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HIGHLIGHTS

e Vegetation traps 2.0-2.9 times more
microplastics, creating toxic hotspots.

o Weathered plastics release flame re-
tardants, phthalates, and POPs into
rhizospheres.

e Biofilm eco-coronas improve the
adsorption of hazardous pollutants on
plant surfaces.

e The sink-hazard paradox poses a threat
to carbon storage and microbial
communities.

o Nature-based solutions necessitate haz-
ard threshold monitoring and eco-
engineering.
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GRAPHICAL ABSTRACT

Caption: Mechanisms of plastic trapping in vegetated coastal and riparian zones. Top panels: interfaces
between habitats across five ecosystem types. Middle panels: main trapping mechanisms, such as eco-
corona coatings and subsequent biofilm/EPS formation that promotes adsorption/attachment. Bottom
panels: important results indicating differences in polymer retention and the formation of accumulation
hotspots (~2.05-2.82 x higher loads), emphasizing the balance between pollution reduction and hazard
concentration.
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ABSTRACT

Plastic pollution is intensifying across freshwater—coastal continua and impacts terrestrial, freshwater, and
marine habitats. While vegetated areas are vital sinks, they are approaching a critical tipping point at which
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accumulation transforms these habitats from natural filters into toxic hotspots. This review synthesizes data from
nearly 199 peer-reviewed studies to understand how vegetation traps macro- and microplastics in ecosystems
such as mangroves, salt marshes, seagrass meadows, coastal dunes, and riparian zones, and explains the im-
plications for exposure, fate, and risk management. We examine how the main factors affecting retention, such as
plastic physicochemical properties (size, shape, density, weathering), vegetation structural characteristics (root
and stem complexity, canopy architecture), and environmental conditions (water flow, geomorphology, climate),
jointly influence retention dynamics. Results show vegetated ecosystems capture ~2.05-2.82 times more
microplastics than non-vegetated areas. Plastic retention occurs mainly through two pathways: (1) physical
interception and flow reduction at large scales, and (2) micro-scale adhesion via eco-corona formation, and
subsequent biofilm/EPS development that promote particle sticking and persistence and limit resuspension.
However, significant uncertainties remain about nanoplastic-plant interactions, long-term accumulation and
remobilization, and climate impacts on exposure and fate, particularly under shifting hydrodynamic and
geomorphic regimes. A crucial sink-hazard paradox exists: although vegetation effectively traps plastics, this
accumulation transforms sediments into dangerous hotspots by concentrating toxic additives (e.g., flame re-
tardants), co-transporting persistent organic pollutants, and promoting potentially harmful biofilms. We
recommend a research roadmap that includes standardized protocols and reporting units, advanced process-
based modeling frameworks, climate-resilience scenarios, and nature-based solutions for shifting vegetation
from passive pollution sinks to active, managed mitigation tools. Implementing these recommendations is crucial
for developing effective, evidence-based strategies that balance pollution control with hazard containment in

vegetated ecosystems.

1. Introduction

Global plastic production continues to accelerate, reaching approx-
imately 430 million metric tons in 2024 and projected to exceed one
billion tons annually by 2050 [1,2]. Each year, approximately
4.8-12.7 million metric tons of mismanaged plastic waste enter the
ocean from coastal areas [3,4]. Microplastics (MPs)(<5 mm) are also
released from persistent point sources; for instance, treated wastewater
from a large municipal plant is estimated to discharge around 65 million
microplastic particles daily [4-6].

The prevalence of MPs exhibits considerable variability across
different environments, attributable to local factors such as retention
potential, proximity to urban or industrial areas, and disparities in
sampling and analytical methods [7-9]. Systematic analyses reveal
surface freshwater concentrations ranging from 1.2 x 1073 to 5.42 x 10°
items/m® , while sediments contain between 18.3 and 30,000 parti-
cles/kg [8]. Oceanic waters generally exhibit lower levels, from
1.2 x 107 to 62.5 items/m?> [9]. There is significant spatial variability
independent of urbanization: urban lakes in Hanoi, Vietnam, show
3.4-589 items/m?> [10], canals in Amsterdam range from 16 to 1707
items/m® , and remote lakes in Muskoka-Haliburton, Ontario, hold
910-2090 items/m? [11]. Daily levels fluctuate with weather and local
activities, with extreme weather events causing sharp increases—for
instance, a storm in Australia increased MPs from 400 to 17,383 parti-
cles/m?, and a flood in India raised levels from 28.3 +12.3-95.1 + 21.1
items/L [12,13].

The widespread presence of plastic pollution now impacts nearly all
ecosystems, from alpine soils to deep-sea sediments [14,15]. While
initial studies primarily focused on marine and pelagic environments,
emerging research highlights the important role of vegetated habitats,
including mangroves, salt marshes, seagrass meadows, coastal dunes,
and riparian zones as both natural reservoirs and vulnerable interfaces
within the global plastic cycle [16-18]. For instance, the Sundarbans
mangroves (Bangladesh-India) show how large vegetated areas can
serve as plastic accumulation zones, driven by river inputs from the
Ganges-Brahmaputra-Meghna basin and the Bay of Bengal [19]. Simi-
larly, saltmarshes with vegetation have higher mean total NMP mass
concentrations (13-19 mg kg™') than bare mudflats (~5 mg kg™).
Additionally, the estimated burial rates were greater in vegetated zones
(approximately 0.63-0.91 g m™) than in non-vegetated areas
(0.40 g m~2yr ™) [20] Consistent with this “vegetation-enhanced trap-
ping” aspect, sediment cores from the River Thames estuary (UK) reveal
increased microplastic in vegetated high-marsh zones (mean
267.1 + 10.2 particles/100 g dwt in 0-10 cm) and urban tributary

hotspots linked to sewer overflows (up to 360.0 + 12.0 particles/100 g
dwt) [21]. These ecosystems trap plastics through various mechanisms,
including physical entanglement by roots, stems, and leaves, as well as
adhesion facilitated by biofilms on plant surfaces. Dense canopies
reduce water flow, thereby facilitating plastic deposition and retention.
Recent research shows that the complexity of vegetation structure,
measured using 3D Vegetation Indices (3DVI), strongly correlates with
entrapment efficiency, with denser and more morphologically diverse
plant communities trapping more macroplastics [18]. Likewise, canopy
arrangement, shoot density, and hydrodynamic conditions influence the
retention of microplastics (MPs) in seagrass beds and riparian plants [16,
22]. In riparian soils, MPs and tire-wear particles affect soil aggregation,
organic matter, and contaminant adsorption, impacting sediment sta-
bility and nutrient cycling [23-25].

Vegetation—plastic interactions extend beyond physical entrapment
and have significant ecological and functional impacts, influencing
trophic levels and biogeochemical cycles. Plastics accumulated in
vegetated environments can impact key ecosystem roles, including
carbon storage, sediment stabilization, and habitat creation [26,27]. For
example, degraded seagrass meadows experience a decline in regulating
and supporting services valued at around USD 18,800 per hectare
annually, highlighting the economic importance of ecosystem preser-
vation [28]. On the other hand, the ability of vegetated habitats to
capture and immobilize plastics provides a natural mitigation strategy,
supporting restoration efforts and blue-carbon initiatives that integrate
pollution control with climate adaptation [1]. However, this retention
can also create hazards: trapped litter can blanket branches and pneu-
matophores, limiting light, disrupting photosynthesis, and potentially
causing localized anoxia [22]. This creates a sink-hazard paradox: while
mangrove roots trap plastics, continuous coverage and burial can harm
the very structures that provide the service [23]. Raising risks of local-
ized chemical and physical damage. [25]Despite progress, significant
gaps remain in our understanding of environmental factors, spatial and
species-specific differences, and the effectiveness of plastic trapping
across different habitats and environmental gradients. Understanding
these mechanisms is crucial for predicting plastic exchange between
terrestrial and aquatic systems and for developing effective mitigation
and restoration strategies [17,18,29-31].

This study reviews existing knowledge concerning (i) the physical
and chemical properties of plastics that influence their capture and
persistence, such as size, density, shape, and surface conditioning
resulting from weathering and biofilm development; (ii) the role of
various vegetated habitats—including mangroves, salt marshes, sea-
grass beds, coastal dunes, and riparian zones—as trapping pathways;
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and (iii) the hydrodynamic, geomorphic, and structural factors that
determine whether these habitats function as net sinks or temporary
sources, particularly during storms and floods. By conceptualizing
vegetation as a natural yet dynamic biotic filter that intercepts debris
and simultaneously concentrates exposure, this review provides a
mechanistic foundation to improve measurement consistency, parame-
terize the fate and transport processes in ecological and hydrodynamic
models, and support management strategies to identify retention hot-
spots, event-driven remobilization periods, and targeted monitoring
within vegetated environments.

2. Literature search and methodology
2.1. State of knowledge and analytical limitations

The scientific study of plastic debris in the environment is not recent,
with key reports dating back to 1972 [32]. However, it wasn't until more
than thirty years later that the term “microplastic” became common in
academic circles [33]. Over the past decade, research has grown rapidly;
recent surveys show an 800% increase in publications from 2016 to
2021 alone [34], and current metadata searches reveal over 11,000
articles on plastic transport and vegetation.

Despite the increase in volume, the field faces significant discrep-
ancies in terminology and methodological rigor [35]. A fundamental
issue is the absence of standardized sampling strategies. Methods for
particle collection, size-class definitions, and extraction-purification
protocols vary widely across the different studies compiled herein.
Additionally, reporting units remain highly inconsistent across envi-
ronmental matrices, ranging from particles per liter (p/L) in aquatic
environments to particles per gram (p/g) in sediments or items per
square meter (items/m2) on strandlines. To handle this complexity and
guide our literature review, Fig. 1 shows various land-based sources and
transport routes that bring plastics to the vegetated sinks examined in
this study.

Historically, the absence of procedural blanks and rigorous calibra-
tion methods was common, particularly in studies published before
2021, raising concerns about the reliability of results at low concen-
trations [36]. Although the International Organization for Standardi-
zation (ISO) has recently established standards to standardize these
procedures, such as ISO/TR 21960 (methodologies) and ISO 24187
(analysis principles) [37,38], most existing publications rarely cite these
non-mandatory guidelines.

In this review, we have adopted a comprehensive approach that in-
corporates data irrespective of the particular units or sampling
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methodologies employed. This strategy enables us to encompass a broad
spectrum of cases and habitats. However, we explicitly recognize that
this decision limits direct representativeness, owing to the inherent
heterogeneity and the absence of standardization across the global
literature.

2.2. Literature search and selection

We conducted a systematic review of peer-reviewed literature on the
retention and trapping of plastic particles, both microplastics and
macroplastics, by aquatic and coastal vegetation. The primary search
was conducted in Scopus using the Advanced Search function, focusing
on titles, abstracts, and keywords. Supplementary searches were con-
ducted in PubMed (titles and abstracts) and the Web of Science Core
Collection during the preliminary scoping, which returned results
similar to those from Scopus. The search spanned publications from
1990 to 16 June 2025, the date of the most recent search.

To better align with the review goal of plastic retention in aquatic
vegetated environments and to minimize unrelated terrestrial, agricul-
tural, and molecular biology studies, we refined the search through an
iterative process (Table SM1).

e Scopus (TITLE-ABS-KEY) scoping query (broad; not used for
screening): TITLE-ABS-KEY('"Plastic') AND  TITLE-ABS-KEY
("vegetation") AND TITLE-ABS-KEY("entrapment” OR "accumula-
tion"), n = 7323

e Scopus (TITLE-ABS-KEY) refinement (not used for screening): TITLE-
ABS-KEY("Plastic’ OR 'microplastic") AND TITLE-ABS-KEY
("vegetation") AND TITLE-ABS-KEY("entrapment” OR '"accumula-
tion"), n = 2385

e Final Scopus query used for PRISMA screening (TITLE-ABS-KEY):
TITLE-ABS-KEY("Plastic" OR "microplastic") AND TITLE-ABS-KEY
("aquatic") AND TITLE-ABS-KEY('"vegetation") AND TITLE-ABS-KEY
("entrapment" OR "accumulation"), n = 1363

PubMed checks using the same concepts in Title/Abstract were
performed during the initial scoping/refinement and for the final query
(see Table SM1).

The records from the final Scopus search were exported and sys-
tematically compiled for screening. Microsoft Excel was used to record
inclusion or exclusion decisions, and Zotero (version 7.0) was used for
final reference management. Duplicate removal was performed in
Zotero using DOI and title matching, with manual verification as
needed.
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Fig. 1. Conceptual framework of microplastic sources, transport pathways, and sinks. This schematic shows plastics' journey from origin to the environment.
Sources include industrial, domestic, and agricultural activities in urban and rural areas. Transport pathways involve wastewater, runoff, and atmospheric deposition.
The diagram shows macroplastics degrading into secondary microplastics (MPs) and redepositing via wind and water. These deliver plastics to vegetation areas, the

primary sinks of this review.
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The screening process occurred in two phases: first, title/abstract
screening, and then full-text review based on specific eligibility criteria.
Studies were included if they investigated plastics (micro- and/or
macroplastics) in aquatic or coastal vegetated habitats like mangroves,
salt marshes, seagrass meadows, or vegetated dunes, with a focus on
vegetation-assisted trapping or retention. Additionally, two other fac-
tors were considered, which are:

1. Reported quantitative abundance or concentration data with speci-
fied matrix and units (e.g., items/kg dry sediment; items/m?; items/
L), or

2. Presented mechanistic evidence of retention related to vegetation
structure or habitat processes, such as canopy baffling, root inter-
ception, strandline or wrack retention, or wind interception.

In contrast, studies were excluded if they:

e Were outside vegetated aquatic or coastal habitats (e.g., terrestrial
agriculture lacking a relevant aquatic context);

e Focused solely on ingestion outcomes without relating to vegetation-
mediated retention;

e Emphasized molecular or biological endpoints (e.g., DNA/genetic
responses, biomarker-only studies) without relevance to habitat-
scale trapping or retention;

e Did not present extractable quantitative data or usable mechanistic
evidence; or reported incompatible matrices or units without
adequate metadata for interpretation (e.g., missing information on
dry vs. wet basis, sampling depth, or size-class definition).
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From the final Scopus search (n =1363), 1128 records were
excluded during title/abstract screening. 235 full texts were assessed for
eligibility; 36 were excluded. 199 studies were included in the final
synthesis. The screening process and reasons for exclusion are summa-
rized in the PRISMA flow diagram (Fig. 2).

The reviewed papers covered multiple ecosystems (unique assign-
ment; n = 199):

Marine (including Seagrass meadows/tidal): 42 articles (21.1%)
Coastal: 24 articles (12.1%) 12.06

Freshwater: 28 articles (14.1%) 14.07

Mixed studies (>2 environments): 76 articles (38.2%)
Terrestrial/other: 20 articles (10.1%)

Unclassified/broad: 9 articles (4.4%)

Each study is counted once; “multi-ecosystem”, defined as mixed,
includes studies spanning more than one ecosystem. Additionally, 36
further studies were reviewed, focusing on MPs generation, degradation,
transport, and emission pathways, to provide a comprehensive overview
of plastic sources relevant to vegetated ecosystems.

2.3. Data extraction and synthesis

From selected studies, data were systematically extracted on:
Ecosystem type and dominant vegetation species

Plastic size classes and polymer types studied

Polymers and shapes,
QA/QC (when reported),

p
Identification
Records indentified from database searching
(scopus, PubMed, WebofScience
n= 1,363
(searches in May and updated in June 2025)
A T
¥
Screening
Records screened (fitle/abstract/keywords)
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iy
N/
Eligibility
Full-text papers assessed
n=235
e
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N
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Main reasons:
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or environment
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Fig. 2. PRISMA flow diagram illustrating the study selection process for this review.
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e Abundance values (as originally reported),

e Mechanistic details of plastic trapping (physical, chemical, and bio-
logical processes)

e Environmental and structural factors influencing trapping efficiency

e Methodologies employed (sampling, analytical techniques, modeling
approaches)

Data were qualitatively synthesized thematically to describe mech-
anistic processes across habitats, highlighting comparative trends and
knowledge gaps. Quantitative data on plastic concentrations and trap-
ping efficiencies were organized and analyzed where applicable.

2.4. Scope and limitations

This review mainly focuses on how vegetation physically traps
plastics by examining the interactions between plastic properties and
plant structures across different habitats. In particular, it highlights
physical trapping and retention mechanisms resulting from interactions
among vegetation structure, hydrodynamics, and plastic traits. It does
not provide detailed discussions of downstream ecological effects, such
as influences on plant physiology, soil and microbial communities,
biogeochemical cycles, or ecosystem services. These broader ecological
and ecosystem-service implications will be addressed in a forthcoming
publication.

A key challenge in synthesizing this literature is the persistent lack of
methodological consistency. Despite standards for plastic analysis and
reporting, articles rarely mention them, and sampling strategies and
methods vary widely [36]. This inconsistency, combined with different
units in matrices and the absence of analytical blanks in previous
studies, undermines data comparability and raises concerns regarding
the reliability of the results, particularly at low concentrations.

Because the reviewed studies measure plastic abundance in different
environmental matrices and report units (like items per kg of dry sedi-
ment, items per liter of water, or items per square meter of surface), this
review does not directly compare quantities across these matrices.
Instead, it provides matrix-specific summaries along with key method-
ological metadata to avoid any misleading comparisons. By recognizing
these limitations, the authors support the need for more standardized
methods and definitions to make future research more rigorous and
comparable.

Having established a thorough, systematic approach to literature
selection, the subsequent sections delve into the mechanisms by which
vegetation traps plastics. We begin by examining the physicochemical
properties of plastics that influence their behavior in vegetated envi-
ronments, followed by an analysis of habitat-specific trapping mecha-
nisms. Additionally, insights into environmental and structural factors
that affect trapping efficiency are presented, providing a basis for
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understanding plastic accumulation across various ecosystems.

2.5. Terminology

This review uses standardized terminology to distinguish external
surface binding from internal uptake and to avoid confusion between
eco-corona formation and microbial biofilms. The definitions are sum-
marized in Table 1.

3. Types of plastics and physicochemical properties

Macroplastic pollution, defined as plastic debris larger than 5 mm,
has become a widespread threat to freshwater, marine, and terrestrial
ecosystems worldwide. These large plastic items are common across
rivers, lakes, and coastal regions, with rivers acting as primary transport
pathways and accumulation zones that carry plastics from land into the
oceans. Key factors driving macroplastic accumulation include urbani-
zation, population density, and inadequate waste management, espe-
cially in urban areas and along riverbanks. Typical macroplastic debris
includes bags, bottles, food wrappers, and packaging materials, mainly
originating from households and consumer sources [39-41].

Importantly, the fragmentation of macroplastics serves as a primary
source of MPs, plastic particles smaller than 5 mm that interact closely
with vegetation surfaces and sediments. Understanding this size con-
tinuum is essential to comprehensively assess the impacts of plastic
pollution, which we explore next with a detailed focus on MPs.

3.1. Origin of microplastics

Microplastics (MPs) originate from numerous sources, primarily
driven by the widespread use of plastics in everyday human activities
and industry. They are classified into two types: primary MPs and sec-
ondary MPs. Primary MPs are released into the environment as micro- or
nanoparticulate matter, whereas secondary MPs originate from the
fragmentation of larger plastic pieces or other microplastic fragments
[42]. The main sources of primary MPs include tire dust, artificial turf,
synthetic fibers, and coatings [43,44]. In addition, exfoliants in personal
care products and scrubs [45], oil drilling fluids, abrasive agents [46],
glitters [47], and improperly handled plastic raw materials [15].

The formation of secondary MPs occurs when already deposited
plastics are affected by chemical, physical, biological, or combined
processes [48]. Main types of plastic degradation reactions include
photodegradation, oxidation, thermal degradation, hydrolysis [49],
enzymatic degradation, bacteria-driven degradation [50], or even direct
ingestion by animals or insects [51], as well as abrasive forces and
physical wear [52]. The degradation and aging of already deposited MPs
can significantly change their properties. Aged MPs are usually smaller,

Table 1
Standardized terminology used in this review.
Term Definition Typical relevance Notes
Adsorption / Particles bind externally to surfaces such as leaf cuticles, root Macro/MP/NP; leaf/canopy, root/ For adhesion or retention on surfaces;
attachment epidermis, sediment organic matter, or EPS/biofilm matrices without rhizosphere, sediment/soil avoid using 'absorption' for this
penetrating the plant tissues. purpose.
Absorption / Entry of particles into plant tissues or cells (apoplast and symplast) and ~ Mostly, NP (and the smallest MPs) are Only when internalization is confirmed,
uptake their potential translocation. observed under controlled conditions, such as through imaging or tracer
focusing on roots and leaves. evidence.

EPS Extracellular polymeric substances: sticky polymeric matrix secreted MP/NP; plant surfaces and plastic surfaces ~ EPS is a matrix, and a biofilm is a
mainly by microbes that promotes adhesion and aggregation. microbial community embedded in EPS.

Biofilm Structured microbial community embedded in EPS attached to a MP/NP; leaf/canopy, roots, sediment Biofilm can form on plants and on
surface (plant or plastic). interface plastics; do not equate biofilm with eco-

corona.

Eco-corona Environmentally acquired molecular coating (e.g., natural organic Mostly NP/MP; water and sediment Eco-corona # biofilm; eco-corona is a
matter) that modifies particle surface properties (charge, interfaces molecular coating, and biofilm is a
hydrophobicity) and can precede/enhance biofilm formation. living community.

Plastisphere Plastic-associated biofilm community colonizing plastic surfaces. MP/NP; plastic surfaces in any Plastisphere refers to the community on

environment plastics (a specific biofilm type).
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have an irregular shape, and increased roughness compared to pristine
MPs. This results in higher reactivity, such as improved adsorption of
heavy metals [53], organic pollutants, or potentially greater bacterial
uptake [54].

Primary MPs are mainly released through everyday human activities
and industrial processes. In contrast, secondary MPs are reemitted from
environmental matrices and redeposited. Both types of MPs mainly enter
the environment via pathways closely linked to urbanization, popula-
tion density, and local industry. Municipal and industrial wastewaters
are key sources of MPs, as large amounts are directed to wastewater
treatment plants through activities such as washing, urban runoff, and
manufacturing [55]. In wastewater treatment plants, MPs are effectively
captured in the activated sludge; however, their removal during treat-
ment is incomplete, leading to their release into the environment with
the treated effluent. This poses a significant challenge to aquatic envi-
ronments due to the large volume of treated wastewater discharged [5].
Furthermore, the presence of MPs in sewage sludge limits its use on
agricultural land because this practice can directly transfer MPs to plants
and crops [56]. Landfill leachates are also a significant source of MPs.
Rainwater can mobilize primary MPs, such as those from residual per-
sonal care products. At the same time, landfills can release significant
amounts of secondary MPs as plastic waste accumulates and undergoes
weathering and degradation [57]. Another important source of MPs is
surface and urban runoff. This media is known to contain various types
of MPs; however, the dominant types are tire-wear-related and
road-marking-related particles. Due to high friction between road sur-
faces and tires, polymer abrasion occurs, and subsequent rainfall results
in runoff enriched with MPs [58].

A wide variety of MPs sources and their high transfer potential
contribute to the global dissemination across almost all Earth biomes
and environments. MPs have been detected throughout surface waters
[59,60], coastal zones [61], marine waters [62], and soils [63]. MPs are
even present in remote areas, such as the Tibetan Plateau, indicating
substantial potential for their long-range atmospheric and environ-
mental transport [49].

3.2. Physicochemical properties of MPs

While the environmental context of polluted habitats affects the fate
and behavior of MPs, interactions within specific environmental
matrices are influenced by MPs' physicochemical properties.

The physicochemical characteristics of plastics, such as size, shape,
density, buoyancy, and surface chemistry, are crucial in shaping their
environmental fate and interactions with vegetated ecosystems. Poly-
mer composition mainly determines properties like density and buoy-
ancy, which in turn affect sedimentation, transport pathways, and
accumulation patterns [63,64]. Main polymer types of MPs include
polyethylene (PE), polypropylene (PP), polyethylene terephthalate
(PET), polystyrene (PS), polyester (PES), polyvinyl chloride (PVC), and
polyurethane (PUR). For example, PP and PE have specific gravities of
approximately 0.83-0.85 and 0.91-0.94 g/cm?®, respectively, allowing
them to float on water surfaces. Conversely, PET and PS have higher
specific gravities than water and tend to sink [65]. Table 2 summarizes
the density, buoyancy, and typical environmental behavior of these
common plastic polymers. Additionally, the chemical composition in-
fluences surface properties, such as roughness and charge, which, in
turn, affect interactions with sediment or soil minerals [66], organic
matter [67], or plant roots [68]. Researchers classify MPs into various
shapes, including particles, pellets, microbeads, fibers, films, nets,
spheres, foams, flakes, or irregular fragments [64]. The shape of primary
MPs derives from their source materials, while secondary MPs are sha-
ped by degradation and weathering processes. For instance, MPs from
cosmetic products are typically spherical, while fibers mainly come from
clothing-related sources. Irregular fragments are common among sec-
ondary MPs exposed to environmental conditions [69]. The size of MPs
varies widely, from macro-sized particles up to 5 mm to nanoplastics
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Table 2

Influence of physicochemical properties on vegetation trapping efficiency. The
weathering and biodegradation of MPs particles typically reduce their size and
alter their shape, affecting their mobility and reactivity in the environment [61,
64]. For instance, the degradation of MPs often leads to oxidation of their sur-
faces, increasing the presence of oxygen-containing functional groups such as
carbonyl, carboxyl, or hydroxyl [74]. Additionally, during degradation, MPs can
release additives used in their production, potentially emitting toxic chemicals
such as flame retardants, plasticizers, and stabilizers [75]. This also includes the
release of specific oligomers during MPs degradation, which could have harmful
effects on plants and microbiota.

Plastic Description - Effect on Typical trapping
characteristic Key trapping mechanisms and
classifications &  mechanism ecosystems
metrics
Density Low: PE, PP Buoyancy: Low- Floating: Trapped by
(0.83-0.94 g/ density polymers surface vegetation (e.
cm®) float and g., riparian mats).
High: PET, PVC transport easily; Sinking: Burial in
(1.16-1.56 g/ high-density sediments
cm®) polymers settle (mangroves, salt
rapidly. marshes).
Water-surface
canopies, sediments
Size Macro (>5 mm), Mobility: Larger Smaller particles
micro (<5 mm), items are adhere to biofilms
nano (<1 pm) governed by and electrostatic
inertia/drag; attraction (leaves/
colloidal forces root hairs).
influence smaller larger ones physically
particles. trapped,
entanglement (roots/
branches)
Mangroves, seagrass,
riparian, dunes
Shape Fibers, fragments,  Settling Velocity: Fibers entangle
beads, films Spheres settle easily; fragments
fastest; fibers settle differently
have high drag based on shape
and stay All habitats
suspended longer.
Surface Pristine: Smooth Biofouling: Adhesion: Rough
Roughness Weathered Weathering surfaces support the
plastics have increases surface formation of "eco-
higher adhesion area (30-50%) corona" (biofilm),
due to biofilm and enhancing stickiness
formation hydrophilicity. to plant surfaces.
Mangrove roots,
seagrass leaves
Aging UV Degradation Reactivity: Interaction: Aged
Oxidation Increases oxygen- plastics interact more
containing strongly with mineral
functional groups sediments and plant
(C=0, C-OH). roots via

heteroaggregation.

smaller than 1 pm [70,71].

The shape and size of MPs strongly influence their reactivity and
behavior in environmental matrices. Some studies suggest that spherical
MPs settle faster in water than other types [72], potentially improving
their confinement in sediments. Conversely, fibrous MPs show lower
settling velocities and can be transported over greater distances by air
[73]. The effect of shape on MPs' bioavailability remains unclear, as
different species efficiently ingest various types of MPs, including
microbeads, fibers, and irregular fragments [69]. Regarding size, larger
MPs generally settle faster in the water column than smaller particles,
affecting the transport and accumulation of MPs in environmental
matrices. Additionally, smaller MPs have a higher surface
area-to-volume ratio than larger particles, resulting in increased reac-
tivity [67]. This is evidenced by smaller MP fractions adsorbing more
effectively on mineral surfaces or adhering to natural organic matter
than larger ones. Table 2 summarizes how these key characteristics
affect trapping mechanisms.
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Building on this understanding, the following section examines how
these properties affect the physical trapping and retention of plastics
across habitats by different vegetation types.

4. Vegetation trapping mechanisms

Coastal and riverbank plant communities play a crucial, though
passive, role in the plastic pollution cycle by acting as natural filters for
human-made debris (Fig. 3). This section examines the primary mech-
anisms by which various vegetated ecosystems capture plastics, high-
lighting how the structural complexity of these plants creates conditions
that slow water and wind flow, allowing plastics to settle and remain in
place instead of being carried further into marine or terrestrial
environments.

4.1. Habitat-specific trapping

A review of existing research shows that coastal habitats with
vegetation tend to accumulate more plastic debris than nearby areas
without vegetation (Table 3, SM2). Methodological heterogeneity
(sampling depths, polymer ID, QA/QC) is addressed through Table 3
Quality Tiers (1-5) and SM2 Y/N standardization flags. Ecosystems
with high complexity, such as mangroves and salt marshes, exhibit the
most significant retention, with sediment MP levels ~2.05-2.82 times
higher than in nearby unvegetated areas [76,77]. This phenomenon
results from the presence of roots, pneumatophores, and dense canopies,
which slow water flow and promote sedimentation, thereby creating
low-energy environments in which plastics accumulate (Table 3a), while
water column concentrations remain consistently low (0.1-3.2 items/L)
across vegetated zones, reflecting effective flow attenuation (Table 3c).

a) Salt marsh/mangrove

Reduced flow velocity

Physical root entrapment
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While seagrass meadows trap fewer plastics, they actively remove
them via Posidonia seagrass balls [78]. Field evidence also shows sea-
grass canopies act as local sinks: in an Orkney Zostera marina bed,
microplastic loads were higher (2.7 x higher) in sediments than in
nearby bare sand, and microplastics adhered to blades, with fibres
making up over 50% of particles [79]. This has been observed directly
for Z. marina, where microplastics occurred on every blade sample
examined (mean ~4.25 items per blade) [79].

Saltmarsh strandlines show extreme accumulation (20,060 + items/
m?) (Table 3b). Riparian and dune systems serve as intermittent sinks,
especially during floods or wind surges [80,81]. All these ecosystems
shift from acting as filters to becoming hotspots, where trapped plastics
become persistent pollution that affects microbes, enzymes, and the
carbon cycle [82-84].

Beyond physical presence, trapped plastics act as chemical sources,
with macro- and microplastics leaching additives. Seed impacts are
mainly due to leachates, which can reduce germination, such as PBAT
mulch leachates inhibiting Arabidopsis, and many leached compounds
are unregulated [85]. These insights reveal the dual role of vegetation as
both a mitigator and a victim of plastic pollution, emphasizing the
importance of integrated management and standardized monitoring
across coastal and terrestrial interfaces.

4.1.1. Mangrove and salt marsh ecosystems: complex traps at the land-sea
interface

Mangrove forests and salt marshes are often regarded as highly
effective in trapping plastic debris due to their unique location at the
land-sea interface and their intricate physical structures [77,113,114].
The dense network of aerial roots in mangroves, such as the stilt and
prop roots of Rhizophora species, the finger-like pneumatophores of

b) Coastal dune

Aeolian

—=—p Transport

[==———

c) Seagrass meadow

Canopy baffling effect P —

<2 <. Enhanced
-+ sedimentation

High-flow
interception

Flood debris
trapping

Fig. 3. Primary Physical Trapping Mechanisms of Plastic Debris in Different Vegetated Ecosystems. (a) Salt marsh and mangrove ecosystems trap debris
through diminished flow velocity and the physical entanglement of roots. (b) Coastal dunes trap marine and aeolian (wind-transported) debris. (c) Seagrass meadows
facilitate the entrapment of suspended particles via their canopy baffling effect, thereby promoting sedimentation. (d) Riparian zones intercept floating debris during

periods of high flow or flooding.
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Table 3

Data on cross-habitat plastic accumulation in vegetated ecosystems, categorized by matrix and unit. (a) Sediment microplastics are reported as items/kg of dry
sediment, with the dry basis specified or marked as NR if not provided. (b) Litter from surface, strandline, canopy, or dune surface is reported as items/m?2. (c) Water-
column microplastics are reported as items/L. Comparisons are made only within the same matrix and unit; no normalization across different matrices was performed,
due to inconsistent reporting of essential metadata like sampling depth, bulk density, moisture or porosity, grain size, and size-class cutoffs across studies. NR indicates
that metadata are not reported.

a) Sediment microplastics (items/kg dry sediment)

Ecosystem Main vegetation Sediment MPs Main Main shape Key trapping mechanism QT Ref.
(items/kg) polymer
Mangrove Avicennia, Rhizophora, ~350-5738 (Zhang Mainly PE, Mainly fragments & fibers Pneumatophore interception; tidal 45  [71,
forests Bruguiera 2024: 350; Zhou: PP, PS, PES (but also foams, films and attenuation and deposition; enrichment 86-91]
5738; generally pellets) toward higher tidal zones; accumulation
1000-5000 linked to human activities; MPs undergo
weathering and support carbon- and
sulfur-cycling microbial colonization.
Salt Juncus maritimus, ~279-3313 (up to HDPE, PE, Fibers > fragments Canopy baffling (“vegetative roughness™) 4-5 [71,
marshes Spartina spp., 9600 surface) PP, PS, minor > films/ traps particles and limits resuspension, 92-96]
Phragmites australis, PET, PVC, PU particlesmesoplastics tidal deposition and strandline wrack
other local saltmarsh enhance accumulation; inputs from urban
plants runoff, aquaculture, and industry;
biofouling alters retention and sinking
behavior.
Seagrass Posidonia, Zostera, 0-1890 (vs 120 bare; PE, PP, PA, Fibers (most abundant), Canopy reduces near-bed velocity; 3-5 [16,78,
meadows Cymodocea, Halophila, up to 1630) PS, minor fragments, films, epiphytes increase roughness and 97-100]
Enhalus acoroides, others occasional foam adhesion
mixed seagrass MPs are trapped in sediments and among
meadows shoots, with retention influenced by
meadow structure (plant density,
arrangement, canopy height) and
increasing with seagrass cover; macro-
litter similarly rises with greater
vegetation complexity.
b) Surface / strandline / dune-surface litter (items/m?)
Ecosystem Main vegetation Surface/strandline Main polymer  Main shape Key trapping mechanism QT Ref.
density (items/m?)
Mangrove forests Avicennia, 0.98 + 0.05-2.96 Plastics ~ 80% Bags most common Canopy + floor retention (interception/ 3-4 [101,102]
(surface litter) Rhizophora, =+ 0.25 (mean 1.4 of ground litter  item entanglement by vegetation structure)
Bruguiera +0.61;n=9)
Salt marshes Spartina, Up to 20,060 HDPE, PE, PET  Films & Canopy baffling concentrates debris at 4-5  [92-94,
(strandline) Sarcocornia, mesoplastics the high-tide strandline 96]
Juncus
Seagrass meadows Posidonia, Zostera, ~0.06 PA (nylon), PE Filaments & Canopy reduces near-bed velocity; 34 [16,79,97]
(surface density) ~ Cymodocea fragments epiphytes increase roughness and
adhesion; blade-surface retention
Coastal dunes Ammophila, 0.01-0.04 (active dune)  PS, PE (incl. Large fragments Wind interception + vegetation 2-4  [103-108]
(surface litter) Carpobrotus, EPS/foam) (macro-litter windbreak (invasive plants can increase
Salsola >2.5 cm) trapping)
¢) Water column microplastics (items/L)
Ecosystem Main vegetation =~ Water column MPs Main Main shape Key trapping mechanism (context) QT Ref.
(items/L) polymer
Mangrove Avicennia, ~1.13 PE, PP, PES Fibers dominant (e.g., Flow attenuation + interception promotes 4.- [109,
forests Rhizophora, (0.8-2.5 range) 67-80%) retention within vegetated zones (reduced 5 110]
Bruguiera export)
Wetland Wetland 86-252 items/L PE, PVC Filaments dominant (~78%);  Flood/runoff inputs + low-energy/vegetation- 4 [111,
vegetation (mean 86 + 43.75; (also PET, threads (~20%); pellets influenced retention; fine/OM-rich wetland 112]
144.25 + 59.62 PP) (~2%) setting promotes deposition and persistence
Saltmarshes Spartina spp., 0.5-15 (canopy PP, PE, PS Fibers>fragments Canopy baffling reduces export; tidal trapping 4-5 [21]
Phragmites zone)
australis
Seagrass Zostera, 0.1-3.2 (meadow PA, PE, PP Fibers dominant Canopy slows flow; epiphyte adhesion retains 3-4 [29]
meadows Posidonia, interior) MPs
Cymodocea

Note Quality Tier (QT, 1-5 scale): 5 = FTIR/Raman polymer ID with blanks and complete metadata (depth, size cutoffs); 4 = explicit QA/QC with high transparency;
3 = partial methods reported; 1-2 = limited data or review-only.

Avicennia and Sonneratia species, serves as a strong physical barrier [77,
115-117]. This structure (Fig. 4) significantly reduces wave and tidal
energy, thereby generating low-energy zones that facilitate the settling
of suspended particles, including plastics [77,118]. This accumulation is
especially notable at the microscale, as studies indicate the highest
concentration of MPs occurs in the immediate root hair zone (0-2 cm
from the root), with smaller particles tending to migrate towards the

root system [119].

Furthermore, the effectiveness of mangroves and salt marshes as
plastic sinks varies across different areas, forming a heterogeneous
mosaic influenced by external human activities and internal hydrody-
namic processes. The amount and type of plastic entering these eco-
systems are closely linked to their proximity to human settlements.
Mangrove forests, especially in Avicennia marina along the Saudi Red
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Fig. 4. Vertical stratification of microplastic accumulation in the mangrove rhizosphere. The network of pneumatophores and prop roots helps sediment
accumulation and traps plastic debris. The diagram shows a decreasing plastic concentration with depth, with the surface layer (0-2 cm) acting as a high-
accumulation zone due to biofilm and physical interception. Deeper layers (2-30 cm) have lower concentrations, indicating limited vertical movement of plastic.
This surface accumulation forms a hotspot, increasing exposure risks for benthic fauna and plant roots.

Sea and Arabian Gulf, act as macroplastic sinks with litter densities of
~0.7-1.2 items/m?, over 92% plastics. Denser stands trap more debris,
with item types accumulating in specific areas, and mangroves retain
more large/heavy items than nearby beaches [120]. For example,
studies have observed significantly higher litter densities in mangroves
near residential areas than in uninhabited areas [102]. A transect survey
found surface litter levels between 0.98 + 0.05 and 2.96 + 0.25
items/m? (average 1.4 + 0.61 items/m?), with plastics making up about
80% of the ground litter and single-use plastic bags being the most
frequently encountered item (Table 3) [101]. Therefore, plastic levels in
vegetated areas are strongly linked to population density and urban
development [121]. Pollution sources, such as nearby mariculture, in-
dustry, or urban runoff, also influence the types of plastics found,
creating localized hotspots of specific polymers, including foams or fi-
bers [122]. Internally, tidal fluctuations significantly affect the distri-
bution of plastics entering these systems. Research indicates that
microplastic abundance tends to increase from low to high tidal zones,
with the high-tide strandline serving as a primary accumulation zone
where debris settles and remains [92,123]. Consequently, understand-
ing the role of a mangrove or salt marsh as a plastic sink requires
consideration of its physical structure, landscape context, and the dy-
namic effects of tides.

This trapping mechanism is notably higher in mangrove sediments
than in nearby unvegetated areas, with plastic concentrations notably
higher in mangrove sediments. For example, studies indicate that
mangrove sediments can contain 1.6-2.9 times more MPs than non-
vegetated sediments [87,100]. In some Brazilian mangroves, litter
densities averaged 22.8 items/m? making them among the most
polluted globally [102]. The density of the vegetation itself significantly
affects trapping efficiency; dense mangrove pneumatophores enhance
microplastic accumulation in sediments and increase surface adhesio-
n/attachment through direct contact [90,117]. The trapped MPs are
mainly composed of fibers, fragments, and pellets of PE, PP, and PS. In
certain areas, concentrations of tiny particles (<300 um) have reached
as high as 3840 particles per kilogram [86,88].

Likewise, salt marshes, particularly those dominated by species like
Spartina anglica and Suaeda salsa, enhance sediment accumulation and
create vegetative roughness that prevents the transport and resus-
pension of MPs [76,92,95,114]. This process is part of a broader

phenomenon known as 'bio-geomorphic feedback,' in which vegetation
affects sediment transport, thereby increasing particle retention,
including plastics [124]. Sediment properties also influence accumula-
tion; higher levels of MPs often associate with greater silt content and
particulate organic carbon (POC) [87,122].

In addition to plant structure, the vertical burial of plastics is
significantly influenced by bioturbation by fauna, such as crabs, which
actively disturb and rework the sediment [76]. Consequently, both
mangroves and salt marshes serve as essential long-term reservoirs for
plastic pollution in coastal regions, as reported by [125]. Similarly,
mangrove sediment cores from the Mae Klong River mouth (Thailand)
contained MPs throughout the profile (to 142 cm), dominated by fibres
[126]. This long-term sink function is consistent with evidence from
Mediterranean coastal wetlands, where decades-scale litter accumula-
tion, dominated by plastics, was observed under drought/water stress
[127].

4.1.2. Seagrass meadows: subtidal canopies as particle sinks

In subtidal coastal zones, seagrass meadows are increasingly seen as
necessary for trapping marine plastics [78,128]. However, compared
with other coastal wetlands, they appear to be less dominant sinks; a
comprehensive meta-analysis found that plastic concentrations in sea-
grass meadows are generally lower than those in mangrove forests and
tidal marshes [71]. The thick canopies formed by species like Zostera
marina and Posidonia oceanica act as barriers, altering local water flow
by reducing currents and wave energy [16,129]. Field surveys in four
South African estuaries show dense Zostera capensis meadows usually
harbor more MPs than patchy meadows or unvegetated sediments,
supporting the idea that seagrasses act as local particle sinks [130]. This
"canopy baffling" effect can reduce flow velocity by 40-60%, thereby
facilitating the settling of suspended particles, including MPs, to the
bottom and their accumulation in the sediment beneath [100,131].

The scale of this contamination can be significant, with reported
microplastic abundances in seagrass sediments ranging from 0 to 1817
particles per kilogram of dry sediment [31]. As a result, research shows
that seagrass sediments often contain significantly higher concentra-
tions of MPs, ranging from 2.1 to 2.9 times those in nearby areas without
vegetation [100].

Microplastic composition in these systems is distinct. Numerous
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studies consistently show that MPs in seagrass meadows, both in sedi-
ment and on leaves, are mostly fibers. One study found that fibers
accounted for 91.8% of all MPs identified, with textile fibers (60%) and
synthetic lines (20%) as the primary sources [29,129].

The effectiveness of this trapping mechanism varies with the
meadow's structural characteristics. Hydraulic flume simulations have
demonstrated that trapping efficiency depends on factors such as plant
density, height, and spatial arrangement. [16]. Notably, meadows with
lower planting density and random spatial distribution were generally
more effective at capturing MPs than denser, grid-patterned meadows.
This is probably because their irregular flow patterns promote greater
particle deposition [16]. However, in situ evidence shows higher sedi-
ment MP abundances in dense seagrass areas than in patchy or bare
ones, with one estuary showing higher MPs in unvegetated areas,
highlighting local hydrodynamics and source proximity [130].

Beyond sediment accumulation, seagrasses also trap plastics through
two additional mechanisms. First, microplastic fibers and fragments can
adhere directly to the surface of seagrass blades, thereby increasing the
plastic reservoir within the canopy [29,129]. Second, the Mediterranean
seagrass Posidonia oceanica offers a unique natural process for
removing plastics. When the seagrass sheds its leaves, the natural fibers
intertwine with plastic debris under wave action, forming dense ag-
gregates called "seaballs" or aegagropilae [78]. These buoyant seaballs
(Fig. 5) can trap up to 200 plastic items per ball and are eventually
washed ashore, effectively removing plastics from the marine environ-
ment and functioning as a novel ecosystem service [78]. However, the
role of seagrass as an enhanced sink is not consistent across contexts;
some studies report no significant difference in microplastic levels be-
tween seagrass and bare sediments, suggesting that local water move-
ment and proximity to plastic sources often have a greater impact on
accumulation than vegetation presence [129].

4.1.3. Coastal dunes and backshore vegetation: barriers to aeolian and
marine transport

Landward of the coast, psammophilous vegetation on dunes and
backshores acts as a crucial natural barrier, capturing large amounts of
litter carried by wind and waves [107,108]. The beach’s strandline is
often the main area for this debris, which frequently consists of buoyant,
lightweight materials like foam fragments and cigarette butts that are
easily blown or washed inland toward the dunes [132]. As the litter
moves inland, plant communities block its path, trapping and accumu-
lating it [133,134]. The strong negative relationship between vegetation
cover and litter levels suggests that denser plant growth effectively slows
or stops the inland movement of debris.
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Fig. 5. Unique removal of MPs process in Posidonia oceanica seagrass
meadows. Detrital leaves and fibers roll across the seafloor, collecting plastic
fibers and fragments. This creates buoyant "seaballs" that are transported by
currents and eventually wash ashore.
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This creates a clear trapping hierarchy: high-efficiency species such
as dense stands of invasive Carpobrotus spp. and native dune builders like
Ammophila can capture > 80% of incoming litter; medium-efficiency
species (50-80%), including Cakile maritima and the low, thorny Sal-
sola kali, retain substantial amounts due to their extensive root systems
or compact canopies; whereas low-efficiency pioneer plants capture
< 50% of debris [104,108,135,136]. Other species, such as Phragmites
australis, Spartina versicolor, and Anthemis maritima, interact directly
with trapped expanded polystyrene (EPS) [106]. Furthermore, studies
indicate a specific pattern of debris accumulation, with most debris
accumulating at the seaward edge of vegetation patches rather than at
their centers. This phenomenon is referred to as the 'Plant-edge litter
effect' [136].

While much of the focus has been on visible macro-litter, studies
have also measured microplastic pollution in dune sediments, revealing
concentrations comparable to those on adjacent beaches, ranging from
450 to 1150 particles per kilogram [80]. The distribution of these MPs
appears to be associated with sediment characteristics, with a positive
correlation with the percentage of very fine sand. Compositionally, these
dune MPs are often primarily composed of semi-synthetic fibers (40%),
such as rayon, followed by PE (~30%) and PP (~20%). This dominance
of fibers indicates a significant input from atmospheric deposition in
addition to sea spray [80]. Vertically, these plastics are most concen-
trated in the top 0-5 cm of sediment, decreasing rapidly with depth.

While foredunes serve as the first line of defense, the backshore and
back-dune areas are increasingly recognized as major long-term sinks for
marine debris [105,137,138,139]. Lighter materials, especially EPS, are
vulnerable to wind transport and tend to accumulate heavily in back
dune reedbeds [106,140]. Furthermore, it is worth noting that human
activities can unintentionally exacerbate this accumulation; for
instance, daily beach cleaning can dislodge debris into back-beach
vegetation, where it becomes trapped and often escapes subsequent
cleanup efforts [141]. This underscores that typical beach clean-ups may
overlook a significant reservoir of plastic pollution, highlighting the
need for targeted efforts in these sensitive, vegetated areas [108].

4.1.4. Riparian and freshwater vegetation: halting and transporting fluvial
plastic

In freshwater environments, vegetation plays a vital and complex
role in determining the fate of plastics as they are transported from land
sources toward the ocean [142]. Riparian plants along riverbanks serve
as key retention points for macroplastics within the river system [30].
Riparian forest species can intercept up to 93.9% of riverine macrolitter,
with trees, shrubs, and reeds accounting for approximately 85% of the
total litter [30]. During periods of high discharge and flooding, when
plastic transport increases, trees, shrubs, and reeds along the banks act
as natural filters, physically capturing floating debris displaced from the
main channel [81,143]. Structures with high structural complexity, such
as overhanging trees, dense vegetation, and large wood jams, are
particularly effective at creating "hotspots" where macroplastics accu-
mulate, thereby significantly reducing pollutant flow downstream [144,
145]. At the wetland habitat level, MP distributions can be distinctly
divided by flow or deposition zones: [146] observed microfibers were
mainly found in mudflats without vegetation, whereas microfragments
were more common along vegetated channel edges. For hydrodynamic

Within the water column, both submerged and floating macrophytes
affect plastic transport. Submerged plants, such as Hydrilla verticillata,
can directly trap MPs on their intricate leaf surfaces through physical
adhesion [147], and MP abundance can be higher in sediments imme-
diately surrounding submerged vegetation than in nearby unvegetated
sediments [148]. In wetlands and low-flow areas, dense vegetation such
as common reeds (Phragmites australis) effectively filters MPs from
wastewater and urban runoff, leading to their settling and accumulation
in sediments. Consistent with this filtering role, microplastics in a tidal
freshwater urban wetland were significantly lower in dense vegetation
compared to mudflats, channel edges, and drift lines within the tidal
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wetland. The abundance of microfibers was negatively associated with
vegetation cover and stem density, indicating that vegetation intercepts
MPs before they reach the marsh interior [146]. Studies have found that
microplastic levels in reed beds are approximately 20-30% higher than
in adjacent open water, indicating the efficient trapping of MPs from
flooding waters [112,149,150]. Some freshwater plants are so efficient
at retaining MPs that they are being studied as natural biomonitors. For
instance, aquatic mosses such as Fontinalis antipyretica have been shown
to capture microplastic fibers and films, enabling analysis to assess river
pollution over time and have been used specifically to map microplastic
pollution in European rivers [151].

Floating aquatic vegetation, particularly invasive species such as
water hyacinths (Eichhornia crassipes), plays a complex dual role. These
plants form dense, wide mats that are highly effective at collecting and
trapping large amounts of floating macroplastics (Fig. 6) [152]. In this
way, they serve as a significant temporary sink. However, this creates a
floating vegetation paradox: while they act as temporary sinks, these
plastic-loaded mats are not fixed; they are transported by river currents,
effectively becoming large-scale carriers. Research indicates that
floating mats can transport up to 78% of river plastics downstream,
releasing them in new areas when they strand or fragment [153].

Environmental dynamics and timescales underscore the designation
of a temporary sink. For riparian habitats, flood pulses and seasonal
high-discharge events are crucial, as they can resuspend plastics previ-
ously trapped in vegetation or floodplains and redeposit them down-
stream or into new sinks [76,144]. The ability of riparian vegetation to
act as a sink depends heavily on timing and hydrological flow rates.
During base-flow conditions (0.1-0.3 m/s), vegetation serves as an
efficient trap, capturing a large fraction of macroplastics over months
[30]. In moderate floods (0.5-1.2 m/s), retention remains high at
60-90%, though some plastics are remobilized (10-20%) as flow energy
increases [153]. During extreme events (>3 m/s), the sink function
collapses: retention falls below 10%, and most of the stored plastics are
remobilized (80-95%) [144,153]. Consequently, evaluating the
long-term success of micro- and nanoplastics removal in river systems
requires considering these time-dependent processes of entrapment and
release. This reveals a dynamic in which vegetation can both reduce and
increase the transport of plastic pollution through river systems. This
sink-to-source switching implies a management need: accumulated edge
macrolitter and plastic-laden floating mats should be treated as
pre-event priority targets for removal/containment when flood-stage
warnings are issued (see Section 5.3).
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Fig. 6. The dual role of floating vegetation. Dense mats of floating vegeta-
tion, like water hyacinth, are highly effective at trapping floating macroplastics.
However, these mats are not stationary and can be transported downstream by
currents, serving as vectors for the transport of physical pollution.
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4.2. Surface adhesion as a trapping mechanism

This section uses terminology from Section 2.4 (Table 1), dis-
tinguishing between adsorption/attachment and absorption/uptake,
and clarifying terms like EPS, biofilm, eco-corona, and plastisphere.

While the habitat-specific examples in Section 4.1 highlight large-
scale physical interception, retention also relies on micro-scale pro-
cesses. In addition to entanglement, the surface characteristics of plas-
tics and plants play a key role in trapping, particularly for smaller
particles. This section analyzes these important surface adhesion
mechanisms.

Beyond large-scale physical filtration, microplastic retention is
largely influenced by surface adhesion mechanisms, especially for
smaller particles that may not be physically blocked but can instead
adhere to plant surfaces [147]. For MPs, this interaction primarily in-
volves adsorption (external attachment) rather than absorption (internal
uptake), as observed in the roots of submerged macrophytes such as
Egeria densa, where particles attach to the root surface without pene-
trating the tissue [154] and in free-floating duckweed (Lemna minuta),
where SEM observations showed MPs adsorbed on frond and root sur-
faces [155]. However, research on smaller plastic particles, or nano-
plastics, reveals a more complex process, showing that particles smaller
than 1 um can potentially pass through root pores and leaf stomata,
leading to accumulation in plant tissues [156].

A key factor driving this adhesion is the formation of biofilms
(Fig. 7). Both plastic particles and plant surfaces become colonized by
microbial communities that secrete extracellular polymeric substances
(EPS), which act like a "glue" [157-160]. The composition of these films
varies among habitats; for example, aquatic wetland mosses and sea-
grasses release sticky mucilage that binds plastics in water, while the
waxy cuticles of terrestrial leaves (such as those in riparian forest can-
opies) are efficient at trapping airborne microfibers [161]. The signifi-
cance of this binding agent is supported by direct quantitative evidence;
for example, a study on macroalgae reported a strong positive correla-
tion between EPS content and microplastic contamination, with
approximately 15 microplastic particles per milligram of EPS [162].

The resulting organic coating, known as the "eco-corona," modifies
the surface properties of plastic [163]. Environmental weathering of the
plastic can accelerate this process by degrading its surface, promoting
the formation of the microbial layer, and increasing its ability to adhere
to plant surfaces [164]. The surface texture of plants is also crucial. For
example, mangrove leaves efficiently trap atmospheric MPs through
micro-features such as waxy cuticles, glandular hairs, and salt crystals,
which enhance surface roughness and create more attachment points for
particles [117]. Additionally, electrostatic and chemical forces assist in
adhesion. Studies on algae indicate that positively charged
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Fig. 7. Micro-scale Adhesion Mechanisms. The trapping of small particles
depends on surface properties. Weathered microplastic fibers and fragments can
acquire an eco-corona that modifies surface charge and hydrophobicity, and
may precede/enhance microbial biofilm formation (an EPS matrix), strength-
ening adsorption/attachment to plant surfaces, such as root hairs, through
electrostatic attraction and other forces.
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nanoparticles are more easily adsorbed onto negatively charged algal
surfaces [165]. Conversely, some additives or the biofilms that form on
plastics can alter their charge, thereby affecting their interactions with
plant surfaces [166]. The cellulose in plant cell walls can also generate
electrostatic forces, influencing how charged plastic particles attach
[147].

4.3. Interacting factors governing plastic trapping and retention

The efficiency of a vegetated ecosystem in trapping plastics depends
on complex interactions among the plastic's properties, the vegetation,
and the environment, rather than on a single factor.

4.3.1. Plastic characteristics

The plastic's characteristics, including both physical and chemical
properties, primarily determine its environmental fate (Table 1).

Size is crucial: larger macroplastics are more likely to become trap-
ped by physical barriers such as mangrove roots or wood jams, while
smaller micro- and nanoplastics tend to settle in low-flow environments
or adhere to surfaces [16,119]. Shape also influences behavior: fibers
often entangle in canopies, whereas flakes and fragments tend to settle
in sediments [82]. Polymer density affects buoyancy: high-density
plastics, such as PET and PVC, generally sink, interact with sediments
and benthic plants, while low-density plastics, such as PE and PP, float at
the surface or along high-tide lines [143,167].

The specific polymer type and its aging or weathering process also
matter, as environmental exposure alters a particle's surface, density,
and biofouling potential, thereby affecting its transport and entrapment
likelihood.

A crucial factor is surface roughness: weathered plastics, such as UV-
degraded fragments, develop micro-rough surfaces that facilitate biofilm
and nutrient adsorption, thereby strengthening binding to plant surfaces
and sediments [88,164].

4.3.2. Vegetation characteristics

Vegetation characteristics, including species, morphology, and den-
sity, are key factors (Fig. 8). Ecosystems with high structural complexity,
such as the intricate root systems of mangroves, the dense canopies of
seagrasses, or the multi-layered riparian forests, are more effective at
debris trapping than simpler structures [147,168]. In mangroves, re-
searchers have measured this structural complexity with 3D Vegetation
Indices, revealing a strong link between vegetation diversity and the
effectiveness of trapping macroplastics [18]. Total aboveground
biomass is a measurable indicator of microplastic interception rates in
mangroves [118], with higher biomass directly associated with greater
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trapping capacity.

The influence of density is complex: while dense vegetation can slow
water flow, some flume experiments suggest that lower, randomly
spaced seagrass densities may generate more turbulence, thereby
increasing trapping efficiency compared to uniform, high-density ar-
rangements [16]. This pattern, often called the “seagrass paradox,”
shows that medium, irregular densities can trap 65-80% of particles,
whereas dense, uniform meadows trap 55-70%.

Moreover, invasive species with varied morphologies, such as those
with dense mat-forming growth, could capture litter more effectively
than native plants [104], with Carpobrotus spp. in dune systems being a
notable example of higher trapping efficiency driven by plant
morphology.

4.3.3. Environmental and hydrodynamic context

Environmental context plays a crucial role in plastic transport and its
availability for trapping. Major hydrodynamic forces, such as river flow
velocity, tidal currents, and wave action, are the primary influences [24,
169]. According to de Los Santos et al. [22], a clear inverse relationship
exists between hydrodynamic energy and retention capacity: in
low-energy regimes (e.g., <0.5 m/s), habitats like mangrove interiors,
lagoons, and ponds serve as highly effective sinks, with retention rates
exceeding 85%. Here, vegetation density primarily drives trapping,
allowing even fine MPs to settle and attach to biofilms. In contrast,
high-energy settings (>2.5 m/s), such as exposed coastlines or river
rapids, see hydrodynamic forces overpower vegetation friction. In these
conditions, vegetation acts only as a temporary buffer instead of a per-
manent sink.

Large floods and other extreme hydrological events are particularly
significant, as they mobilize plastics from riverbanks and floodplains,
redistributing them to new locations [81,153]. These events act as sys-
tem “reset points,” shifting riparian zones from sinks during base flow to
sources during peak discharge, highlighting the temporal nature of
trapping efficiency.

Vegetated systems are dynamic “sinks” where retention shifts over
time with disturbance regimes. During calm periods, plastics are
deposited and buried in sediments and soils. However, storms and floods
can remobilize stored material, causing short-lived export pulses
(Table 4) [81,170,171]. Coastal evidence shows high event sensitivity:
wave-sediment experiments in blue-carbon environments reveal that
storm conditions (significant wave height up to ~0.809 m) greatly
reduce retention, with over 80% of microplastics lost compared to calm
conditions [124]. Storm-surge scarping of foredunes can quickly turn
dunes from long-term storage into secondary sources, with items
recovered during high waves and winds, indicating accumulation over
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Fig. 8. Vegetation structure impacting plastic trapping efficiency.
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Table 4
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Temporal dynamics and drivers of extreme events that cause sink-to-source shifts in vegetated systems.

Driver - timescale

Dominant process in vegetated
habitats

Expected direction

Example(s)

Implication for synthesis -
monitoring

Quiescent /
background
(weeks to
months)

Tidal cycles /
seasonal
discharge (hours
tomonths)

Storm waves /
coastal erosion
(hours to days)

Extreme river
floods (days)

Post-event
stranding (days
to weeks)

Long-term legacy
reservoirs (years
to decades)

Deposition, canopy baffling, root and
leaf interception; burial and sediment
accretion; aging and fragmentation.

Bidirectional transport, with temporary
retention on banks or vegetation,
allows exchange between the water
column and margins.

Erosion and/or resuspension of surface
sediments, release of recently deposited
MPs, and their redistribution along
strandlines or into vegetation.

Bank overtopping and floodplain
inundation mobilize debris, interacting
strongly with riparian vegetation and
flood lines.

Debris accumulates at the flood line
and becomes trapped in riparian
vegetation or canopy, leading to re-
burial as water levels drop.

Buried or embedded macro- and
mesoplastics found in dunes, soils, and
riverbanks become exposed during
erosion events.

Sink (storage increases)

Alternating within a day or
season, net export might be
small compared to gross
transport.

Sink-to-source pulse with
local redeposition.

Upstream source pulse;
strong mid-reach retention;
patchy redistribution

System returns to sink,
creating new hotspots

A dormant sink transforms
into an episodic source.

Sediment and soil archives can record multi-
decadal accumulation and burial of plastics
[171,172].

Net plastic transport accounts for approximately
20-33% of the total over entire tidal cycles, with
transport showing a correlation with discharge
(R? =~ 0.76) [170].

Wave-sediment experiments showed that storm
forcing, with Hs reaching approximately

0.809 m, decreased retention and caused over
80% loss of surface MPs compared to calm
conditions [173]. Dune scarping resulted in the
recovery of 263 items after a storm surge,
during which the maximum Hs was about 7.9 m
and wind speeds reached roughly 25 m s
[172].

Transport exceeds 100 times, peaking at about
363 times; roughly 29-33% of annual transport
occurs within 6 days. Downstream transport
decreases by approximately 70-90% over

131 km because of bank, floodplain, and
vegetation retention [81].

Flume experiments suggest a mobility threshold
near RD ~ 1 and demonstrate that a 40%
increase in discharge during a 'flood” step
enhances mixing and incorporation of plastics
into migrating dunes [174].

Plastic densities along the riverbank rise sharply
during floods, with vegetation trapping plastics
on banks and floodplains [81].

Storm-eroded foredunes can expose plastics that
are 38-57 years old, redistributing them inland
or along the coast shoreline. Coastal dunes may
retain these containers for decades before

Consider this as the baseline
state; report depth and
depositional environment.

Report the gross versus net
flux; sampling across the
entire tidal and seasonal
cycles.

Include wave and flow
metrics;

Consider storm windows as
separate event layers.

Event-weight annual budgets;
add adaptive monitoring
around forecast floods.

Survey flood lines soon after
events; estimate the residence
time until the next
remobilization.

Include legacy stock and
connect extreme-event
frequency to the likelihood of
remobilization.

storms release them [107,172].

years followed by event-driven release [172,173].

In tidal rivers and estuaries, bidirectional flow further complicates
the sink-source distinction. Sub-hourly measurements across tidal cy-
cles show that net transport is only 20-33% of gross transport, with
retention higher during low discharge and in areas with dense riparian
vegetation and suitable bank morphology (Pearson’s R? ~0.76 with
discharge) [170]. Extreme floods can dominate annual transport: during
the July 2021 Meuse flood, macroplastic transport increased by more
than 100 times (peaking at ~363 x), accounting for about 29-33% of
the annual flux in six days [81]. Meanwhile, transport declined by
70-90% over 131 km due to deposition on riverbanks, floodplains, and
vegetation, indicating a redistribution from sink to source back to sink,
not just downstream export [81]. Flume experiments show plastic
mobility relative to sand can be approximated by the submerged spe-
cific-gravity—diameter product (RD), with a mobility threshold near RD
~ 1, and a 40% discharge flood promotes vertical mixing and inclusion
into bedforms [174]. Floodplain soils are long-term storage areas,
episodically connected to channels—seasonal flooding affects micro-
plastic mobility, leading to deposition, accumulation, and particle
translocation to depths of ~2 m.

The geomorphological setting, including features such as river me-
anders versus straight reaches or high-tide strandlines versus low-tide
flats, creates distinct accumulation zones that determine where vege-
tation can most effectively trap plastics [92,123]. Meanders, slackwater
zones, and tidal deposition fronts are particularly efficient at accumu-
lating debris, underscoring the importance of vegetation in these areas.
Human-made structures, such as dams and weirs, also dramatically alter
the environment by creating artificial sinks, causing plastics to accu-
mulate in upstream reservoirs and reducing downstream transport [153,
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167]. In addition to engineered structures, human land use also signif-
icantly impacts sink capacity. For instance, transforming riparian forests
into farmland or removing vegetated buffers significantly reduces an
ecosystem's natural filtering capacity. These complex factors suggest
that local retention rates may not fully reflect the catchment as a whole,
especially when vegetation belts are patchy or discontinuous, allowing
most plastics to bypass natural filters and flow downstream.

4.3.4. Substrate and mineral interactions

In environmental systems, MPs not only interact directly with plant
compartments but also interact with minerals in sediments and soils. In
water-based systems, these interactions are influenced by colloidal
forces such as electrostatic attraction and repulsion, van der Waals
forces, hydrophobic effects, and mechanisms like ligand exchange or
hydrogen bonding [175]. This occurs during sediment deposition or
during vertical or horizontal movement within the water column,
affecting the behavior of both MPs and mineral components [67,176].
The formation of MPs, mineral conjugates, can affect the transfer and
bioavailability of compounds in plant systems. This is particularly clear
with suspended sediment (SS), where MPs may adsorb onto mineral
surfaces and aggregate with mineral particles [177]. Iron oxides, silica,
and clays are common mineral components in soil and sediments [178].
Their surface properties are crucial for the deposition, transport, and
weathering of MPs, as well as their uptake by organisms in
vegetation-rich environments. Additionally, mineral texture influences
reactivity, with the specific surface area and particle size often dictating
a mineral's ability to adsorb MPs and its affinity for them.

In most natural waters with a pH around ~8, MPs generally carry a
negative surface charge [67]. This results in MPs having a strong affinity
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for positively charged minerals, such as iron oxides, leading to
hetero-aggregation between particles. Consequently, this enhances the
sedimentation and immobilization of MPs, potentially increasing accu-
mulation in water systems enriched with iron oxides [179]. Weathering
and aging can further intensify this interaction by altering the surface
functional groups of MPs. The increase of oxygen-containing functional
groups leads to the greater electronegativity and wettability, thereby
increasing affinity for positively charged surfaces [180]. This interaction
could directly affect plants and vegetated areas, where MPs bound in
sediments through hetero-aggregation may come into contact with plant
roots or other organisms. Conversely, clay and most silica minerals have
negatively charged surfaces, which typically repel MPs and limit ag-
gregation [181]. However, studies show that hetero-aggregation be-
tween MPs and clays can be significant in water with high cation
concentrations, such as in sweaters [176,182]. Therefore, the chemical
composition of the aqueous matrix also plays a crucial role in deter-
mining the fate of MPs. Monovalent or divalent cations like Na™, ca’t,
and Mg?" can shield MP charges, affecting their adsorption and aggre-
gation behaviors [183]. Additionally, minerals such as goethite and
hematite can promote the photodegradation of PP and PE particles
[184]. Mineral-bacteria communities also serve as specific sites for the
breakdown and aging of plastic [185].

4.4. The sink-hazard paradox: pollutant concentration and exposure
mechanisms

The effective physical trapping mechanisms discussed in the pre-
ceding sections give rise to a significant trade-off, known as the "Sink-
Hazard Paradox" (Fig. 9). While vegetation serves as a biotic filter,
reducing downstream transport by decreasing flow velocity and facili-
tating sedimentation, it also actively traps anthropogenic debris within
the ecosystem's substrate. Data compiled in this review show that
vegetated sediments act as accumulation "hotspots," retaining micro-
plastics at concentrations ranging from ~2.05-2.82 times higher than in
nearby unvegetated areas [87,100], with some mangrove sinks reaching
densities as high as 3840 particles per kilogram [86,88]. Once trapped,
these high-density deposits become chemically active reservoirs through
three distinct pathways.

First, the weathering of entrapped debris within the root zone ac-
celerates the leaching of inherent chemical additives. As shown in Sec-
tion 3.2, plastic degradation releases harmful compounds [186]. In
vegetated sinks, however, reduced water flow due to canopy baffling
limits chemical dilution. Consequently, leached substances, such as
phthalates, BPA, and flame retardants, accumulate in pore water and
remain effectively confined near the roots [64].
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Eco-corona coating Direct stress
Mechanical -> biofilm EPS Physical smothering

entanglement Reduced light

(macroplastics

Chemical stress
Leached additives
Phthalates, BPA)
Phytotoxicity

Reduced
flow energy

plastic deposition|
-3000 itemsikg

-
Plastic accumulation
hotspot

Impaired gas exchange

Oxidative stress (ROS)

Co-contaminants: X
Co-pollutant adsortpion Ecosystem impacts:
heavy metals, POPs

Synergistic toxicity

Journal of Hazardous Materials 508 (2026) 141908

Secondly, the biofilm adhesion mechanisms described in Section 4.2
do more than trap particles; they actively gather external pollutants,
entering the food web [97]. The extracellular polymeric substances
(EPS) that enable physical adhesion also act as sorbents for heavy metals
and hydrophobic organic pollutants [53,187]. Additionally, "eco-cor-
ona" coatings and subsequent biofilm/EPS development can modify the
plastic surface into a biological vector, creating a "plastisphere" refers to
the plastic-associated biofilm community that significantly increases the
presence of antibiotic-resistant genes (ARGs) and pathogens beyond
normal sediment levels [157,159].

Finally, the mineral interactions discussed in Section 4.3.4 help
stabilize these hazards through hetero-aggregation. Negatively charged
microplastics attach to positively charged iron oxides, securely
anchoring pollutant-laden particles into the substrate [179,188]. This
creates a persistent interface for contaminant exchange among plastics,
sediment, and benthic organisms. Vegetated ecosystems are crucial in
intercepting global plastic flux, but they also form localized zones with
higher chemical risks. The potential physiological impacts of this
concentrated exposure on plants are examined in a separate study.

5. Research gaps and future directions

From the above review, vegetated ecosystems trap plastics effec-
tively. While evidence suggests that mangroves, seagrasses, salt
marshes, dunes, and riparian zones are significant sinks for plastic, our
ability to quantify and model these processes remains underdeveloped.
Knowledge gaps hinder our understanding of plastic fate and impede the
development of effective mitigation strategies. Addressing these needs
requires targeted, interdisciplinary research to standardize methods,
improve models, and use vegetation as a nature-based solution.

5.1. Key knowledge gaps in trapping mechanisms

A key challenge is the lack of standardized sampling methods,
extracting, and measuring plastics in vegetated habitats. Studies report
item abundance using different units (e.g., items/m? items/kg dry
sediment, items/L) and use varying extraction techniques and size def-
initions, making direct comparisons and global meta-analyses very
difficult [31,77]. A significant geographic and habitat bias exacerbates
this issue: research tends to focus primarily on accessible coastal areas,
such as coastal zones or mangroves, whereas many other critical regions,
including freshwater wetlands, salt marshes, and polar environments,
are underrepresented [189,190].

Furthermore, most studies are static snapshots. Our understanding of
the long-term fate and degradation dynamics of plastics once entrapped
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Fig. 9. The "Sink-Hazard Paradox." (Left) The Sink: Vegetation reduces downstream pollution by trapping debris through root entanglement and canopy baffling.
(Right) The Hazard: High accumulation turns the sink into a stressor for the plant via.
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remains limited. It is uncertain whether vegetated habitats serve as
permanent repositories for securely burying plastics or merely transient
traps that fragment plastics into more hazardous micro- and nano-
plastics before remobilization by high-energy events [81,191]. The
specific mechanisms responsible for trapping nanoplastics (particles less
than 1 um in size) are particularly underexplored. Unlike larger parti-
cles, which are influenced predominantly by physical interception,
nanoplastics are likely governed by processes such as surface adhesion,
biofilm interactions (the "eco-corona"), and colloidal forces. These
mechanisms are currently subjects of emerging research [156,164].
These gaps are summarized in Table 5.

Finally, a critical gap remains in understanding the ecological limits
of the "Sink-Hazard Paradox" discussed in Section 4.4. Although we now
understand how pollutant concentrations are controlled, there is insuf-
ficient quantitative data on the load thresholds at which a vegetated sink
shifts from a beneficial filter to a toxic source. It is also unclear at what
levels of microplastics or additives mangroves and seagrasses become
vulnerable, leading to the "sink-victim" condition. Identifying these ca-
pacity limits is critical for defining safe pollution levels in coastal
restoration efforts.

- Physical: Smothering roots and blocking light

- Chemical: Leaching additives and adsorbing heavy metals like Cad-
mium on Polyamide

- Biological: Hosting pathogenic biofilms ("plastisphere").

Note: The dashed line (~1500 items kg™) indicates a high-load bench-
mark, rounded from 1466 items kg™ [99]. It serves as an illustrative upper
limit rather than a definitive threshold. Future research should determine
precise tipping points using standardized exposure-response datasets.

5.2. A Roadmap for future mechanistic research

Addressing these gaps requires a collaborative, multi-pronged
research initiative (Fig. 10):

The priority is to develop and implement standardized monitoring
protocols. The field needs to move towards unified methods, as sug-
gested by several researchers ([31,192]. This involves standardizing
reporting units (e.g., particles per kilogram for sediment and particles
per cubic meter for water), using consistent size-class definitions, and
establishing best-practice protocols for sampling complex matrices,
including dense roots and organic sediments. Such standardization is
essential for developing comparable global datasets, which are crucial
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for accurate hotspot detection and trend analysis. Standardization
should include exposure durations in plant bioassays, as some responses
are time-dependent. In Lemna minuta, MP exposure reduced growth and
chlorophyll mostly at 28 days, showing MP impacts can be chronic and
may be underestimated by standard 7-day tests [155].

While there are reference nanoplastics offered by many companies
(polymer type, size, shape, concentration, functionalized surface), there
are no reference microplastics for sizes smaller than 20 ym. And even
when the nature of the available microplastics is mentioned (type of
polymer, e.g., PP, PE, PS, etc.), the additives present are never specified.
It is therefore essential to have reference polymers available—including
specific shapes (sphere, filament, polygonal, random), size distribution
(classes ranging from mm to nm), chemical composition (major, minor,
and trace elements), and functionalized or non-functionalized surfa-
ce—for any laboratory study involving transport or ecotoxicity
modeling. At the same time, it is necessary to define precise vocabulary,
protocols for sampling, storage, filtration-purification, labeling, anal-
ysis, and expression of homogeneous results. In their absence, inter-
comparison of studies will remain difficult, with the relevance and
reliability of the data obtained questionable.

Secondly, integrating advanced modeling with in-situ validation is
essential. Future research should move beyond basic correlations to
develop more complex numerical models that improve understanding of
temporal dynamics. These models must integrate hydrodynamic forces
(e.g., river discharge, flood pulses, and wave action) with biological and
structural elements (e.g., vegetation density, species-specific
morphology, and root complexity) [118]. Structural metrics that can
be quantitatively measured, such as 3DVI, which is strongly associated
with macroplastic loads, are helpful for parameterizing these models
[18]. The models then require validation through long-term, in situ
monitoring and tracking experiments, such as particle-tracer experi-
ments, to understand temporal changes in retention and remobilization
[144,145].

Third, it is crucial to investigate the dynamics of trapping under
climate change scenarios. We must understand how plastic trapping
mechanisms will shift under future climate conditions. This requires
multi-stressor experiments that assess how increased storm frequency,
sea-level rise, and altered flood regimes will affect the retention capacity
and structural integrity of these vegetated sinks [193]. At the same time,
new evidence indicates that microplastics in wetlands can affect soil
organic carbon cycling and greenhouse gases by altering sediment and
microbial processes, linking accumulation areas to climate-related
ecosystem functions [194]. For example, more frequent, intense floods

Table 5
Critical knowledge gaps in vegetation-plastic interactions and recommended research priorities.
Gap category Specific gap Impact on science & management Recommended approach Priority
Methodological > 50 sampling protocols currently in use; Impact: Prevents meta-analysis and identification Develop and enforce a unified global Critical
Standardization high heterogeneity in units prevents global of regional hotspots. Management: Impossible to sampling protocol (e.g., standardized
comparison. set regulatory baselines. reporting units of items/kg dry weight).
Geographic Bias Research is heavily skewed toward the Indo- Impact: Global models are biased toward specific Prioritize funding for under-researched High
Pacific (China, Indonesia) and Europe; Africa  climatic zones. Managment: Strategies may not regions (e.g., Western Africa, Oceania)
and polar regions are underrepresented. apply to high-biodiversity tropical sinks outside to create a truly global dataset.
Asia.
Temporal Dynamics ~ Most studies are static "snapshots"; long-term  Impact: Fate of "buried" plastics is unknown; Implement long-term monitoring sites; High
data on seasonal flux (monsoons/floods) is remobilization risk during storms is unquantified. install autonomous samplers for flood
rare. Management: Cannot predict long-term sink events.
capacity.
Nanoplastic (NP) Studies on NPs (<1 ym) are scarce compared  Impact: The most bioavailable fraction, capable of =~ Develop standardized detection methods ~ High
Mechanisms to MPs; detection methods are insufficient. penetrating plant tissues, is ignored. Management:  for NPs in complex organic matrices (e.
Toxicity risks to crops and wildlife are g., pyrolysis-GC-MS).
underestimated.
Sink-Hazard The specific contaminant loads that trigger Impact: Unknown if plastic accumulation degrades  Integrate plant stress physiology (e.g., High
Thresholds the "Sink-Victim" response (Section 4.4) are the sink's ability to function. Management: Cannot  photosynthesis, oxidative stress) into
unknown. determine carrying capacity thresholds. monitoring.
Extreme Event Fate of plastics during floods and cyclones is Impact: Climate change resilience of these sinks is ~ Couple hydrodynamic modeling with Med-
Dynamics largely unmapped. unknown. Management: Risk of massive "plastic event-triggered field sampling. High

pulses” released downstream.
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Fig. 10. A Roadmap for Future Research for 2025-2035. The framework progresses from immediate needs, such as standardized protocols, to advanced modeling
of transport and retention. It then shifts to assessing climate resilience and using eco-engineered solutions for plastic mitigation.

may overwhelm the trapping capacity of riparian zones or lead to mass
remobilization of previously "sequestered" plastics [81,193].

plastics [149]. For instance, hydraulic simulations indicate that
lower-density, randomly planted seagrass can generate more turbu-
lence and trap more MPs than dense, uniform grids [16]. Such in-

- Ultimately, the goal is to harness mechanistic knowledge for eco- sights can be applied directly to engineered systems like Constructed

engineered Nature-Based Solutions (NBS), applying this under-
standing to transition vegetation from a passive sink to an active,
controlled mitigation tool (Fig. 11). Future studies should focus on:
Eco-engineering for enhanced trapping efficiency: Strategically
investigate how vegetation's inherent trapping capabilities can be
enhanced as a form of "green infrastructure' for pollution reduction
[30]. This involves conducting field and flume experiments to
examine how restoration strategies, such as planting density, spatial
layout, and species selection, can improve capture and retention of

Plastic
capture

S,

Restoration L
Ny Biofitration

Treatment Wetlands (CTWs), which serve as effective MP sinks
[149], or in designing Vegetative Buffer Strips (VBS) to intercept
agricultural and road runoff.

Climate resilience and dynamic redistribution: It is essential to
analyze trapping mechanisms within climate change scenarios to
understand their future development. This involves conducting
multi-stressor experiments to assess how increased storm frequency,
sea-level rise, and changing flood patterns affect the retention ca-
pacity and structural stability of vegetated sinks [172]. For example,

. Cabon
| sequestration '

= =
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- Coastal
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Fig. 11. Nature-based solutions for mitigating plastic pollution via vegetated ecosystems and biofiltration, emphasizing ecosystem service co-benefits.
Dense habitats, such as mangroves, salt marshes, wetlands, and seagrass beds, naturally filter plastic debris through root entanglement and sedimentation. Filter
feeders, such as mussels and oysters, aid in biofiltration, and restoration enhances these roles. Besides pollution mitigation, they offer co-benefits such as carbon
sequestration, habitat preservation, and coastal protection, making ecological restoration and pollution control key components of nature-based solutions.

16



C. Corbau et al.

more frequent and severe flooding could surpass the trapping ability
of riparian zones or cause previously stored plastics to be remobi-
lized [169], [172]. Additionally, studies should explore how micro-
plastics in wetlands impact soil organic carbon cycling and
greenhouse gas emissions by altering microbial activity [23].]

- Adaptive Management and Biomass Protocols: To ensure NBS func-
tion as controlled mitigation tools rather than unmanaged sinks, we
operationalize NBS via a risk-aware adaptive management frame-
work (Section 5.3) that specifies monitoring indicators, triggers, in-
terventions, and safe handling of contaminated biomass.

5.3. Operationalizing nature-based solutions: a risk-aware adaptive
management framework

To move NBS from a general concept to something that can be
implemented and defended in practice, we propose an adaptive man-
agement framework (AMF) built around four elements: what to monitor,
which decision thresholds (“triggers™) should prompt action, which in-
terventions are appropriate, and how to handle contaminated biomass
so that plastics are not re-released during routine maintenance or
extreme events. This framework is meant to work both in natural
vegetated sinks such as mangroves, marshes, and riparian buffers, and in
engineered or managed systems such as constructed treatment wetlands
and vegetated buffer strips.

Table 6 provides an operational roadmap for transitioning NBS from
theoretical accumulation concepts to risk-aware management strategies.
By incorporating the “Sink-Hazard Paradox” within an Adaptive Man-
agement Framework (AMF), this decision matrix identifies key moni-
toring parameters, such as 3D Vegetation Indices (3DVI) and plant stress
markers induced by MP, to protect the sink's ecological health. The
framework clearly defines intervention triggers, using the approximate
~1500 items/kg dry weight high-load threshold from the combined data
for active mitigation. Crucially, it also addresses secondary release risks
by providing protocols for the controlled harvesting and specialized
disposal of plastic-saturated biomass, ensuring that managed coastal and
riparian zones do not become secondary pollution sources during
extreme weather events.

Table 6
Operational decision framework for managed vegetated sinks.

Management What to Monitor Trigger for Managed Action
Phase Intervention / Intervention
Baseline Sediment MP loads MP concentration Initiate health
Monitoring (items/kg dry wt); exceeds habitat- assessments;
3D Vegetation specific "Sink- evaluate need for
Indices (3DVI). Hazard" controlled biomass
benchmarks (e.g., harvesting.
~1500 items/kg).
Risk Plant stress Significant decline Soil amendments
Assessment markers in photosynthetic (e.g., biochar) to
(photosynthetic efficiency or reduce MP-
efficiency, biomass density. induced stress;

oxidative stress).

plant replacement
or diversification.

Event-Based Post-storm Extreme flood/ Targeted "mop-up"
Response strandline density; storm event of remobilized
post-flood bank (>3 m/s flow or macro-debris in
deposition. high surge) causing  riparian/dune
> 80% retention buffers to prevent
loss. downstream
export.
End-of-Life / Vertical MP Pollutant Controlled
Sink translocation saturation is harvesting of
Capacity depth; saturationof ~ reaching toxicity plastic-saturated
root-zone thresholds for biomass; sediment
attachment sites. benthic fauna. capping or
replacement.
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5.3.1. Monitoring: minimum operational indicators

Monitoring should be tiered to match resources while still enabling
clear decisions. A core set of indicators can be collected through routine
field sampling and standard laboratory workflows, while more advanced
indicators are added where capacity allows them to refine diagnosis and
optimize performance. In operational terms, the minimum monitoring
package should capture the plastic load retained by the system (e.g.,
particles per kilogram of dry sediment or item-based measures for
macrolitter), the rate at which debris accumulates at vegetation edges
and strandlines (where trapping and early warning are usually stron-
gest), and a habitat-relevant proxy for hydrodynamic forcing such as
discharge stage, tidal range category, or storm-wave warning level.
These forcing indicators matter because high-energy events can rapidly
switch a vegetated sink into a source through erosion, scouring, and
remobilization. In parallel, vegetation condition should be tracked using
simple stress proxies that are fast to assess and sensitive to deterioration,
including canopy cover/density, visible smothering, expansion of
dieback patches, and, where feasible, rapid leaf chlorophyll or fluores-
cence indices.

Where risk profiles justify it, monitoring should be extended beyond
plastics alone. In particular, co-contaminants associated with plastics
and their eco-corona (selected additives, metals, or persistent organic
pollutants) should be measured in settings where “sink-hazard” condi-
tions are plausible. Because remobilization is largely event-driven, it is
also useful to track indicators of remobilization susceptibility, such as
the near-surface fraction of plastics in the upper sediment layer (e.g.,
0-5 c¢m) and simple markers of bank instability or erosion.

5.3.2. Triggers: when monitoring requires action

Triggers should be explicit and conservative, because delayed re-
sponses increase both remobilization risk and vegetation stress. Practi-
cally, three trigger types are most useful. First, load-based triggers
identify situations where retained plastics are approaching levels asso-
ciated with “sink-victim” dynamics; for example, sustained sediment
loads on the order of > 1500 particles/kg, which has been reported as
potentially critical, should prompt intervention planning even if vege-
tation condition still appears acceptable. Second, event-based triggers
align management with forecasted or observed exceedance of habitat-
relevant thresholds such as flood-stage warnings, storm surges, or
extreme discharge categories. In these situations, pre-event actions
become priority because they can prevent secondary release, for
instance by removing accumulated edge macrolitter, securing floating
mats used as traps, or temporarily containing debris at known hotspots.
Third, condition-based triggers rely on measurable vegetation decline,
such as rapid canopy thinning, expanding dieback, persistent smoth-
ering, or a marked drop in chlorophyll/fluorescence proxies; these sig-
nals should initiate mitigation before the sink function collapses.

5.3.3. Intervention toolbox (risk-aware options)

Interventions should prioritize plastic removal while minimizing
habitat disturbance and reducing the likelihood of re-release during
high-energy events. In natural systems, this typically means focusing
effort on accumulation edges, strandlines, patch margins, and riparian
trapping points, rather than attempting intrusive, whole-habitat
disturbance that can damage the very structure responsible for reten-
tion. In managed or engineered NBS, interventions can include planned
harvesting of plastic-laden biomass (for example, in constructed wet-
lands or floating macrophyte systems used as traps), but only when
paired with safe downstream handling to avoid fragment shedding and
redistribution. Where systems are designed or retrofitted, operational
improvements may involve adjusting planting density or spatial layout,
adding sacrificial trapping zones, or installing low-impact upstream
screens or booms, but only when these features reduce habitat intrusion
and make removal simpler and safer. Finally, because many releases are
event-driven, a defined post-event rapid response window should be
adopted: after floods or storms, known hotspots should be inspected and
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newly deposited debris removed quickly to limit fragmentation into
microplastics.

5.3.4. Handling contaminated biomass to avoid secondary release

Whenever implementation involves harvesting or routine main-
tenance—common in constructed wetlands, floating vegetation traps,
and buffer strips—biomass should be treated as potentially contami-
nated with plastics and sorbed co-pollutants. Operationally, this means
that collection and transport must prioritize containment to prevent
shedding of fragments and fibers, using sealed and tear-resistant con-
tainers rather than open handling. If dewatering is required, it should
occur on an impermeable surface with leachate capture where relevant,
so that runoff does not become a pathway for microplastic release.
Visible macrolitter should be separated from biomass, and shredding or
mulching should be avoided until a decontamination and disposal de-
cision is made, because mechanical processing increases fragmentation
and dispersal. End-of-life routes should be controlled and appropriate to
the jurisdiction and contamination profile—such as regulated waste
handling, thermal treatment or co-processing, or controlled land-
fill—and should explicitly avoid open composting or uncontrolled land
application that would redistribute plastics back into the environment.
Throughout the process, documentation should be maintained through
chain-of-custody records and mass-balance estimates (biomass removed,
debris mass/volume, and disposal route), both to support accountability
and to feed back into adaptive learning.

Specific disposal/treatment pathways will depend on national and
local waste regulations and contamination profiles; however, the non-
negotiable principle is to prevent fragmentation and redistribution
through open handling, uncontrolled composting, or land application of
contaminated material.

6. Conclusions

This review provides a comprehensive overview of how vegetated
ecosystems mitigate plastic pollution. Evidence clearly shows that
mangroves, seagrass beds, salt marshes, coastal dunes, and riparian
plants act as important, mostly passive, sinks for both macro- and MPs.
The main trapping methods involve (1) physical interception through
the complex 3D structures of roots, stems, and canopies, and (2) hy-
drodynamic attenuation, where vegetation reduces water and wind
flow, causing plastics to settle, strand, and build up. On a microscopic
level, this process is further supported by microbial biofilms (EPS ma-
trix) and "eco-corona" coatings, which enhances surface adhesion.

The efficiency of these processes varies and is influenced by complex
interactions among factors, including plastic properties (size, shape, and
density), vegetation characteristics (structural complexity and density),
and environmental conditions (hydrodynamic energy and geo-
morphology). This review specifically addresses the physical and
mechanistic aspects of trapping. However, the biological impacts of this
accumulation, such as ecotoxicological effects on plants and microbes,
the "sink-victim" paradox, and the reduction or loss of ecosystem ser-
vices, are a separate and equally important area of study that may be
addressed in future work.

By identifying how entrapment operates, this review lays the
groundwork for subsequent key steps. Moving forward, efforts should
focus on standardizing monitoring methods (as detailed in our roadmap)
and on using this mechanistic understanding to develop effective,
nature-based solutions to control the global movement of plastic
pollution. This highlights the interdisciplinary nature of the problem-
—combining perspectives from ecology, hydrology, and materials sci-
ence is essential to combat plastic pollution effectively.

Environmental implication

Vegetation traps plastics 2.0-2.9 x more than bare sediments,
concentrating hazardous additives such as flame retardants, phthalates,
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and persistent organic pollutants within rhizospheres. Weathered
microplastics develop biofilms capable of adsorbing heavy metals and
pathogens, thereby creating toxic hotspots that threaten plant health,
microbial communities, and carbon sequestration efforts. It is impera-
tive that nature-based solutions balance trapping efficiency with hazard
thresholds through standardized monitoring and eco-engineering prac-
tices to prevent potential sink-to-source shifts in contaminated
ecosystems.
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