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ABSTRACT

Microplastics, introduced into estuaries through riverine discharge, wastewater, and surface runoff,
have become a growing environmental concern due to their persistence and potential impacts on
aquatic ecosystems. Understanding the mechanisms governing their transport and retention is important
for predicting their accumulation and ecological effects. While estuaries are recognized as key zones
for microplastic retention and export, existing studies often focus on individual processes or sites,
leaving a limited, integrated understanding of how estuarine physical dynamics control microplastic
fate. This review aims to synthesize current research to address this gap by examining how estuarine
hydrodynamics, stratification, bathymetry, and particle characteristics interact to govern microplastic
retention and export. Tidal asymmetry drives net landward transport under flood-dominated conditions,
while ebb-dominated tides increase seaward export; residual circulation concentrates sinking particles
near the bed and transports buoyant plastics at the surface. Stratification decreases vertical mixing,
creating discrete layers that trap particles and promote estuarine turbidity maxima, with stronger
freshwater inflows increasing the retention of dense particles and marginally buoyant microplastics
more likely to escape during high discharge. Bathymetric complexity, including channels, shoals, and
constrictions, localizes particle convergence and creates lateral segregation, with narrower estuaries
being more prone to retention and wider systems promoting export. Particle density and biofouling
modulate these effects: spherical sinking plastics often track sediment dynamics, while fouling can
increase retention of previously buoyant particles. Altogether, microplastic fate is highly system-
dependent, influenced by interactions between estuarine morphology, flow dynamics, and particle
properties, as many transport processes are highly location-specific.
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to fragments of larger debris, in reflection of both
widespread use and inadequate waste management
(3). Transported primarily via rivers, microplastics
accumulate in estuaries, where freshwater and marine
processes interact to influence their fate. Estuaries are
particularly important because they link rivers to the
ocean. Their complex hydrodynamics and morphology
create conditions that concentrate and trap particles,
making them hotspots for microplastic accumulation.
However, despite increasing documentation of
microplastics in estuarine environments, there remains
a limited mechanistic understanding of how estuarine
physical  processes collectively control — whether
microplastics are retained or exported to coastal waters.
This gap limits our ability to predict microplastic
accumulation and assess their ecological impacts.

This review addresses this gap by synthesizing
current knowledge on how estuarine physical properties
influence microplastic transport and retention. Four
factors are considered: hydrodynamics (specifically,
tidal asymmetry and vertical mixing), stratification and
density-driven circulation, bathymetry and the shape
of the estuaries, and particle properties (density and
biofouling). While previous studies and reviews have
often examined these processes in isolation, few have
integrated them to evaluate their combined influence on
microplastic fate within estuaries. Drawing on laboratory
experiments, field observations, and numerical models,
the paper identifies the processes most critical to
microplastic transport and retention. Understanding
these interactions is necessary for improving predictions
of microplastic fate and informing strategies to reduce
their flow from estuaries to coastal environments.

This review is based on a targeted literature search
of 25 peer-reviewed academic studies, the majority of
which published between 2000 and 2024. Sources were
retrieved from databases such as Google Scholar, Web
of Science, and Scopus. Studies were included if they
examined physical mechanisms of particle transport
or retention in aquatic systems. Both sediment-focused
and microplastic-specific studies were considered,
as sediments can be used as analogs for spherical
microplastic behavior (4).

To organize the literature, each study was classified
by its primary focus: hydrodynamics, stratification,
bathymetry, or particle properties. Within each category,
notes were recorded on research methods, main findings,
and implications for microplastic fate. This approach
allowed for synthesis across disciplines and identification
of areas where findings are limited.
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HYDRODYNAMICS: TIDAL ASYMMETRY
AND VERTICAL MIXING

Hydrodynamics in estuaries is governed primarily
by tides, river inflow, and their interaction with local
bathymetry. These processes control the transport,
resuspension, and retention of both sediments and
microplastics, creating spatial and temporal variability
in particle fate. Tidal asymmetry and vertical mixing are
especially important in determining whether particles are
retained within estuaries or exported to coastal waters.

Tidal asymmetry arises when flood and ebb tides
differ in strength or duration. In flood-dominated
estuaries, when water flows landward from the ocean
into the estuary, particles are preferentially transported
landward, promoting accumulation and trapping within
the system (5). Ebb-dominated conditions, when
water flows seaward back toward the ocean, however,
increase seaward export and reduce overall retention (5).
Tidal asymmetry can also generate residual sediment
transport, a phenomenon in which net landward flux near
the bed occurs despite strong advective outflow, a process
known as “sediment pumping” (6) (Figure 1). Numerical
simulations and field studies indicate that tidal straining
can significantly enhance the landward transport of
sinking microplastics, sometimes matching or exceeding
the magnitude of residual advective flows (6).

Residual circulation further modulates these patterns.
Near the bed, net landward residual flows trap sinking
particles in convergence zones, often associated with
channel or shoal features (7). At the surface, buoyant
particles may be advected seaward in surface outflow
layers, particularly during periods of high river
discharge (8) (Figure 1). These interactions create
spatial heterogeneity, where some reaches of an estuary
act as long-term particle traps while others function
as export zones (5). Tidal asymmetry often interacts
with bathymetry to localize convergence and reinforce
retention, for example, when channels funnel particles
into narrow zones while adjacent shoals experience
weaker flux (9).

Temporal variability in tidal forcing is also critical.
Spring-neap cycles modulate both the magnitude of
tidal asymmetry and the strength of residual currents,
leading to periodic shifts in particle retention and export
(7). Seasonal changes in freshwater inflow further alter
residual circulation patterns, demonstrating that tidal
asymmetry must be considered alongside discharge
variability to understand estuarine microplastic dynamics
fully (10).
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Figure 1. Physical Controls on Microplastic Transport in Estuaries.

These temporal shifts in circulation interact with
vertical mixing processes to determine particle fates.
Vertical mixing driven by turbulence from tidal currents
and wind influences the resuspension, distribution,
and eventual fate of particles (6). Strong tidal mixing
can resuspend settled particles, preventing permanent
deposition and maintaining high concentrations
of suspended sediments or microplastics (11). For
sinking plastics, vertical mixing delays deposition by
redistributing particles throughout the water column,
increasing residence times (10). Buoyant particles, by
contrast, can be forced below the surface into regions
influenced by density gradients and near-bed flows,
changing transport pathways and retention zones (12).

The efficiency of particle retention depends on the
balance between vertical mixing and stratification.
Stratification occurs when layers of water with different
densities form distinct vertical zones that resist mixing.
Stratification is typically caused by variations in salinity
or temperature. Well-mixed conditions weaken density
gradients, increase vertical exchange, and reduce the
stability of retention zones (10). In contrast, stratified
conditions decrease turbulence and vertical exchange,
and promote the formation of stable particle traps, often
near haloclines (13). Numerical modeling and field
observations indicate that subtidal currents induced by
freshwater buoyancy can enhance retention of sinking

January 2026  Vol. 4 No. 1

particles, particularly under stratified conditions (10).
Together, these processes demonstrate that particle
fate is dynamic and controlled by the interaction of
hydrodynamics and density structure within the estuary.

STRATIFICATION

Stratification refers to the layering of water masses
in an estuary due to density differences, primarily
from salinity gradients (14). By decreasing turbulence,
particularly during ebb tides, stratification reduces
vertical mixing and increases trapping of suspended
particles in discrete layers of the water column (15).
This vertical structure often produces retention zones
near the halocline, where sharp salinity changes occur,
and is important in the development of zones of elevated
suspended sediment concentrations, Estuarine Turbidity
Maxima (ETMs) (13, 16).

Stratification reduces mixing near the halocline,
where vertical salinity gradients are strongest (17). This
vertical separation allows particles to remain suspended
within density layers for extended periods (17). Salinity-
induced suppression of turbulence reduces resuspension,
concentrating particles in zones of weak mixing (16).
Additionally, density-driven circulation reinforces
trapping: bottom layers with landward residual flows
favor retention of sinking particles, while surface outflow
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layers carry buoyant particles seaward (10) (Figure 1).

An important manifestation of stratification is the
formation of ETMs, typically located near the landward
limit of salt intrusion. These regions are hotspots
for particle accumulation, both for sediments and
microplastics (16) (Figure 1). Suspended particles can
increase local density, which reinforces stratification and
sustains turbidity maxima (18). This positive feedback
loop allows ETMs to persist even under variable
hydrodynamic conditions. ETMs are therefore both a
cause and an effect of stratification (18).

Strong stratification constrains buoyant and sinking
particles to distinct flow regimes. Buoyant plastics
are retained in surface layers, where they are more
susceptible to seaward transport by outflowing freshwater
(8, 10) (Figure 1). Sinking or denser plastics accumulate
in the bottom layers, where residual landward circulation
increases retention (10) (Figure 1). This separation
produces a vertical partitioning of particle fates, which
varies with the strength of salinity gradients and
discharge conditions.

The intensity of stratification depends on freshwater
inflow and tidal forcing. High discharge intensifies
salinity gradients, reinforcing the vertical density barrier
and strengthening separation between surface and bottom
flows (18). This condition favors retention of sinking
particles but may accelerate export of buoyant particles
that are isolated at the surface (18). Conversely, low
discharge or strong tidal mixing weakens stratification,
enhances vertical exchange, and reduces trapping
efficiency (18).

Temporal variability, as discussed in the previous
section, further modulates stratification. Spring-neap
tidal cycles periodically alter the balance between mixing
and stratification, changing the intensity and location
of ETMs (19). Seasonal changes in freshwater inflow
similarly determine whether stratification increases
particle retention or promotes export of marginally
buoyant plastics (10).

The role of stratification in retention is system-
dependent and remains debated. Some field and modeling
studies discuss its stabilizing effect, emphasizing longer
residence times under strong density gradients (16).
Others show that high discharge can promote seaward
export by isolating buoyant particles at the surface, or
that tidal mixing can override stratification altogether (6,
18). These inconsistencies in variable significance suggest
that stratification interacts with hydrodynamics and
bathymetry in ways that vary between estuaries, making
its contribution to microplastic retention context specific.
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BATHYMETRY

The shape and depth of an estuary’s seabed exert
strong control over circulation patterns, residual flows,
and particle transport. Bathymetric features such as
channels, shoals, bends, and constrictions generate
spatial variability in currents, creating zones of localized
retention or increased export (20). These features interact
with tidal asymmetry, stratification, and river discharge,
determining whether microplastics accumulate or are
transported seaward (20).

As discussed, many estuaries exhibit lateral
separation in particle transport (21), a phenomenon
further modulated by the estuary’s bathymetric features.
Deep channels often carry net landward residual flows
that favor the retention of sinking particles near the
bed, while shallower shoals tend to experience stronger
seaward-directed fluxes, promoting particle export (20).
This lateral segregation creates asymmetric distributions
of suspended particle concentrations: channels form
convergence zones with elevated sediment and
microplastic loads, whereas shoals generally have lower
concentrations (20). Studies of the Hudson River estuary
and similar systems indicate that these lateral differences
contribute directly to the formation and persistence of
ETMs (20).

Irregularities in estuarine bathymetry, including
headlands, bends, and narrow constrictions, strengthen
flow convergence and shear (20). These features create
traps by combining increased turbulence with limited
downstream transport (18), particularly for denser
microplastics that behave similarly to fine sediments
(4). Bathymetric fronts formed in these areas are often
shifting in position and intensity in response to tidal
asymmetry and spring-neap tidal cycles (20). As a result,
constricted regions can serve as temporary or recurring
retention zones, concentrating particles during certain
tidal phases and releasing them under others (20).

The overall scale of estuarine morphology also
influences particle fate. Narrower estuaries tend to
enhance retention because stronger lateral shear and
channel-shoal interactions focus residual flows and
convergence into discrete zones (8). Wider estuaries,
in contrast, dilute these effects across broader cross-
sections, increasing the likelihood of particle export
(8). Recent modeling studies further indicate that
the interaction of estuary width with tidal surface
convergence can determine the fate of buoyant
microplastics, with smaller systems favoring retention
and larger systems favoring seaward transport (8). This
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suggests that morphological scale interacts with particle
properties as well as hydrodynamic forces to control
particle retention.

Bathymetric retention is not static. Seasonal changes
in river discharge, freshwater inflow, and tidal forcing
can alter the strength and location of convergence zones
(20). Subtidal currents driven by negative buoyancy of
freshwater, for example, can increase retention in certain
channels, while high-flow periods may flush particles
from shoals or shallow margins (10). This is significant
because it shows that microplastic accumulation areas in
estuaries can change with the seasons, meaning retention
depends on both the shape of the estuary and changing
water conditions, not just fixed topography.

PARTICLE PROPERTIES

Particle properties strongly influence their transport
and retention in estuaries. Density, size, shape, and
biofouling, the accumulation of microorganisms and
algae on particle surfaces that alter their density and
buoyancy, determine how microplastics interact with
other physical processes of estuaries (22). While sinking
particles often show predictable retention patterns
similar to sediments, marginally buoyant or irregularly
shaped plastics display greater variability, making their
fate less certain (4, 10).

For sinking particles, retention within estuaries is
consistently very high, with one study reporting >90%
retention (10). This strong trapping is attributed to
gravitational settling, landward residual circulation near
the bed, and convergence zones formed by channels and
shoals (10). Increased river runoff enhances retention
further by intensifying near-bed salinity fronts and
ETMs, both of which act as strong particle traps
(10) (Figure 1). As a result, dense or rapidly settling
particles usually travel shorter distances downstream
and accumulate near river mouths or at the head of salt
intrusion zones (10) (Figure 1).

In contrast, marginally buoyant particles exhibit much
more variable transport (10). During high river discharge,
strengthened surface outflow layers often advect these
particles seaward, lowering retention (10) (Figure
1). Under moderate discharge or tidally dominated
regimes, however, oscillatory tidal currents and surface
convergence zones can prolong their residence (8). Even
small shifts in particle density relative to the water,
driven by salinity structure or freshwater inflow, can
determine whether marginally buoyant plastics are
trapped or exported (10).
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Dense, spherical microplastics are commonly found
concentrated in near-bed convergence zones and retained
at high rates, much like mineral sediments (4, 10). By
contrast, fibers and films show more variable behavior,
aligning with salinity fronts or convergence features but
not always settling predictably (23). These differences
in results between studies indicate that particle shape
introduces additional variability in retention efficiency
across estuaries.

Biofouling can shift buoyant particles into the sinking
category over time, changing their transport pathways
(24). Microbial colonization on plastics, including
bacteria, algae, and inorganic particles, can increase
particle density or promote aggregation with organic
matter, causing previously buoyant particles to sink (24).
Once fouled, these plastics are more likely to accumulate
in bottom salinity fronts or ETMs, effectively increasing
estuarine retention capacity (25) (Figure 1). Although
evidence for this process is still limited in estuarine
studies, biofouling represents an important mechanism
linking intrinsic particle properties with external
estuarine retention features.

Particle density remains the dominant trait shaping
retention: sinking particles are more likely to be trapped,
while marginally buoyant plastics are more sensitive
to tidal variability and more likely to be expelled (10)
(Figure 1).

CONCLUSION

Estuarine morphology and hydrology strongly
mediate retention processes. Narrow channels increase
local trapping, whereas wider estuaries may favor export
(20). Similarly, differences in freshwater input, tidal
forcing, and circulation patterns create system-specific
outcomes (7, 10). As a result, predictions of microplastic
fate must consider the local context, and findings from
one estuary cannot be directly applied to another without
careful evaluation.

The literature on estuarine particle retention
highlights several consistent patterns, but also reveals
notable contradictions and limitations. Stratification
exhibits variable influence. In some estuaries, strong
density gradients and halocline formation stabilize
retention zones, prolonging particle residence times (18).
In others, high freshwater discharge or tidal mixing
can override stratification, facilitating seaward export
of marginally buoyant plastics (10). Stratification is
a context-dependent driver rather than a universal
mechanism for retention.
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Methodological limitations further constrain the
current understanding. Laboratory flume experiments,
while valuable for isolating mechanisms, often do
not capture the complexity of natural estuaries with
variable bathymetry and tides. Direct field observations
remain limited, particularly measurements of particle
fluxes throughout the water column, and temporal
variability, such as spring-neap cycles or seasonal
discharge, is frequently overlooked. This scarcity reflects
the logistical and technical difficulties of working in
estuarine environments: strong currents, high turbidity,
and salinity differences make it difficult to deploy and
maintain sensors or collect representative samples.
Field campaigns are also resource-intensive, requiring
specialized equipment and repeated sampling over long
timescales to capture variability.

While this review synthesizes current knowledge on
microplastic retention in estuaries, it is limited by the
available literature and the scope of included studies.
Certain particle types, environmental settings, and
modeling approaches may be underrepresented, and
some regional or temporal dynamics remain poorly
documented. Furthermore, while sediment analogs
are acceptable to infer microplastic behavior, fibers,
films, and biofouled particles may still behave slightly
differently (4).

Understanding particle retention in estuaries requires
integrating multiple interacting controls: hydrodynamics,
stratification, bathymetry, and particle properties (8, 15,
18, 20). These drivers do not act independently. Tidal
asymmetry and vertical mixing determine how particles
move through the water column, but their effects are
modulated by density gradients that separate surface
and bottom flows (6, 17, 18). Bathymetric features
such as channels, shoals, and constrictions further
localize retention, creating zones of accumulation that
interact with both flow and particle characteristics (20).
Meanwhile, particle traits, including density, size, and
biofouling, define how individual plastics respond to
these physical forces, influencing whether they remain
trapped or are exported (10, 24).

Taken together, these factors emphasize that estuaries
are complex, dynamic systems where no single process
controls microplastic fate. Predicting particle retention
requires considering the combined effects of flow,
stratification, morphology, and particle characteristics,
showcasing the need for an integrated, system-scale
perspective. To advance this understanding, future
research should adopt multi-scale, integrative approaches.
Field measurements spanning the full water column
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and multiple estuarine zones are needed to validate
laboratory and modeling findings. Comparative studies
of different particle types, including fibers and biofouled
plastics, will clarify how particle properties interact with
hydrodynamics and estuarine morphology. Numerical
models should incorporate both physical and particle-
specific factors to capture the relationships between
mixing, stratification, bathymetry, and particle behavior.
Accounting for seasonal changes in river discharge and
tidal cycles will also improve predictive capacity. By
focusing on these directions, the field can move beyond
isolated observations to frameworks able to assess
microplastic retention under varying environmental
conditions and support strategies to reduce the flux of
plastics to coastal ecosystems.
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