Environmental Pollution 345 (2024) 123492

Contents lists available at ScienceDirect
ENVIRONMENTAL
POLLUTION

Environmental Pollution

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/envpol

Check for

Microplastic shape influences fate in vegetated wetlands™ ol
Hayley K. McIlwraith ® > Penelope K. Lindeque *, Anastasia Miliou ¢, Trevor J. Tolhurst ",

Matthew Cole ™

@ Marine Ecology & Biodiversity, Plymouth Marine Laboratory, Prospect Place, Plymouth, PL1 3DH, UK

b University of East Anglia, School of Environmental Sciences, Norwich Research Park, Norwich, NR4 7TJ, UK
¢ Archipelagos Institute of Marine Conservation, Pythagorio, Samos, 83103, Greece

ARTICLE INFO ABSTRACT

Keywords: Coastal areas are prone to plastic accumulation due to their proximity to land based sources. Coastal vegetated
Microplastic transport habitats (e.g., seagrasses, saltmarshes, mangroves) provide a myriad of ecosystem functions, such as erosion
Macrophyte protection, habitat refuge, and carbon storage. The biological and physical factors that underlie these functions
22:;? canopy may provide an additional benefit: trapping of marine microplastics. While microplastics occurrence in coastal
Flume vegetated sediments is well documented, there is conflicting evidence on whether the presence of vegetation
Pollution enhances microplastics trapping relative to bare sites and the factors that influence microplastic trapping remain

understudied. We investigated how vegetation structure and microplastic type influences trapping in a simulated
coastal wetland. Through a flume experiment, we measured the efficiency of microplastic trapping in the
presence of branched and grassy vegetation and tested an array of microplastics that differ in shape, size, and
polymer. We observed that the presence of vegetation did not affect the number of microplastics trapped but did
affect location of deposition. Microplastic shape, rather than polymer, was the dominant factor in determining
whether microplastics were retained in the sediment or adhered to the vegetation canopy. Across the canopy,
microfibre concentrations decreased from the leading edge to the interior which suggests that even on a small-
scale, vegetation has a filtering effect. The outcome of this study enriches our understanding of coastal vegetation
as a microplastics sink and that differences among microplastics informs where they are most likely to accu-
mulate within a biogenic canopy.

1. Introduction

Plastic debris is found in high concentrations in coastal waters,
which include highly valued vegetated ecosystems such as mangroves,
saltmarshes, and seagrasses (Harris et al., 2021; Ouyang et al., 2022;
Paduani, 2020). Plastic debris is persistent, harmful, and can breakdown
into smaller pieces called microplastics (<5 mm in size), contributing to
environmental accumulation and harm (Browne et al., 2007; Cole et al.,
2011). Coastal wetlands have many ecosystem functions that benefit
both human and wildlife communities, including coastal protection,
erosion control, habitat refuge, and carbon storage (Barbier, 2013;
Barbier et al., 2011; Chmura et al., 2003; Spalding et al., 2014), with
vegetation canopies dampening wave action, decreasing turbulence, and
promoting sediment deposition (Gacia et al., 1999; Infantes et al., 2012;
Moller et al., 2014; Terrados and Duarte, 2000). Similarly, coastal
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vegetation might play a role in the entrapment of macroplastic and
microplastic debris (Waldschldger et al., 2022; Yao et al., 2019). Un-
derstanding microplastics distribution and interactions in coastal sys-
tems is key for protecting these important areas.

Microplastics can enter coastal vegetative habitats from both riverine
and marine sources, or by the degradation of trapped macroplastics
(Biltclift-Ward et al., 2022; Weinstein et al., 2016). A number of studies
have suggested such habitats may act as a microplastics sink (e.g., de los
Santos et al., 2021; Huang et al., 2020; Kreitsberg et al., 2021; Lloret
et al., 2021; Navarrete-Fernandez et al., 2022), and several field studies
have demonstrated vegetated coastal wetlands trap more microplastics
than unvegetated sites (Huang et al., 2023, 2020; Jones et al., 2020;
Ogbuagu et al., 2022; Pinheiro et al., 2022; Zhao et al., 2022). Yet the
mechanisms by which microplastics become entrapped remain poorly
elucidated. These studies postulate that because vegetation reduces local
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turbulence and bed shear stress thereby promoting sediment deposition,
the same mechanisms also promote microplastics deposition
(Waldschlager et al., 2022). It has also been observed that microplastics
can adhere to the vegetation itself (Goss et al., 2018; Jones et al., 2020).
However, other field studies have found no difference in microplastic
concentration between bare and vegetated sites (Cozzolino et al., 2020;
Unsworth et al., 2021; Wright et al., 2023). A meta-analysis by Bilt-
clift-Ward et al. (2022) found a negligible difference in microplastic
concentration between bare and vegetated sites. There are many factors
that may influence whether a difference is observed, such as where
samples are collected within a study area. For instance, many studies
sample from the dense interior of a canopy (Cozzolino et al., 2020;
Unsworth et al., 2021; Wu et al., 2020). It is known, however, that
sediment and nonmotile fauna typically accumulate on the edge of a
canopy (Bologna and Heck, 2002; Leonard et al., 2002). Studies inves-
tigating spatial variation of microplastics in coastal vegetation found a
similar pattern to sediment deposition — increasing microplastics with
proximity to the vegetation edge (Helcoski et al., 2020; Nav-
arrete-Fernandez et al., 2022; Yao et al., 2019), although the inverse
pattern was observed in one study in Southern Brazil (Pinheiro et al.,
2022). Other factors that may influence microplastics accumulation in
bare vs. vegetated sites include: nearby population density and prox-
imity to plastic sources; water depth; flow; tidal flux, phase and cycle;
bathymetry; sampling and laboratory methodology (Jones et al., 2020;
Lloret et al., 2021; Wu et al., 2020).

Given the myriad of drivers that can influence microplastic deposi-
tion, some insight can be drawn from well-established sedimentology
research (Lofty et al., 2023). There are many additional factors that are
known to influence sedimentation that have yet to be tested for micro-
plastics, such as canopy structural complexity, frontal area of vegeta-
tion, vegetation species and morphology, local hydrodynamics, and
topography (Bouma et al., 2013; Chapman et al., 2015; Chen et al.,
2018; Hendriks et al., 2010; Wilkie et al., 2012). Half of all plastic types
have a lower density than seawater (Ballent et al., 2013). Due to their
low density and slow settling velocity, it is generally assumed that
microplastics act most like fine grained sediments (e.g., clay, silt) and
organic matter (e.g., leaves, wood, algal debris)(Harris, 2020). Howev-
er, there is a discrepancy in the literature on whether a relationship
exists between microplastic abundance and fine sediments and organic
matter (Enders et al., 2019). Particle size, shape, and density will affect
particle transport and deposition (Waldschlager and Schiittrumpf,
2019), and microplastics come in diverse shapes and sizes that vary from
sediment grains (e.g., fibres). It is for these reasons that microplastic
dynamics are likely different to those for natural sediments (Bridge and
Bennett, 1992; Horton and Dixon, 2018; Mendrik et al., 2023).

Controlled laboratory flume experiments have started to identify the
drivers of microplastic entrapment, these include: water flow, plant
density, presence of infauna, microplastic polymer type and size, and
bed roughness (Cozzolino et al.,, 2022; de los Santos et al., 2021;
Ogbuagu et al., 2022). These studies used live macrophytes taken
directly from the environment, which maintains environmental rele-
vance but makes it difficult to isolate individual drivers. For instance,
the physical barrier of the plant structure and the epibiont and biofilm
coverage on vegetation blades are both factors that could influence
microplastics trapping but are difficult to unpack from each other with
living plants (de Smit et al., 2021; Ogbuagu et al., 2022). Many of these
studies used large industrial pellets as a proxy for microplastics, which
are less commonly found in the environment and may act more similarly
to fine grained sediments (de los Santos et al., 2021; Harris, 2020;
Ogbuagu et al., 2022). In contrast, fibres and small particles <2 mm are
more abundant in the environment and are less likely to act like sedi-
ment, and so should be incorporated into more studies (Athey and Erdle,
2022; Harris, 2020).

Using a laboratory flume, we test the hypothesis that the presence
and physical structural complexity of vegetation will affect microplastic
trapping and that differences in microplastic type will affect their
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depositional patterns. We predict that more complex vegetation will trap
higher loads of microplastics than less complex vegetation. Further-
more, the effect of microplastic shape, size, and polymer type on vege-
tative interaction and depositional patterns were assessed. The results
provide insight on some of the potential variables affecting microplastic
trapping in aquatic vegetation canopies and will help to inform potential
hotspots of contamination.

2. Methods
2.1. Flume tank

Experiments were conducted using a closed-loop flume system
(Fig. 1, Armfield Sediment Transport Channel S8 MKII), comprising a
linear test section (1.5 m length, 0.08 m width, 0.11 m height). The
pump provided a constant mean flow of 14.7 cm/s, consistent with
similar flume set-ups (Cozzolino et al., 2022; de Smit et al., 2021). Flow
rates within the flume were measured in triplicate using a flowmeter
(Valeport801) at three points in the middle of the water column: up-
stream, midstream, and downstream (represented by black dots in
Fig. 1). To ensure microplastics were kept suspended when transporting
through the system, two submersible pumps (Boyu FP-350) were
inserted into the influent tank and one in the discharge tank (Boyu
FP-100; shown in Fig. 1).

2.2. Vegetation scenarios

To compare the influence of both the absence and presence of
vegetation and the complexity of vegetation on microplastic deposition,
three treatments were employed: (1) flat sand with no vegetation
(control, N = 3); (2) grassy vegetation (N = 3), comprising artificial
plants with a 0.2 cm diameter stem and 8 flat blades protruding up-
wards; and (3) branched vegetation (N = 3), comprising artificial plants
with a 0.2 cm diameter stem and 6 branches with 12 round leaves each
(Figure S1 and Figure S2). Artificial plants, constructed from poly-
ethylene, were used in lieu of real vegetation to ensure that all plants
were a uniform size and shape and to minimise other biological in-
fluences on microplastic behaviour. Surface area of plants was calcu-
lated by measuring the length and width of each part of the plant. The
stems and branches were assumed to be cylinders, grass blades as rect-
angles, and rounded leaves as circles. Total surface area was the sum-
mation of the stem, branches, and both sides of the leaves and blades.
Only the submerged part of each plant was included in the measure-
ments. To maintain the stability of the artificial plants, they were
inserted into 2 mm pre-drilled holes within an acrylic sheet (0.08 m long
x 0.5 m wide x 3 mm thick), placed on the base of the central area of the
flume. The holes were drilled in an irregular pattern but were spread
across the length of the acrylic sheet (shown in Fig. 1). The sheet was
placed in the same orientation for each experimental run and 23 plants
were inserted for each flume run to achieve a vegetation density of 575
plants m~2 which is a density found within 5 m of a salt marsh edge
(Neumeier and Amos, 2006). Acrylic sheets without plant inserts were
used during the control runs to account for potential confounds. Prior to
each run, 2.4 L of well-sorted sand was added to the flume (mode grain
size: 262 pm, measured with a Malvern Mastersizer, 2000), covering the
acrylic sheet to a depth of 2 cm. To prevent the accidental introduction
of microplastics to the test system, sand was baked at 500 °C for a
minimum of 4 h to combust any polymers present.

2.3. Microplastics

To account for the diverse array of microplastics found in environ-
mental samples, the experimental system was spiked with five types of
easily identifiable microplastics varying in size, shape, and density
(Table 1, Figure S3). Microplastics were dosed at a concentration of 300
particles L™! for each microplastic type, with a total microplastic
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Fig. 1. Schematic of close-looped flume tank set up with artificial vegetation and sand. Flow rate was measured at three points represented by black dots in the upper
panel (side view). Green dots in lower panel (top view) represent placement of artificial vegetation. Submersible pumps were used to maintain flow of microplastics
through the flume tank. Water was sampled throughout the experiment; sediment and vegetation were sampled at the end to quantify microplastic trapping. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Characteristics of microplastics included in the experiment.

Polymer Shape Size (pm) Density (g/cm®) Colour
PVC Flake 1000 1.38 Purple
PET Flake 375 1.38 Blue
PET Fibre 100-1000 (median: 610) 1.38 Red
PAG6,6 Fibre 100-1000 (median: 525) 1.14 Purple
PAG6,6 Fragment 1000 1.14 White

concentration of 1500 particles L. While these concentrations exceed
environmental concentrations, they ensured that adequate levels of
microplastics could be captured within samples.

Polyethylene terephthalate (PET) and nylon (PA6,6) fibres were
created by shaving and cutting fleece-like fabrics of each polymer type
with a stainless-steel scalpel and scissors. The shavings were rinsed into
a glass jar and vacuum filtered through a 1000 pm nylon mesh filter, and
the filtrate vacuum filtered through a 100 pm nylon mesh filter. The
100-1000 pm fibres collected on the mesh filter were rinsed with ul-
trapure water into a sterile glass jar and stored at room temperature
prior to use. Fibre length was ascertained by measuring the length of
fibres across five 0.1 mL subsamples of the stock solutions with ImageJ
software (version 2.3.0). For PET and nylon (PA6,6) fibres, median
length was 610 pm and 525 pm, respectively. Polyvinyl chloride (PVC)
and PET flakes and nylon fragments were procured from domestic
suppliers, weighed, and added directly to a 300 mL glass jar. Then, al-
iquots of both fibre types were added to the mixtures.

Pilot tests using microplastics showed particles tended to float,
flocculate, and adhere to sides of the flume. Therefore, microplastic
mixtures were prepared in advance following a modified protocol from
Ramsperger et al. (2020), by incubating them in filtered (2 pm, poly-
carbonate filter) lake water for 7 days at 30 °C and 100 RPM (VWR
Incubating Orbital Mini Shaker) to allow a biofilm to form, though
presence of a biofilm was not confirmed. Prior to experimental use,
microplastics were filtered out using a 0.45 pm mixed cellulose ester
filter, rinsed with ultrapure water, and stored in glass jars with 150 mL
of ultrapure water. Following incubation, microplastic readily mixed
within the treatment water and flocculation and adherence was visibly

reduced.

2.4. Experimental runs

For each run, the flume was filled with 30 L of deionized (DI) water
and the system turned on for 10 min prior to adding any plastics to allow
the pump to prime. Microplastics were added to the flume by swirling
the 300 mL glass jar containing the particles with 150 mL of DI water
and releasing the contents of the jar into the influent tank in the direc-
tion of the test section. To track waterborne microplastic concentrations
throughout the run, 200 mL water samples were taken 5 min after the
addition of microplastics (Ts), with subsequent samples collected every
15 min up to 1 h (Tq0, T35, Ts0, Tes). Water samples were collected by
using a glass beaker to take dip-samples from the influent tank (adjacent
to the entrance of the flume test section; Fig. 1), which were thrice-
rinsed into pre-labelled 300 mL glass jars.

At the end of the run, the pump was turned off and the water was left
to drain out for 2 h, simulating the drainage of an intertidal area on an
ebb tide. To determine the deposition of microplastics across the test
section, sediment samples were collected: (i) upstream of the central
zone (—12.5 cm); (ii) within the central zone; and (iii) at two points
downstream of the central zone (+12.5 cm, and +25 c¢m; Fig. 1). Sam-
ples were collected by scooping-up small sections of the sand (8 cm x 4
cm for upstream and downstream points; 50 cm x 8 cm for the central
zone, with the entire depth collected from the sediment surface to the
flume base) with a stainless-steel spoon and placing these samples in
pre-labelled 300 mL glass jars. Due to erosion, transport and deposition
during the experiment, depth of sand within and across sections varied
from 0 cm-5 cm depending on location and treatment run. Due to this
variation, sediment across the entire central zone was collected. There
was less variation in depth in the upstream and downstream points, so
smaller sections were collected.

To ascertain whether microplastics were adhering to the surface of
the plants, three plants were sampled. For each run, the vegetation
section was divided into three equal zones (17 cm x 8 cm with 7-8
plants per zone), and a single plant was selected from: (i) the upstream;
(ii) midstream; and (iii) downstream areas (Fig. 1). Each plant was
carefully removed from the acrylic base and rinsed thoroughly with DI



H.K. Mcllwraith et al.

water over a pre-labelled 300 mL glass jar to collect any adhered
microplastics.

Following each run, the flume was thoroughly cleaned by twice
flushing the system out with DI water. A negative control test was run
three times at random points throughout the study to ensure there was
no contamination from previous runs of the flume and to ensure there
was no airborne contamination of similar microplastics throughout
collection and processing. For these tests, the flume was run without any
plastics, sediments, or vegetation and two water samples were taken at 5
and 10 min after priming the pump. Samples from the blank runs con-
tained 1-3 PA fibres and 0-1 PET fibres, and no flakes or fragments were
present. Sample processing is described in Supplementary Materials.

2.5. Data analysis

Data was assessed for normality (Shapiro-Wilks Test) and homoge-
neity of variances (Bartlett’s test). When assumptions were met, ANOVA
tests with post-hoc Tukey test were used. Alternatively, a Kruskal-Wallis
test was used for non-parametric data. We tested whether there was a
relationship between vegetation treatment and flow rate. To compare
differences in flow rate across treatments and flume sections, individual
tests were run for each section of the flume tank (i.e., upstream,
midstream, downstream). Flow rate results are reported in the Supple-
mentary Materials (Table S1; Figure S4). To measure the rate of
microplastic deposition across each vegetation treatment, we calculated
the microplastic loss rate from the water column by the equation:

Final MP concentration (Tgs) — Initial MP concentration (Ts)

Total time

We tested whether there were effects on the microplastic loss rate
from vegetation treatment or microplastic type. Only microfibres were
included in the statistical tests because they were consistently present in
the water samples, whereas the other microplastic types were not.
Microplastics found on the vegetation were reported as microplastics per
cm? We compared microplastic concentrations across vegetation
treatment and across vegetation zone. We also tested a two-way ANOVA
with both vegetation treatment and zone as factors. However, AIC model
selection distinguished the one-way ANOVA with vegetation zone as a
factor was the best fit model. Microplastics in sediment were standard-
ized by microplastics per cm? and data was log transformed to maintain
normality. We tested the relationship between vegetation treatment,
sediment section, and microplastic concentration. We also calculated
the percent relative abundance of each microplastic type across matrices
and treatments by dividing the sum of each microplastic type by the total
number of microplastics within matrix and treatment, multiplied by
100. Data was analysed using R statistical software (version 4.2.1) in an
RStudio environment (version 2022.02.0 + 443), using significance
level p < 0.05.

3. Results
3.1. Microplastic concentrations decreased in the water column over time

Microfibre concentration decreased over the course of the flume run
in all treatments (Fig. 2; Figure S5). The mean + standard deviation (s.
d.) rate of microfibre loss in particles min~! from the water column was
5.5 + 1.5 for control, 6.2 + 1.3 for grass, and 5.0 & 0.9 for branched
treatments. There was no significant interaction between the effects of
treatment and microfibre type (F3 12 = 0.1, p = 0.9). Furthermore, there
was no significant difference in microfibre rate of loss across treatments
(p = 0.4) or between microfibre types (p = 0.3; Fig. 2). The other
microplastic types were generally found in low abundance in the water
column, and the concentration of flakes in the branched treatment had a
large variation at t20 and t35, but no notable pattern was discerned
(Figure S5). Notably, flakes and fragments were observed to settle out of
the water column quickly and travel along the sediment bed by saltation,
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Fig. 2. Rate of microfibre loss from the water column over time, for each
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rolling, and sliding.

3.2. Microplastics were trapped on vegetation blades

The number of microplastics adhered to the artificial plants did not
differ significantly between the two vegetation treatments (Fig. 3a).
Grass and branched plants had a mean + s.d. of 3.1 £ 1.8 and 3.3 + 1.7
microplastics cm_z, respectively (Fy,16 = 0.05, p = 0.8). However,
variance of the microplastic concentration was best explained by vege-
tation zone. There was a significant difference between plants posi-
tioned upstream than those positioned downstream (ANOVA: Fy 15 =
4.7, p = 0.03; Tukey: p = 0.03). Plants positioned in the middle of the
patch were not significantly different from the other groups (p > 0.05).
However, when both treatment and vegetation zone were included as
interacting parameters, neither the interaction (Fo 12 = 0.3, p = 0.8) nor
treatment (p = 0.8) was significant, and vegetation zone (p = 0.05) was
borderline significant. The relative abundance of different microplastic
types was similar across the two vegetation treatments, but the two
types of flakes show a gradual decrease across vegetation zone for the
branched treatment, and the grass treatment show an increase of both
types of flakes in the midstream section (Fig. 3b).

3.3. Depositional patterns of microplastics in sediment varied

Total microplastic concentration in the sediment was not signifi-
cantly different across treatments (p = 0.5), although there was more
variability in the grass and branched treatments compared to the control
(Fig. 4a). The sediment section where microplastics deposited was
significantly different (p = 0.009) and the interaction between treatment
and sediment section was significant (F413 = 5.6, p = 0.001). For the
grass treatment, microplastic concentrations between the vegetated
central section and sections —12.5 c¢cm upstream and +25 cm down-
stream of the central sections was significantly different; significant
differences were not observed between upstream and either downstream
sections, or between the central section and the +12.5 cm downstream
section (Fig. 4a; Table S2). In the branched treatment, microplastic
concentrations were significantly different between the central section
and the +12.5 cm downstream section (Fig. 4a; Table S2). With no
vegetation (control), there was a gradual increase in microplastic
deposition across the sediment bed with the peak accumulation zone at
+12.5 cm downstream and then a decrease at +25 cm downstream, but
these differences were not significant (Fig. 4a).

When microplastic concentrations in sediment are split across
microplastic type, the patterns within and across treatments vary
(Fig. 4b-f). Within the control treatment, microplastic fibre and frag-
ment concentrations gradually increased and PET flakes decreased along
the sediment bed, while PVC flakes were most abundant in the central
section (Fig. 4). The patterns observed in the grass treatment are largely
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the same across plastic types. All show a decrease in abundance along
the sediment bed until they accumulate again at +25 cm downstream
(Fig. 4). Additionally, the two types of fibres show the same pattern in
the branched treatment as in the grass treatment and oppose the pattern
observed in the control treatment, whereas the flakes and nylon frag-
ments show different depositional patterns to the grass treatment. All

show a decrease in the central section and an uptick in the +12.5 cm
downstream position, which is most noticeable with the nylon fragments
(Fig. 4). This increase in abundance in the downstream sections of the
vegetation patch was observed during the grass and branched flume
runs, where nylon fragments and some PVC and PET flakes were buried
within a bedform just after the vegetation (Figure S6).
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3.4. Relative abundance of each microplastic type differed across matrices

Microplastic concentrations in water, adhered to vegetation, or
deposited in the sediment varied depending on the type of microplastic.
There was a higher proportion of fibres in the water and adhered to the
plants than in sediment. The two types of flakes were mainly found on
the vegetation and in sediment and nylon fragments were primarily
found in the sediment (Fig. 5a). Generally, these differences did not
change between treatments, though the branched plants did have a
higher proportion of the two flakes in the water column than the other
treatments (Fig. 5b). These patterns are grouped mainly by shape (e.g.,
fibre vs. flake) rather than polymer type (e.g., PET vs. Nylon).

4. Discussion

In this experimental flume study, we observed that microplastic
shape was an influencing factor in determining microplastic fate. For
instance, a higher proportion of fibres were caught on the above ground
canopy than deposited directly in sediment, while the opposite was true
for flakes and fragments. Moreover, microfibre concentrations
decreased from the leading edge of the vegetation canopy to the
downstream end, indicating a filtering effect. Vegetation presence and
complexity affected location of microplastic deposition. Burial of
microplastics downstream of the vegetation patch was observed in both
vegetation treatments but not the control and suggests that accumula-
tion may occur over longer periods of time because of a potential for
reduced resuspension.

4.1. Vegetated habitats as a microplastic sink

Microfibres settled out of the water column consistently over time
and this decline was unaffected by the vegetation (Figure S5). Several
studies have considered that plants act to reduce hydrodynamic flow
causing microplastics to settle out (Cozzolino et al., 2022; de los Santos
et al., 2021; de Smit et al., 2021; Ogbuagu et al., 2022; Waldschlager
et al., 2022). In this study, the grass treatment did show a reduction in
flow within the canopy, however it may not have been sufficient to
promote higher rates of microplastic settlement as compared to the
control treatment. This suggests that increased trapping of microplastics
requires other factors in addition to purely vegetation presence. This
may include canopy size, canopy density, presence of infauna and epi-
biont coverage on plant blades, and bed roughness (Cozzolino et al.,
2020; de los Santos et al., 2021; Jones et al., 2020; Ogbuagu et al., 2022;
Zhao et al., 2022).

While microplastic abundance in the sediment bed did not vary
across vegetation treatments, the sites of highest microplastic deposition
varied. Typically, highest microplastic concentrations were found prior
to or after the vegetated canopies, as compared with the vegetated area
itself. Obstacles in flowing water locally alter velocity and generate
turbulence, which can cause increased sediment scour (increased
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erosion) at low obstacle density and skimming flow (less erosion) at high
obstacle density (Mayaud et al., 2016). In the flume, we hypothesize that
microplastics did not readily settle within the vegetation patches
because both types of artificial plant increased flow velocity within the
vegetation, and this was observed through increased scour at the base of
the plants. At higher plant densities we hypothesize that skimming flow
might result in a greater settling of microplastics within vegetation
patches. The increased sediment scour is typical for the marsh grass
Spartina alterniflora, where emergent stems with a narrow base followed
by upper branching often create a maximum flow velocity near the bed
(Leonard and Croft, 2006; Leonard and Luther, 1995; Nepf, 2012). As we
measured flow velocity at a single point in the middle of the canopy and
these changes in velocity are small, this maximum velocity would not
have been measured. Downstream of the vegetation patch, water ve-
locity decreases in the absence of obstructions, thereby creating a
deposition zone outside of the vegetation (Figure S6) (Chen et al., 2012;
Follett and Nepf, 2012). On a larger scale, this phenomenon occurs with
grasses aiding the creation of sand dunes (Olson, 1958). While the
concentration of microplastics in the downstream sections were not
significantly different between the control and vegetative treatments,
this downstream deposition zone caused by the vegetation resulted in
the burial of microplastics. This burial indicates that vegetation could
help prevent resuspension of microplastics rather than solely promoting
deposition (Figure S6). Over time, this may enhance the accumulation of
microplastics on the edges of vegetated sediments. This burial will be
different for more muddy sediments which have different properties
from sand, such as cohesion, reduced mobility and propensity for floc-
culation processes that promote microplastic adherence (Grabowski
et al., 2011; Murray, 1977). However, Xu et al. (2023) also found that
the reduction in sediment erosion by mangroves was the primary
determinant of microplastic abundance rather than sediment accretion.
The upstream accumulation of microplastics may be explained by a
decrease in turbulent energy as water begins to flow through the vege-
tation, thereby causing sediments (and microplastics) to settle, and has
been observed for sediments along tidal marsh creekbanks and edges
(Leonard et al., 2002; Neubauer et al., 2002).

The accumulation of microplastics at the edges of vegetated canopies
has been observed in tidal wetlands and mangrove forests (Duan et al.,
2021; Helcoski et al., 2020; Yao et al., 2019) and is in accordance with
fine sediment behaviour (Soler et al., 2020). However, flow conditions
in the field are more complex and multidirectional (e.g., waves),
whereas flow within a flume is restricted to unidirectional flow (Tinoco
et al., 2020); and the flume used in this study is smaller than previous
studies and may be more affected by constraints from flume width
(Williams, 1970). While flumes are useful for determining specific
drivers of microplastic trapping on a fine scale, it is only representative
of the parameters used. Across larger spatial and temporal scales, other
driving forces may have a greater influence on microplastic trapping
than those observed here. For instance, water depth and velocity change
across tidal periods creating variable flow patterns and much more
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dynamic conditions (Neumeier and Ciavola, 2004; Tinoco et al., 2020).
This work is a first step at isolating specific variables (i.e., physical
structure of vegetation and microplastic type) that could be driving
microplastics trapping in vegetated canopies, though there are many
other drivers that can and have been explored (Cozzolino et al., 2022; de
los Santos et al., 2021; de Smit et al., 2021; Ogbuagu et al., 2022).

4.2. Adherence to vegetation

Branched and grassy artificial plants both had microplastics adhered
to their surface, with higher concentrations of microplastics adhered to
plants on the leading edge of the canopy than at the downstream end
(Fig. 3). This filtering pattern has been observed in the field with both
macroplastics and microplastics (Navarrete-Fernandez et al., 2022;
Stead et al., 2020; Yao et al., 2019), where some have suggested that
these coastal wetlands act as an estuarine ‘filter’ that mitigates plastic
transport into the open marine environment (Biltcliff-Ward et al., 2022).
Fibres were the predominant type of microplastic found attached to both
types of plants. This is in alignment with what is found in the field, with
a recent review showing microplastics have been identified on 10-100%
of aquatic plant canopies and macroalgae sampled, with 76% of the
microplastics identified being fibrous (Huang et al., 2023). Additionally,
we observed some sand grains adhered to the surface of the artificial
plants, usually at the node of where two blades connected or at leaf-stem
nodes. Physical blockage, entanglement or hydrophobic attraction were
likely the primary drivers of trapping in this simulated system. In living
plants, microplastics adherence could further stem from entrapment on
epibionts (e.g., algae, hydroids, bryozoans) that increase surface area
and roughness, microbial biofilms that secrete extracellular polymeric
substances (EPS), algal mucus layers with polysaccharide compounds,
and root systems that can affect vertical migration of microplastics
(Gutow et al., 2016; Jones et al., 2020; Li et al., 2023; Sfriso et al., 2021;
Sundbazk et al., 2018; Zhao et al., 2022). Others have found that the
submergence level, surface roughness, rigidity and flexibility, and
complexity of aquatic canopies can affect trapping (Cozzolino et al.,
2020; de Smit et al., 2021). As we used rigid and emergent stems, the
microplastics were ‘forced’ to flow through and interact with the plants.
In contrast, flexible and submerged vegetation may provide more
movement and potentially fewer microplastic-plant interactions. Still,
the adherence of microplastics to vegetated canopies suggests that only
quantifying microplastics in the sediment bed may not tell the full story
of microplastic fate and field studies that collect more than one sample
type (e.g., sediment, vegetation, water) would be beneficial for com-
parisons within a geographic area.

4.3. Microplastic pathways

Here, we observed differences in microplastic fate primarily based on
their shape (Fig. 5). In the environment, Helcoski et al. (2020) found a
higher proportion of fragments in the sediment at the vegetation edge of
a tidal wetland as compared to the interior of the vegetation. However,
Huang et al. (2020) did not find a difference between microplastic shape
in sediment inside and outside a seagrass canopy. A limitation of many
existing field studies is that samples are taken from one area of a
vegetated bed, so it is difficult to compare whether there are differences
in concentrations of microplastic type across a bed. From flume studies,
others have found differences based on polymer, noting that polymers
with higher densities (PET and Nylon) are more likely to become trap-
ped in a seagrass patch, but they did not compare differences among
shapes (de los Santos et al., 2021). In sediments, grain shape does not
differ as greatly as microplastic shape (e.g., fragments, fibres, flakes,
spheres) and the differences between densities of commonly employed
polymer particles (0.9-1.5 g/cm®) is narrower compared to sediment
and organic matter particle densities (0.9-3.0 g/cm3; Harris, 2020). Due
to this variability, microplastic shape may have a more meaningful in-
fluence on transport. However, Waldschlager and Schiittrumpf (2019)
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did not observe a large effect from microplastic shape on erosion
thresholds as compared to microplastic densities, but did note that while
not statistically tested, spheres and fibres showed particularly different
erosion behaviour from other shapes. Another study investigating
microplastic dispersion across a German estuary noted that high density
fibres had similar dispersion patterns to non-fibrous low-density poly-
mers (Enders et al., 2019).

5. Conclusions

Shape was the primary factor determining the fate of microplastics in
a modelled coastal vegetative system. Presence of vegetation and dif-
ferences in vegetation structure affected which area of the sediment bed
microplastics deposited. Fibres were found in greatest abundance in the
water and adhered to plants, whereas flakes were observed adhered to
plants and deposited in sediment, and fragments were primarily found in
the sediment. This pattern is indicative of how each microplastic shape
travelled in this system: fibres were largely transported as suspended
load, flakes travelled as suspended load and bedload, and nylon frag-
ments were primarily transported as bedload. Here, we show that
microplastic transport and deposition should not be generalised across
all plastics, but rather differences in microplastic characteristics will
affect where they accumulate and whether they are retained within a
vegetated bed.
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