new laboratory, field,
and numerical studies, is needed to complete and expand the database
generated in this study and to make the T-model more robust. Due to the
complexity of the issue and the multitude of variables involved, several
factors related to transport drivers, plastic debris properties, vegetation
characteristics, or parametrizations would benefit from more detailed
investigation.

In terms of hydrodynamics, it would be interesting to investigate not
only constant water levels, but also the effect of the tidal cycle on
trapping, as this is a relevant factor in tidal estuaries. Tidal flow in
natural salt marshes is bidirectional, with the landward phase playing an
important role in debris accumulation. Incorporating full tidal cycle
studies could provide a more comprehensive understanding of debris
dynamics and improve the assessment of trapping efficiency. With re-
gard to wind, a more comprehensive investigation of the direct effect of
wind drag on the trapping rates of plastic debris of different shapes, sizes
and densities would be a valuable contribution to the existing body of
research. New experiments could be designed in a reservoir without
currents to evaluate how wind, in isolation, influences the transport and
trapping of plastic debris as a function of its buoyancy and exposed
surface area.

Another valuable area of investigation would be the impact of
vegetation density. To comprehensively assess its influence on plastic
trapping, future research should explore a wider range of naturally
occurring densities across diverse hydrodynamic conditions. This should
encompass seasonal fluctuations and consider Spartina spp., Halimione
spp., and Juncus spp., extending beyond the limited range examined in
this study.

As far as the characteristics of plastic debris are concerned, it is worth
continuing to investigate new shapes, sizes, and densities beyond those
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examined here and in previous studies, as this would allow for a more
comprehensive understanding of plastic debris behavior (de Los Santos
et al., 2021; Ogbuagu et al., 2022; Gallitelli et al., 2023; Kerpen et al.,
2024). For instance, expanded polystyrene (EPS) foam, a prevalent type
of plastic debris in estuarine environments, would be a pertinent ma-
terial to study. This material was not included in the study due to its
unique fragmentation characteristics, which result in a wide variability
of shapes and sizes, requiring dedicated experiments. Moreover, as these
experiments conducted in the present study were in freshwater, it is
important to note that increased salinity in estuarine or marine envi-
ronments could also affect the buoyancy of some debris types, poten-
tially modifying trapping rates. Similarly, factors such as biofouling can
also affect the buoyancy of plastic debris over time and therefore the
dynamics of trapping (Jalon-Rojas et al., 2022; Ntnez et al., 2023a).
Regarding parametrization, effective parameter selection is impor-
tant for accurately quantifying plastic debris trapping. In this study,
hydrodynamics is represented by the water surface velocity (u;), which
indirectly accounts for wind effects (u,); vegetation is characterized by
its density (p,) and height, specifically the emerged stem height (h,.); and
plastic debris is described by the equivalent nominal diameter (D,), as
defined by Francalanci et al. (2021), and the Corey shape factor (csf).
Although these last two parameters are not completely independent,
both were included in the analysis because the initial approach was to
examine the individual and combined effects of size and shape on plastic
debris trapping. However, the experimental results indicated that
analyzing these effects separately provided a better description of the
trapping behavior. Given the strong correlation observed between D,

and (a-b~c)1/ 3 for the plastic materials analyzed, its use as a represen-
tative measure of size in our analysis is validated. Structuring the
problem in terms of these key physical parameters provides a systematic
framework for analyzing trapping behavior across different experi-
mental and field conditions, facilitating comparisons and guiding future
refinements of the model.

Finally, to evaluate the effectiveness of the trapping model and
ensure its general applicability, it would be interesting to compare the
validity of the model derived from experiments with data from drift
surveys or field data collected in estuaries (e.g., Wilkie et al., 2012;
Mazarrasa et al., 2019; Yao et al., 2019; Cozzolino et al., 2020; Almeida
et al., 2023; Girones et al., 2024). This comparison can be conducted
through numerical assessments in different estuaries with a notable
presence of vegetation that are influenced by different drivers, such as
tidal, river, wind, salinity, or temperature fluxes.

5. Conclusions

The results of this study extend the findings of previous research on
plastic debris trapping in vegetated estuarine zones, incorporating new
types of vegetation, plastic types, and hydrodynamic conditions. A
further novel contribution is the enhanced understanding of the corre-
lation between trapping rates and a range of factors associated with
plastic debris, vegetation, and hydrodynamic characteristics. The find-
ings suggest that Spartina maritima acts as a natural trap, with lower
surface velocities, higher stem densities and emerged heights, as well as
larger sizes and flatter shapes of plastic debris favoring trapping.
Furthermore, it was identified that, for a density of Spartina maritima
comparable to that observed in the marshes during the fall-winter
period, the dominance of surface velocity or plastic debris size in trap-
ping primarily depends on the shape of the debris. Thus, the surface
velocity is more significant for flat elements (e.g., pieces of bags or
facemasks), while size plays a more relevant role for three-dimensional
elements, such as bottles.

In addition, a simple model (T-model) was developed that relates the
above variables to trapping rates. This trapping model can be integrated
into numerical models of plastic debris transport and dispersion, thereby
enhancing their predictive capacity and providing valuable information
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to managers and policymakers in the development of effective strategies
against marine plastic pollution in estuaries. The incorporation of new
data from further experimental, numerical or field research to comple-
ment the information provided here will allow the trapping model to be
improved and refined.
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