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ABSTRACT: Plastic pollution is a global environmental challenge that negatively impacts
species, ecosystems, and human livelihoods. River basins, with high population densities
and poor waste management, are particularly exposed to plastic pollution. Floods amplify
the presence of plastic in rivers by mobilizing previously deposited materials and
introducing new plastics. Yet, the fate of these mobilized plastics remains unclear, with
observations suggesting either downstream export or floodplain deposition. This study
assesses flood impact on macroplastic deposition along river floodplains, using data from
14 events�five floods and nine nonflood conditions�across two Dutch rivers. Higher
flood return periods increased macroplastic deposition, with the two largest floods
depositing two to three times more macroplastic than nonflood conditions. Deposition
mechanisms varied by flood type. Obstruction-based deposition dominated during an
extreme summer flood, when macroplastics accumulated mainly in inundated vegetation.
Low-energy deposition prevailed during a long winter flood, with high plastic
concentrations found in wide floodplain sections where flow velocities decreased. Flood severity and plastic entry into the
environment are both projected to increase. Therefore, we expect an even more prominent role for floods in the global distribution
of plastic pollution.
KEYWORDS: plastic, pollution, contaminants, hydrology, anthropocene

■ INTRODUCTION
Plastic pollution is a global concern that poses risks to human
health and contaminates ecosystems.1 Among the many forms
of plastic pollution, macroplastics�defined as plastic items
larger than 5 mm�represent a particularly visible and
persistent problem in terrestrial and freshwater environments.
Rivers are especially susceptible to macroplastic pollution due
to their close connectivity with urban areas,2 which act as
primary entry points for plastic pollution.3 In some cases,
higher plastic concentrations were found in rivers than those
observed in marine and coastal ecosystems.4

Macroplastics in rivers can cause various negative impacts,
including ingestion by fauna5 and blockage of urban drainage
infrastructure, which can lead to increased flood risk.6 Within
rivers, riverbanks and floodplains are considered to be one of
the largest sinks for plastic pollution, potentially storing more
plastics than the river surface, water column, or riverbed
sediments.7,8 However, the mechanisms controlling macro-
plastic deposition�particularly on floodplains�remain poorly
understood. Recent research suggests that floods play a key
role in driving macroplastic transport and deposition, in a
manner similar to the behavior of inorganic sediments and
large woody debris.9−13

Floods can cause significant damage to urban areas, leading
to the influx of both waste and nonwaste plastic.14 Flooding of
nonurbanized floodplains can also mobilize plastic deposited
during previous high-flow events. In addition to increased

plastic transport, overbank flows can result in substantial
plastic deposition onto the floodplains. So far, flood-driven
plastic deposition and transport have been documented for
individual flood events, such as the summer 2021 flood along
the Meuse river,12,15 the winter 2015−16 flood in Northwest
England,4 and the winter 2018 flood in the Seine river in
France.16 While these studies provide valuable insights into
plastic mobilization and deposition, they do not fully address
the variability of deposition across different flood events or the
role of river and floodplain characteristics in shaping these
processes. A comprehensive understanding of how different
flood characteristics influence river-scale macroplastic deposi-
tion is missing. Flood characteristics such as hydrological type
(fluvial, pluvial, coastal, and flash floods), duration, and
magnitude can drive diverse transport mechanisms.17 Addi-
tionally, the factors that govern the spatial distribution of
macroplastic deposition along floodplains remain largely
unexplored, highlighting a critical gap in our understanding
of river plastic pollution.
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In this paper, we investigate macroplastic deposition across
14 events (including five floods), between 2018 and 2024, in
the Rhine-Meuse delta. We quantified riverbank and floodplain
macroplastic concentrations under both nonflood and flood
conditions. Macroplastic concentrations were attributed to key
deposition drivers, using a parsimonious modeling approach.
We considered ten factors, including the characteristics of the
river and floodplain and the proximity to potential plastic
sources, based on literature. Our model assessed how strongly
each factor predicted observed deposition patterns, offering
new insights into floodplain retention of macroplastics.

■ METHODS
Study Area Overview. We analyzed two Dutch rivers: the

Meuse and the IJssel (Figure 1a,c). The Meuse is a rainfed
river with a rapid hydrological response, a catchment of
∼33,000 km2 and a total length of 875 km, 260 km of which lie
within the Netherlands.18,19 Originating in France, it flows
through Belgium and Germany before entering the Nether-
lands. It has low summer flows and high winter flows, with
∼950 mm of evenly distributed annual precipitation.20 Its flow
is regulated by weirs, canals, and withdrawals.
The IJssel is a 120 km long distributary of the Rhine, which

has a 185,260 km2 catchment and a mixed rain-snowmelt
regime.21 Originating in the Swiss Alps, the Rhine flows
through Germany and France before entering the Netherlands.
Near the border, it splits into the Waal and Pannerden canal;
the latter branches into the IJssel and Nederrijn. About 13−
14% of the Rhine’s discharge at Lobith flows into the IJssel,22

which discharges into Lake IJssel near Kampen. IJssel water
levels are driven by Rhine inflow, local rainfall, and storm
surges in Lake IJssel.23

Floodplain Macroplastic Observations. We used Schone
Rivieren (English: Clean Rivers) data to quantify macroplastic
concentrations during low-magnitude floods (winter 2020 and
2021) and nonflood conditions. Macroplastic concentrations
on Dutch floodplains are monitored biannually by Schone
Rivieren volunteers, using the River-OSPAR protocol.24 The
sampled length, parallel to the waterline, is set at 100 m. The
sampling width is defined by visible debris from recent high
water and extends up to 25 m from the waterline. All visible
litter items (>5 mm) are collected, counted, and categorized
using the River-OSPAR classification,24 which includes 111
item categories. While the data include all anthropogenic
macrolitter, 94% of the items found were macroplastic, so we
refer to them as “macroplastic” in this study.
For the high-magnitude Meuse flood in summer 2021, we

used the data set from Hauk et al.,12 collected between July 22
and August 4, 2021. We also carried out field sampling along
the IJssel between January 25 and February 14, 2024, following
the winter 2024 flood. Both campaigns were completed before
cleanup operations (August 14, 2021 and February 15, 2024).
Due to time constraints and limited accessibility, we applied a
modified version of the River-OSPAR protocol. At each site,
we sampled 2 m-long transects from the waterline. The
transect width varied, extending up to the highest visible flood
line. We aimed to sample three transects per site, but
adjustments were made based on local conditions, like

Figure 1. Localization maps and hydrographs of the Meuse and IJssel. (a) Overview of the Dutch Meuse. (b) Meuse hydrograph during
macroplastic sampling periods. (c) Overview of the IJssel. (d) IJssel hydrograph during macroplastic sampling periods. The variations in height for
the sampling periods are only for illustrative purposes.
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inundated areas or difficult terrain. In total, we sampled 25
sites along the Meuse and 23 sites along the IJssel. Each site
corresponded to a single bank; when both banks were sampled,
they were treated as separate sites. At each site, all visible
macroplastics were counted and categorized according to the
River-OSPAR protocol.
We converted macroplastic item count [#] to macroplastic

mass [g] using data from a separate one-year sampling
campaign at eight locations along Dutch riverbanks.25 In
addition to counting and categorizing items following the
River-OSPAR protocol, this study also weighed all 14,052
collected items. This allowed them to derive reliable mass
statistics per item category. We refer to De Lange et al.25 for
more information on the weighing protocol.
Macroplastic stocks were estimated by multiplying concen-

trations by floodplain areas. Uncertainties in these estimates
arise from measurement limitations and item-to-mass con-
version factors. Observer bias remains difficult to quantify due
to the discrete item distribution.26 Residence times (Table 2)
represent the estimated duration required for macroplastic
stored in floodplains to be flushed out of the system. This was
calculated as the ratio of stocks to annual transport.
Macroplastic annual transport rates (15−41 tons/y for the
IJssel and 56−75 tons/y for the Meuse) are based on annual
floating macroplastic transport observations from a study by
Van Emmerik et al.27 These floating transport rates were

adjusted to total river transport, using empirical data from
Schreyers et al.,8 which showed that approximately 70% of the
total transported macroplastic mass remains at the river
surface.
Flood Severity Calculation. We considered five flood

events: three on the Meuse and two on the IJssel (Figure
1b,d). River discharge data from the Dutch Directorate-
General for Public Works and Water Management28 were used
to estimate flood return periods with the Gumbel probability
distribution29 and annual discharge maxima (Table S1).
Discharge data from the Olst gauging station were used for
the IJssel and from the Sint-Pieter station for the Meuse. Flood
duration was defined as the period during which discharge
exceeded the 1.5 year return period (Figure 1b,d), approximat-
ing bankfull discharge in natural rivers.30−32 For nonflood
conditions (T < 1.5), a threshold-based approach was applied,
fitting a generalized Pareto distribution (GPD).33

For the two higher-magnitude floods, flood severity was
assessed along the river course (Figure 5). For the Meuse
summer 2021 flood, severity was estimated from multiple
gauging stations,34 showing flood attenuation downstream. For
the winter 2024 IJssel flood, we estimated flood severity at Olst
(the only discharge gauging station located along the IJssel, at
km 68). For the upstream IJssel, flood severity was estimated
based on discharge levels from the Lobith station (51.8619° N,
6.1186° E), using flow partitioning rates22 to distribute flow

Figure 2. Schematic representation of the ten factors included in the model framework for simulating plastic concentrations. Note that specific
model formulations often do not include all ten factors. The area represent the river channel and its floodplains. Here, ds represents the difference
in water surface elevation, and dx represents the horizontal distance separating those two points.
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across the Waal, Nederrijn, and IJssel. Severity estimates based
on Lobith and Olst data both indicate a ∼3 year return period,
showing minimal variation in flood severity along the IJssel.

■ PREDICTIVE MODELING OF MACROPLASTIC
CONCENTRATIONS

Model Description. We developed a general modeling
framework, using event-specific generalized linear models
(GLMs).35 Similar to sediment and large wood deposition,
we hypothesized that the longitudinal distribution of macro-
plastic along floodplains is likely influenced by the balance
between supply and deposition factors, which determines
floodplain capacity in retaining macroplastics.36

The model includes ten factors�independent of hydro-
logical conditions�categorized into three groups: (i) flood-
plain characteristics (floodplain width, vegetation height,
vegetation coverage index, lateral floodplain slope); (ii) river
course characteristics (sinuosity index, river channel width,
river channel slope), and (iii) proximity to potential sources
(distance from upstream end of study area, distance from
upstream wastewater treatment plant, distance from upstream
tributary) (Figure 2). These factors were selected based on
insights from research on plastic, sediment, and large wood and
are expected to influence macroplastic deposition. Table 1
details the rationale for choosing these factors and their
hypothesized response on deposition. Some factors may have
nonuniform effects, with positive or negative impacts depend-
ing on conditions such as flow rates, morphology, and
floodplain characteristics.
Floodplain characteristics were extracted by dividing the

floodplain into 100 m sections along the river. Sections widths
were determined using floodplain boundaries by the Ecotopen

data set.48 Vegetation height was estimated by subtracting
digital surface model (DSM) values from digital elevation
model (DEM) values.49,50 The vegetation coverage was
calculated using the Ecotopen vegetation classification. The
floodplain lateral slope was also derived from the DSM. Since
these three variables had two dimensions, values were averaged
per 100 m section to ensure consistency with other variables.
River channel width was similarly determined. Other variables
were selected at different resolutions. The sinuosity index was
estimated over 2 km segments to maintain resolution and
avoid convergence toward unity, which can occur when
calculated over very short segments. Channel slope was
calculated as the gradient of water surface elevation (ds)
over longitudinal distance (dx) (Figure 2); with water surface
elevation derived from gauging stations.28 Major tributaries
were manually selected, and the Waste Water Treatment Plant
(WWTP) locations were extracted from Stichting Nederlandse
WaterSector.51 All variables were documented per section,
except in data-poor reaches between km 68 and 82 (Figure
S2a).
Model Performance. The models were initially fitted with

all ten variables as linear terms. To improve the performance,
we excluded variables with limited explanatory power and
refitted some as exponential terms after observing poor fits
with linear functions (results not shown). This iterative process
optimized model performance by balancing complexity and fit.
Performance was evaluated using the R2 and the Akaike
information criterion (AIC) values, where a lower AIC
indicated better performance for models with similar R2

values.52 Table S1 presents model formulations, performance
metrics, and coefficients. For the Meuse summer 2021 event,
model “1.j” was chosen as the best fitting model, while for the
IJssel winter 2024 event, model “10.c” was selected.

Table 1. List of Variables Anticipated to Influence Macroplastic Deposition on Floodplains, Based on Available Literature on
Plastic, Sediment, and Large Wood Deposition in River Systemsa

Variable

Hypothesized
response in
deposition Substantiation

Floodplain width ↑ Wider floodplains reduce cross-section averaged flow velocities,37 which in turn allows for greater deposition of plastic
as the reduced energy of the water limits transport38

Floodplain vegetation
height

↑ When the top vegetation height is lower than the inundation height, the vegetation acts as a physical barrier, trapping
plastic, and promoting deposition39

↓ When the vegetation height exceeds the inundation height, especially if only tree trunks are exposed to the flow,
macroplastic items may bypass these features leading to reduced deposition or no noticeable effect

Floodplain vegetation
coverage

↑ Greater vegetation coverage increases terrain roughness, which promotes the deposition of macroplastic40

Floodplain lateral
slope

↓ Gentle slopes may reduce the velocity of overbank flows, promoting the settling of macroplastic, while steeper slopes
could maintain higher flow velocities, reducing deposition

River channel
sinuosity

↑ Larger sinuosity in the river’s channel increases water turbulence and mixing, which can lead to higher and lower flow
velocities around the bends, favoring the settling and accumulation of macroplastic on adjacent floodplains41

River channel width ↓ Narrower channels are more likely to result in trapping of macroplastic on bank side obstructions as compared with
wider channels carrying the same discharge42

River channel slope ↓ Increased river channel slope, indicative of stream power, increases the transport capacity of rivers43

Distance from
upstream end of
study area

↓ Gradual reduction in transport load as macroplastics move downstream, particularly if potential plastic sources are
located upstream of the study domain

↑ Proximity to river mouth can enhance macroplastic deposition due to tidal dynamics44,45

Distance from
upstream WWTP

↓ WWTPs are point sources for plastic inputs into rivers46

Distance from
upstream tributary

↓ Tributary inflow can lead to an increase in macroplastic concentrations in rivers, increasing the availability of
macroplastics for deposition47

↑ A clean tributary would actually dilute the macroplastic load of the main channel
aEach variable is accompanied by hypotheses indicating the expected direction of the relationship: an upward arrow denotes that an increase in the
variable correlates with greater plastic deposition, while a downward arrow indicates the opposite effect. Additional substantiation regarding the
mechanisms of macroplastic deposition on floodplains is also provided.
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To assess model robustness, we conducted a bootstrap
analysis,53 using a “leave-one-out” cross-validation (LOOV)
approach.54 This involves systematically removing one
observation at a time, using the remaining n − 1 points to
train the model, and testing performance on the excluded
point. This process was repeated for all observations in the
data set, allowing us to assess: (1) the robustness of the models
between training and test subsets and (2) the uncertainty of
the estimated coefficients. The test R2 score was calculated by
comparing predicted and actual values across all test iterations.
The R2 value across all test data for the IJssel winter 2024
event was 0.53, indicating moderate predictive capability. The
Meuse summer 2021 event had a stronger median R2 of 0.81.
We calculated the relative interquartile range (IQR) of
coefficients across all LOOV iterations, finding that all
coefficients had a relative IQR below 0.1, indicating stability.
To evaluate the relative importance of each variable, we

standardized both the predictor matrix X and the response
variable y using a z-score transformation.55 This ensures that
all variables are on the same scale. Standardized coefficients
(Figure 4b,e) show the relative influence of each variable on
the response.

■ RESULTS AND DISCUSSION
Floodplain Macroplastic Deposition Increases with

Flood Severity. Macroplastic deposition on floodplains
increases with flood severity, defined by the flood’s return
period. Higher-magnitude floods lead to increased macro-
plastic mass concentrations on floodplains than lower-
magnitude events and nonflood conditions (Figure 3). This
trend is supported by strong correlations between macroplastic
mass concentrations and both flood return period (T)
(Spearman’s ρ = 0.52, Pearson’s ρ = 0.65, p-value <0.05)
and river discharge (Spearman’s ρ = 0.76, Pearson’s ρ = 0.84,

p-value <0.05). The most severe flood (T > 100 years) on the
Meuse resulted in the highest macroplastic mass concen-
trations, with 11.2 g/m2, more than twice that of nonflood
conditions (5.0 g/m2). Similarly, the largest flood event on the
IJssel in winter 2024 (T = 3 years) led to the highest recorded
macroplastic mass concentrations for that river (3.3 g/m2),
about three times more than during nonflood conditions.
This relationship resembles trends in sediment studies,

where higher floodplain deposition rates correspond to
increased flood severity.9,56 Differences in regression intercepts
between the Meuse and IJssel indicate that the relationship is
river-specific, likely reflecting baseline plastic pollution levels
(Figure 3). Although deposition generally increases with flood
severity, the Meuse shows significant variability between
events. Notably, some nonflood periods exceeded winter
2020 flood concentrations, suggesting that factors beyond
flood severity, such as legacy plastics or postflood cleanup
efforts, may also influence macroplastic concentrations.
Furthermore, the relationship between macroplastic item
concentrations and return period (Figure S1) is less
straightforward than that of mass concentrations. This
discrepancy may be attributed to fragmentation processes,57

where item numbers increase without a corresponding mass
gain.
The two highest-magnitude floods deposited 4620 tons of

macroplastic along the 240 km of the Dutch Meuse, and 610
tons of macroplastic along 120 km of the IJssel (Table 2).

Postflood macroplastic stocks were two to three times higher
than those estimated during nonflood conditions. Comparing
these stock values with upstream and downstream annual in-
river macroplastic transport reveals that the total macroplastic
mass retained during floods equates to 62−83 years of annual
transport for the Meuse and 15−41 years for the IJssel (Table
2). These residence times indicate how long it would take for
the river to transport an equivalent mass of macroplastic to
that retained on banks and floodplains. While not precise due
to uncertainties, these values align with evidence of multi-
decadal macroplastic accumulation on floodplains.58

Flood Conditions Govern Spatial Patterns and
Drivers of Macroplastic Deposition. We accurately
estimated macroplastic concentrations for the two highest
magnitude floods (R2 = 0.93 for the Meuse summer 2021 flood
and R2 = 0.83 for the IJssel winter 2024 flood, Figure 4b,f),
using models based on eight factors. For the Meuse flood, the
primary governing factor was the distance from upstream study
boundary (Figure 4b). This is consistent with extensive
damage to the built environment in the Belgian Meuse,
particularly in the Vesdre tributary.59,60 Large quantities of
macroplastics were likely mobilized but not transported far due

Figure 3. Observed increase in macroplastic mass concentrations as a
function of flood return period. Bankfull discharge is indicated using
the 1.5 year return period, consistent with literature for natural rivers
that are in equilibrium.30−32 The shaded areas represent the 95%
confidence interval. The dashed line projects observed trends.

Table 2. Floodplain and Riverbank Macroplastic Stocks
Increase Significantly Following Major Floodsa

Annual transport
[tons/y]

Floodplain/river-
bank stocks [tons] Residence times [y]

Flood Nonflood Flood Nonflood

Meuse 56−75 4620 1937 62−83 26−35
IJssel 15−41 610 222 15−41 5−15

aNon-flood stock values represent the average from ten events.
Annual macroplastic transport rates are derived from literature.8,27

Details on the calculation of these metrics are provided in the
subsection “Floodplain Macroplastic Observations”.
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to the localized deposition mechanisms such as debris trapping
in vegetation. We hypothesize that macroplastics originating
from these heavily damaged areas were deposited near their
sources, explaining high upstream concentrations in the Dutch

Meuse. This pattern may also reflect flood severity, which was

highest upstream (return period >100 years at km 10) and

lower downstream (∼10 years at km 155),34 increasing the

Figure 4. Modeled macroplastic concentrations along the Meuse (a) and IJssel (d) rivers, showing the impact of key explanatory variables.
Concentration values were aggregated in bins of 5 km for the Meuse and 2.5 km for the IJssel. For both floods, eight variables significantly
explained macroplastic deposition (b,e). The hydrological characteristics of the floods differed: the summer 2021 Meuse flood was an extreme
event (c), whereas the winter 2024 IJssel flood was a long winter flood event (f).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c02969
Environ. Sci. Technol. 2025, 59, 19414−19423

19419

https://pubs.acs.org/doi/10.1021/acs.est.5c02969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c02969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c02969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c02969?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


likelihood of macroplastic mobilization and deposition near
source zones.
We characterize the summer 2021 Meuse flood as following

an obstruction-based deposition pattern, with most macro-
plastic deposited in vegetated floodplains (Figure 5a). These
high accumulation zones coincide with steeper river slopes
(∼0.04 m/m vs ∼0.01 m/m elsewhere along the Dutch
Meuse) (Figure 4b) and flow velocities up to 6 m/s.19

Macroplastic concentrations dropped rapidly after km 15
(Figure 4a), likely due to upstream retention by vegetation.
This highlights the role of riparian vegetation in trapping
macroplastic during high-energy flow conditions61 and
reducing its downstream transport.
The winter 2024 IJssel flood followed a different pattern,

with floodplain width as the primary driver of macroplastic
deposition (Figure 4d). Wider floodplains correspond to
higher concentrations, likely due to reduced cross-sectional
flow velocities.37,38 Proximity to tributaries was also important
(Figure 4e), consistent with short macroplastic transport
distances (0.2−12 km/day).44,58,60 Unlike the 2021 flood, this
event caused little damage to the built environment. The
observed macroplastic increase likely reflects mobilization of
plastic buried in the riverbed or in suspension. We classify this
event as a low-energy deposition pattern (Figure 5b).
The model performance was lower during nonflood and

low-magnitude flood conditions (R2 < 0.5) (Table S2). A
strong correlation between return period and model accuracy
(Pearson’s ρ = 0.72; Spearman’s ρ = 0.67; p < 0.05) suggests

improved performance during larger floods. During lower-
magnitude events, floodplains were inactive or only partially
flooded, limiting the influence of floodplain-related variables.
Point-source variables also showed no significant correlation
with macroplastic concentrations during low-magnitude floods
and nonflood conditions, suggesting these sources were then
inactive.62 This aligns with previous findings by Roebroek et
al.,26 who found that macroplastic deposition during nonflood
conditions was not significantly influenced by factors such as
wind speed, precipitation, or water levels.
Impact of Extreme Floods on Macroplastic Deposi-

tion. The summer 2021 flood deposited 4620 tons of
macroplastic in the Dutch Meuse floodplains�nearly 30% of
the catchment’s annual mismanaged plastic waste (15,915
tons/y).63 This high deposition is due to the large mass per
item (mean: 13.4 g/#), four times higher than that during the
IJssel 2024 flood (3.3 g/#) and higher than other rivers
globally, such as the Saigon (3.2 g/#).64 Macroplastic
concentrations ranged from 0.4 to 184 g/m2 (Figure S2a).
The high concentrations upstream of the Dutch Meuse likely
reflect extensive flood damage to the built environment59 and
inputs from combined sewer overflows (CSOs).12 Deposited
material included both waste and nonwaste macroplastics
mobilized during the flood.14 This highlights the role of
extreme floods in amplifying plastic pollution beyond routine
leakage from water infrastructure. Addressing this issue thus
requires not only waste management but also flood resilience,

Figure 5. Conceptual representation of macroplastic deposition patterns along floodplains. (a) Obstruction-driven deposition, observed during the
summer 2021 Meuse flood. The main macroplastic supply source (gray arrow) originates from the upstream end of the study domain, with
macroplastics primarily depositing on floodplain zones with inundated trees, deep floodplain water levels, and high flow velocities. (b) Low-energy
deposition observed during the winter 2024 IJssel flood. Macroplastic supply sources are more diffuse, and greater deposition rates are observed in
wide floodplains with reduced cross-sectional flow velocities. The schematized trends are conceptual illustrations derived from our observations and
predictive modeling, and relevant literature (cf. section “Flood Severity Calculation”). As such, further research is needed to validate and refine this
conceptual representation.
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to reduce both damage to built environments and plastic
mobilization.17

Our results show strong spatial variability in macroplastic
deposition along the Dutch Meuse, with concentrations
decreasing exponentially from upstream to downstream. Due
to access and safety constraints, we could not sample the most
affected areas, such as the Belgian Meuse and tributaries. It is
likely that even higher concentrations occurred in those areas
as dense debris carpets at the water surface were
documented.65 Consequently, our estimates likely under-
represent the total macroplastic deposition along the Meuse,
especially upstream. Our analysis is limited to the Dutch
Meuse and does not capture the full river corridor.
Plastic entry into aquatic systems is expected to rise with

increasing global plastic production and consumption.66 In
addition, climate change may lead to more frequent severe
floods in certain regions of the world.67,68 For instance, the
return period of 20 year floods is projected to decrease from
the late 20th and late 21st centuries, meaning such events will
occur more frequently.69 Since 24% of the global population
lives in flood-prone areas,70 flood-driven plastic mobilization is
likely to increase. Strengthening flood resilience could mitigate
damage to built environments and reduce plastic inputs during
extreme events. Inadequate floodplain cleanup may contribute
to a growing legacy of macroplastic on floodplains from past
deposition events. Long retention times of macroplastic on
floodplains58 increase the potential for biochemical fragmenta-
tion through photo-oxidation,57 increasing risks of ingestion by
fauna.
Toward Prediction of Flood-Driven Macroplastic

Deposition: Knowledge Gaps and Future Directions.
Our study highlights the significant impact of floods on
macroplastic deposition in floodplains. While floods increase
riverine macroplastic transport,15 this does not necessarily
translate to greater export to coastal areas. Indeed, substantial
deposition can occur along the river course, on riverbanks and
floodplains. The extent to which macroplastics are transported
or retained depends on locations and may vary over the course
of a flood event as shifting flow conditions dynamically
influence the balance between transport and deposition.
Our research is limited to two lowland rivers in the

Netherlands with relatively low baseline pollution71 and covers
a small number of flood events (n = 5). Nevertheless, this
represents a larger data set of flood-related plastic deposition
than any previous study, providing unprecedented insights into
the role of floods in macroplastic deposition. Future studies
should include a broader range of events, river systems, and
pollution levels. In situ sampling during and after floods is
crucial but challenging: continuous hydrological monitoring is
necessary for safety and access. In addition, our model could
be improved by including variables like combined sewer
outfalls; proximity to flood-damaged or urban infrastructure as
these are known plastic sources during floods.60,72

Literature suggests the existence of multiple flood-transport
regimes for debris,73 potentially leading to distinct deposition
patterns.74 For instance, flash floods in small systems may
result in catchment-wide flushing,75 a pattern we did not
observe in our study. Previous research4 reported a decrease in
microplastic abundance in riverbed sediments following floods,
contrasting with our findings of increased macroplastic
deposition on floodplains. Hauk et al.12 also observed that
certain plastic types were preferentially deposited, while others
were flushed out. These elements show the complexity of river

plastic transport and retention during floods, where both
flushing and retention processes can coexist depending on
flood dynamics, river morphology, river sinks, and plastic
characteristics.
To effectively reduce macroplastic deposition on floodplains,

further studies are needed on the spatial distribution to inform
mitigation. Our typologies of floodplain macroplastic deposi-
tion (Figure 5) suggest distinct spatial patterns. Macroplastics
deposited during flood events with obstruction-based deposi-
tion patterns clusters around or within riparian vegetation. In
contrast, macroplastics deposited during low-energy deposition
might be distributed in lines parallel to the high water line.76

Identifying these patterns can support targeted, cost-effective
interventions. Our model, applicable to other flood events,
does not rely on hydrological conditions but requires activated
floodplains as floodplain width and vegetation height are key to
explaining deposition patterns.
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(22) Chowdhury, M. K.; Blom, A.; Ylla Arbós, C.; Verbeek, M. C.;
Schropp, M. H. I.; Schielen, R. M. J. Semicentennial response of a
bifurcation region in an engineered river to peak flows and human
interventions. Water Resour. Res. 2023, 59, No. e2022WR032741.
(23) Beelen, E. The influence of lateral inflow on the water level in
the IJssel. M.Sc. Thesis, University of Twente, 2024.
(24) Van Emmerik, T.; Roebroek, C.; de Winter, W.; Vriend, P.;
Boonstra, M.; Hougee, M. Riverbank macrolitter in the Dutch Rhine−
Meuse delta. Environ. Res. Lett. 2020, 15, 104087.
(25) De Lange, S. I.; Mellink, Y.; Vriend, P.; Tasseron, P. F.;
Begemann, F.; Hauk, R.; Aalderink, H.; Hamers, E.; Jansson, P.;
Joosse, N.; Löhr, A. J.; Lotcheris, R.; Schreyers, L.; Vos, V.; van
Emmerik, T. H. M. Sample size requirements for riverbank
macrolitter characterization. Front. Water 2023, 4, 1085285.
(26) Roebroek, C. T. J.; Hut, R.; Vriend, P.; de Winter, W.;
Boonstra, M.; van Emmerik, T. H. M. Disentangling variability in
riverbank macrolitter observations. Environ. Sci. Technol. 2021, 55,
4932−4942.
(27) van Emmerik, T.; de Lange, S.; Frings, R.; Schreyers, L.;
Aalderink, H.; Leusink, J.; Begemann, F.; Hamers, E.; Hauk, R.;
Janssens, N.; Jansson, P.; Joosse, N.; Kelder, D.; van der Kuijl, T.;
Lotcheris, R.; Lohr, A.; Mellink, Y.; Pinto, R.; Tasseron, P.; Vos, V.;
Vriend, P. Hydrology as a driver of floating river plastic transport.
Earth’s Future 2022, 10, No. e2022EF002811.
(28) Rijkswaterstaat-Ministerie van Infrastructuur en Waterstaat
Waterinfo. 2024 https://waterinfo.rws.nl/ (accessed June 01, 2024).
(29) Raes, D. Frequency analysis of rainfall data. In College on Soil
Physics�30th Anniversary (1983−2013); The Abdus Salam Interna-
tional Centre for Theoretical Physica, 2013, p 244-10.
(30) Dury, G. H.; Hails, J. R.; Robbie, H. B. Bankfull discharge and
the magnitude frequency series. Aust. J. Sci. 1963, 26, 123−124.
(31) Leopold, L. B.; Wolman, M. G.; Miller, J. P.; Wohl, E. E. Fluvial
Processes in Geomorphology; Courier Dover Publications, 1964; p 544.
(32) Williams, G. P. Bank-full discharge of rivers. Water Resour. Res.
1978, 14, 1141−1154.
(33) Van Campenhout, J.; Houbrechts, G.; Peeters, A.; Petit, F.
Return period of characteristic discharges from the comparison
between partial duration and annual series, application to the Walloon
Rivers (Belgium). Water 2020, 12, 792.
(34) Slomp, R. Flooding in the Meuse River Basin in the Netherlands�
Thursday July 15th−Thursday July 22nd, Coping with a Summer Flood,
Some First Impressions, 2021.
(35) Hastie, T. J. Statistical Models in S; Routledge, 2017; pp 249−
307.
(36) Wohl, E. Bridging the gaps: An overview of wood across time
and space in diverse rivers. Geomorphology 2017, 279, 3−26.
(37) Savenije, H. H. The width of a bankfull channel; Lacey’s
formula explained. J. Hydrol. 2003, 276, 176−183.
(38) Hjulström, F. Transportation of detritus by moving water.
Ph.D. Thesis, University of Uppsala, 1939.
(39) Williams, A.; Simmons, S. The degradation of plastic litter in
rivers: implications for beaches. J. Coast Conserv. 1996, 2, 63−72.
(40) Cesarini, G.; Scalici, M. Riparian vegetation as a trap for plastic
litter. Environ. Pollut. 2022, 292, 118410.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c02969
Environ. Sci. Technol. 2025, 59, 19414−19423

19422

https://doi.org/10.1126/science.adl2746
https://doi.org/10.1126/science.adl2746
https://doi.org/10.1016/j.jue.2015.09.003
https://doi.org/10.1016/j.jue.2015.09.003
https://doi.org/10.1038/s41586-024-07758-6
https://doi.org/10.1038/s41586-024-07758-6
https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1016/j.envres.2013.11.004
https://doi.org/10.1016/j.envres.2013.11.004
https://doi.org/10.1016/j.envres.2013.11.004
https://doi.org/10.3389/feart.2020.00028
https://doi.org/10.3389/feart.2020.00028
https://doi.org/10.1021/acsestwater.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2024.121786
https://doi.org/10.1002/(SICI)1096-9837(199807)23:7<595::AID-ESP869>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1096-9837(199807)23:7<595::AID-ESP869>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1096-9837(199807)23:7<595::AID-ESP869>3.0.CO;2-Y
https://doi.org/10.1046/j.1365-2427.2002.00916.x
https://doi.org/10.1046/j.1365-2427.2002.00916.x
https://doi.org/10.1088/1748-9326/ad0768
https://doi.org/10.1088/1748-9326/ad0768
https://doi.org/10.1088/1748-9326/ad0768
https://doi.org/10.3389/frwa.2021.786936
https://doi.org/10.1016/j.scitotenv.2024.171568
https://doi.org/10.1016/j.scitotenv.2024.171568
https://doi.org/10.1038/s44221-023-00092-7
https://doi.org/10.1038/s44221-023-00092-7
https://doi.org/10.3389/fmars.2019.00151
https://doi.org/10.3389/fmars.2019.00151
https://doi.org/10.3389/fmars.2019.00151
https://doi.org/10.1017/sus.2024.14
https://doi.org/10.1017/sus.2024.14
https://doi.org/10.1038/s41586-025-09305-3
https://doi.org/10.1038/s41586-025-09305-3
https://doi.org/10.5194/hess-13-1727-2009
https://doi.org/10.5194/hess-13-1727-2009
https://doi.org/10.5194/hess-13-1727-2009
https://doi.org/10.1029/2022wr032741
https://doi.org/10.1029/2022wr032741
https://doi.org/10.1029/2022wr032741
https://doi.org/10.1088/1748-9326/abb2c6
https://doi.org/10.1088/1748-9326/abb2c6
https://doi.org/10.3389/frwa.2022.1085285
https://doi.org/10.3389/frwa.2022.1085285
https://doi.org/10.1021/acs.est.0c08094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c08094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2022EF002811
https://waterinfo.rws.nl/
https://doi.org/10.1029/WR014i006p01141
https://doi.org/10.3390/w12030792
https://doi.org/10.3390/w12030792
https://doi.org/10.3390/w12030792
https://doi.org/10.1016/j.geomorph.2016.04.014
https://doi.org/10.1016/j.geomorph.2016.04.014
https://doi.org/10.1016/S0022-1694(03)00069-6
https://doi.org/10.1016/S0022-1694(03)00069-6
https://doi.org/10.1007/BF02743038
https://doi.org/10.1007/BF02743038
https://doi.org/10.1016/j.envpol.2021.118410
https://doi.org/10.1016/j.envpol.2021.118410
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(41) Newbould, R. Understanding river plastic transport with tracers
and GPS. Nat. Rev. Earth Environ. 2021, 2, 591.
(42) Holland, P. G. Encyclopedia of Hydrology and Lakes; Springer
Netherlands: Dordrecht, 1998; p 121.
(43) Wilcock, P. R. Critical shear stress of natural sediments. J.
Hydraul. Eng. 1993, 119, 491−505.
(44) Lotcheris, R. A.; Schreyers, L.; Bui, T.; Thi, K. V. L.; Nguyen,
H.-Q.; Vermeulen, B.; van Emmerik, T. Plastic does not simply flow
into the sea: River transport dynamics affected by tides and floating
plants. Environ. Pollut. 2024, 345, 123524.
(45) Schreyers, L. J.; van Emmerik, T. H. M.; Bui, T.-K. L.; van Thi,
K. L.; Vermeulen, B.; Nguyen, H.-Q.; Wallerstein, N.; Uijlenhoet, R.;
van der Ploeg, M. River plastic transport affected by tidal dynamics.
Hydrol. Earth Syst. Sci. 2024, 28, 589−610.
(46) Kawecki, D.; Nowack, B. Polymer-specific modeling of the
environmental emissions of seven commodity plastics as macro-and
microplastics. Environ. Sci. Technol. 2019, 53, 9664−9676.
(47) Kuizenga, B.; Tasseron, P. F.; Wendt-Potthoff, K.; van
Emmerik, T. H. M. From source to sea: Floating macroplastic
transport along the Rhine river. Front. Environ. Sci. 2023, 11, 1180872.
(48) Rijkswaterstaat-Ministerie van Infrastructuur en Waterstaat
Ecotopen. 2024 https:/waterinfo-extra.rws.nl/monitoring/biologie/
ecotopen/ (accessed May 13, 2024).
(49) Actueel Hoogtebestand Nederland (AHN) ATOM, Digital
Surface Model (DSM) 0.5m and Digital Elevation Model (DEM
0.5m). 2024 https://service.pdok.nl/rws/ahn/atom/index.xml (ac-
cessed Feb 26, 2024).
(50) Digitaal Vlaanderen Het Digitaal Hoogtemodel. 2024 https://
www.vlaanderen.be/digitaal-vlaanderen/onze-oplossingen/earth-
observation-data-science-eodas/het-digitaal-hoogtemodel (accessed
March 07, 2024).
(51) Stichting Nederlandse WaterSector Watersector Database.
2024 https://watersector.nl/rwzi/map/rwzi (accessed June 06,
2024).
(52) Anderson, D.; Burnham, K. Model Selection and Multi-Model
Inference; Springer, 2004.
(53) Efron, B. Breakthroughs in Statistics: Methodology and
Distribution; Springer, 1992; pp 569−593.
(54) Hastie, T.; Tibshirani, R.; Friedman, J. The Elements of
Statistical Learning: Data Mining, Inference, and Prediction; Springer,
2017; p 764.
(55) Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.;
Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.;
Dubourg, V.; Vanderplas, J.; Passos, A.; Cournapeau, D.; Brucher, M.;
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