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Summary

Plastic is an essential part of everyday human life, and even though plastic
mass production started less than 100 years ago, plastic pollution is now a

global problem. In this thesis the focus is on one small facet of macroplastic (>
2.5 cm) pollution, macroplastic on riverbanks in the Netherlands. Macroplastic
can enter the riverine environment via multiple pathways such as surface run-
off, sewer overflow, or littering. Rivers transport and store a variety of natural
and anthropogenic materials, nowadays including (macro-)plastic. Macroplastic in
rivers can be transported and emitted to the sea, or (intermittently) stored in the
river bed, in riparian vegetation, or in and on riverbanks and floodplains. In this
thesis I investigated different aspects of riverbank macroplastic pollution along
Dutch rivers. In particular the research in this thesis followed four questions:

1. How stable is macroplastic deposition on riverbanks over time and space?

2. How does macroplastic concentration and composition on riverbanks and
floodplains differ following a flood event vs. non-flood conditions?

3. How far are macroplastic items transported during a flood event and over
the following years, and how does their condition develop in terms of mass
and fragmentation?

4. Following flood events, how do macroplastic concentrations and characteris-
tics differ between landcover elements on riverbanks and floodplains, and
how is plastic distributed in the lateral direction?

Chapter 1 is the introduction to the thesis topic. I introduce the history of plastic
production and plastic pollution as well as its consequences. I then introduce the
role of rivers in plastic pollution (transport), and plastic transport and deposition
during flood and non-flood conditions. And finally, macroplastic deposition on
Dutch riverbanks which is the main focus of this thesis.

Chapter 2 assesses and quantifies the temporal stability of macroplastic concentra-
tions across riverbanks and rivers over time. The results show that macroplastic
pollution across riverbanks is not evenly distributed and does not appear random
over time. Hotspot and coldspot locations which are consistently above/below the
macroplastic concentration average are identified.
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0 | Summary

Chapter 3 compares plastic deposition along the Meuse river following a flood
event to plastic deposition along the Meuse during non-flood conditions. This is
done by fieldwork following the July 2021 flood event and comparing this field-
work to multi-year monitoring data on the same riverbanks.

Chapter 4 focuses on a case study of plastic spilled into the Meuse river during
the July 2021 flood. The study followed the transport and fate of spilled buttertubs
over the two years after the flood event. Their transport path and velocity was
tracked, as well as their fragmentation and mass development.

Chapter 5 investigates flood induced deposition of macroplastic on riverbanks and
floodplains. Where exactly plastic is deposited, spatially on riverbanks, and in re-
lation to riverbank and floodplain elements such as different vegetation and debris
piles. In this chapter also the characteristics of macroplastic deposited off the
ground, in trees and other riparian vegetation, vs. macroplastic deposited on the
ground and in groundcovering vegetation, are investigated.

Chapter 6 is the synthesis of this thesis, I discuss the main findings and how
the results from the individual chapters connect and fit into a broader context.
I also discuss what these results reveal about plastic pollution and what we can
learn from this for plastic pollution research. Especially implications of the thesis
results in view of modeling plastic transport and deposition along rivers, as well as
sampling and monitoring strategies. I will discuss emerging and open questions
in the research field, and potential future research directions.
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Samenvatting

Plastic is een onmisbaar onderdeel van het dagelijks leven van de mens, en
hoewel de massaproductie van plastic nog geen 100 jaar geleden begon, is

plasticvervuiling inmiddels een wereldwijd probleem. In dit proefschrift ligt de
focus op één klein aspect van de vervuiling door macroplastic (> 2,5 cm), namelijk
macroplastic op rivieroevers in Nederland. Macroplastic kan via verschillende rou-
tes in het riviermilieu terechtkomen, zoals afvloeiing van het oppervlak, rioolover-
storten of zwerfafval. Rivieren vervoeren en slaan een verscheidenheid aan natuur-
lijke en antropogene materialen op, waaronder tegenwoordig ook (macro-)plastic.
Macroplastic in rivieren kan worden getransporteerd en in zee terechtkomen, of
(met tussenpozen) worden opgeslagen in de rivierbedding, in oevervegetatie, of
in en op rivieroevers en uiterwaarden. In dit proefschrift hebben we verschillende
aspecten van macroplasticvervuiling langs Nederlandse rivieroevers onderzocht.
Het onderzoek in dit proefschrift richtte zich met name op vier vragen:

1. Hoe stabiel is de afzetting van macroplastic op rivieroevers in tijd en ruimte?

2. Hoe verschillen de concentratie en samenstelling van macroplastic op rivier-
oevers en uiterwaarden na een overstroming ten opzichte van normale wa-
terniveaus?

3. Hoe ver worden macroplasticdeeltjes getransporteerd tijdens een overstro-
ming en in de daaropvolgende jaren, en hoe ontwikkelt hun toestand zich in
termen van massa en fragmentatie?

4. Hoe verschillen de concentraties en eigenschappen van macroplastic na over-
stromingen tussen de verschillende landbedekkingselementen op rivieroe-
vers en in uiterwaarden, en hoe is het plastic in de zijdelingse richting ver-
deeld?

Hoofdstuk 1 vormt de inleiding van het proefschrift. Ik zal de geschiedenis van de
plasticproductie en de plasticvervuiling bespreken, evenals de gevolgen daarvan.
Vervolgens ga ik in op de rol van rivieren bij plasticvervuiling (transport), en op
het transport en de afzetting van plastic tijdens zowel hoogwater- als normale
afvoer. En tot slot de afzetting van macroplastic op Nederlandse rivieroevers, het
belangrijkste onderwerp van dit proefschrift.
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0 | Samenvatting

In hoofdstuk 2 beoordeelt en kwantificeert de stabiliteit in de tijd van de macro-
plasticconcentraties langs rivieroevers en in rivieren. De resultaten tonen aan dat
de macroplasticvervuiling langs rivieroevers niet gelijkmatig is verdeeld en in de
tijd geen willekeurig patroon vertoont. De hotspots en coldspots, die consequent
boven of onder het gemiddelde van de macroplasticconcentraties liggen, worden
in kaart gebracht.

Hoofdstuk 3 vergelijkt de afzetting van plastic langs de Maas na een overstroming
met de afzetting van plastic langs de Maas tijdens normale waterniveaus. Dit ge-
beurt door middel van veldwerk na de overstroming van juli 2021 en door dit
veldwerk te vergelijken met meerjarige monitoringgegevens over dezelfde rivier-
oevers.

Hoofdstuk 4 richt zich op een studie van plastic dat tijdens de overstroming van
juli 2021 in de Maas terechtkwam. Het transport en het lot van de gemorste boter-
kuipjes gedurende de twee jaar na de overstroming, is in deze studie gevolgd. Hun
transportroute en snelheid zijn bijgehouden, evenals hun fragmentatie en massa-
vorming.

Hoofdstuk 5 onderzoekt de door overstromingen veroorzaakte afzetting van ma-
croplastic op rivieroevers en uiterwaarden. Waar precies wordt het plastic afgezet,
in relatie tot de waterlijn vs. hoogwaterlijn, en in relatie tot elementen van de oever
en de uiterwaarden, zoals verschillende soorten vegetatie en drijfvuilophopingen.
In dit hoofdstuk worden ook de kenmerken onderzocht van macroplastic dat niet
op de grond ligt, maar in bomen en andere oevervegetatie, in vergelijking met
macroplastic dat op de grond ligt en in bodembedekkende vegetatie.

Hoofdstuk 6 vormt de synthese van dit proefschrift; ik bespreek de belangrijkste
bevindingen en hoe de resultaten uit de afzonderlijke hoofdstukken met elkaar in
verband staan en in een bredere context passen. Ook bespreek ik wat deze resul-
taten ons leren over plasticvervuiling en welke lessen we hieruit kunnen trekken
voor het onderzoek naar plasticvervuiling. Met name de implicaties van de resulta-
ten van het proefschrift voor het modelleren van het transport en de afzetting van
plastic langs rivieren, evenals voor bemonsterings- en monitoringstrategieën. Ik
ga hier ook in op opkomende en open vragen in het onderzoeksveld, en mogelijke
toekomstige onderzoeksrichtingen.
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1 | Introduction

1.1 | The ubiquitous case of plastic (pollution)

Plastic is an umbrella term for a variety of materials, mainly natural, synthetic
and semi-synthetic polymers. Within less than 100 years we invited it into every
aspect of human life. Plastic applications include (single-use) packaging, textiles,
construction, medical, household items and consumer goods, fishery, transporta-
tion, and technology. Plastic items have an average useful life between less than
a year for packaging, and a few decades for building and construction (Geyer
et al., 2017). However, plastic does not simply disappear once its’ useful life has
ended. Global plastic production in 2024 was 430.9 million metric tonnes (Mt),
with the most common polymers as high and low density polyethylene 26.0%
(PE), polypropylene 19.0% (PP), polyvinylchloride 12.8% (PVC), polyethylene tere-
phthalate 6.2% (PET), (expanded) polystyrene 5.1% ((E)PS), and polyurethane 5.3%
(PUR) (Plastics Europe, 2025). Of the 430.9 Mt, 89.8% were fossil based, 9.5% post-
consumer mechanically recycled, 0.6% bio-based, 0.1% chemically recycled, and
<0.1% carbon-captured (Plastics Europe, 2025). Geyer et al. (2017) estimated that
between 1950 - 2015, 8300 Mt of plastic had been produced cumulative, combined
with estimated global plastic production (excl. recycled plastic) between 2016 -
2024 (Plastics Europe, 2021, 2024, 2025) this amounts to an estimated total of 11514

Mt of produced plastic by 2024.

Global plastic production steadily increased over the last decades. Under the con-
servative assumption that in 2025 and 2026, production stays the same as 2024

with 386.9 Mt (excl. recycling), that would amount to about 12288 Mt of plastic
produced globally between 1950 - 2026. While this is only an estimation, it can give
an idea of the order of magnitude. A large fraction of the produced plastic ends
up in landfill or the environment as mismanaged plastic waste (MPW). Pottinger
et al. (2024) estimate that in 2020 about 425 Mt plastic waste was generated glob-
ally, with 39% (166 Mt) going to landfill, 24% (102 Mt) were formally incinerated,
22% (94 Mt) recycled, and the remaining 15% (64 Mt) were MPW. These estimates
indicate the increase of recycling and formal incineration over time. Geyer et al.
(2017) estimated that approximately 6300 Mt of plastic waste had been generated
by 2015, thereof approximately 9% (567 Mt) recycled, 12% (756 Mt) incinerated,
and 79% (4977 Mt) in landfills or emitted to the environment. Given business as
usual, future estimations are in the range of 55 Mt recycling, 140 Mt disposal, and
240 Mt MPW per year in 2040 (Lau et al., 2020). This is in the same order of mag-
nitude as the estimation by Pottinger et al. (2024) who estimated 121 Mt MPW and
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271 Mt going to landfill per year by 2050 and Lebreton & Andrady (2019) who
estimated 155–265 Mt of MPW per year by 2060.

Plastics are lightweight, sturdy, and cheap, which makes them a great material for
a whole range of uses and applications. However, over the last around 75 years,
plastic got out of control and we trashed our planet. As a consequence, human
life but also flora and fauna are affected by plastic in unintended ways. The word
‘ubiquitous’ is used ubiquitously across literature to describe the state of global
plastic pollution. In short, it is everywhere. Wherever the environment is sampled
for plastic, the ‘success rate’ of detection is very high. Whether in the deep sea
(Galgani et al., 1996; Song et al., 2021; Zhu et al., 2024), in the arctic (Bergmann
et al., 2022), or on Mount Everest (Napper et al., 2020), not to mention urban areas
(Schuyler et al., 2022) and human bodies (Li & Liu, 2024). The physical presence
of plastic with its mechanical properties and risk of entanglement, ingestion or
inhaling, is just one side of the coin. Plastic is also never ‘just plastic’. It is produced
with a huge range of additives, most common are plasticizers, antioxidants, heat
stabilizers, and slip agents, but also colorants, processing aids, flame retardants,
or fillers (Hahladakis et al., 2018; Monclús et al., 2025). There are more than 16.000

known plastic chemicals, of which at least 4.200 are chemicals of concern, since
they are either persistent and or bioaccumulative, and or toxic (Monclús et al.,
2025).

Currently the annual plastic production rate is around 430 Mt and rising (Plastics
Europe, 2025), which means roughly 50 kg for each person on this planet (Sy-
meonides et al., 2021). Seewoo et al. (2023) analyzed over 3500 peer-reviewed
publications on human exposure to plastic and plastic related chemicals, and im-
pacts on human health. They found that there are quite a few gaps in studies on
impacts of plastic on human health, e.g. 26 out of 1202 known hazardous addit-
ives, actively used in plastic production were not included in the reviewed studies.
Further, there are very few studies on recent substitutive chemicals. They call for
a paradigm shift where plastic additives have to be rigorously tested before and
while being introduced in consumer products. However, they also found that the
concern over how plastic impacts human health is increasing, >45% of reviewed
publications had been published in the five years previous to the study. The issues
of plastic additives has been known for decades (Deanin, 1975). Yet, it is still on
authorities and policymakers to identify and regulate toxic additives. The burden
of proof should be reversed to where plastic producers have to disclose additives
and ensure that their products are not causing any short- or long-term harm to

3



1 | Introduction

workers, consumers, or at any step post use (Castillo et al., 2023). In the process of
the global plastic treaty, researchers pointed out that the preparatory documents
focused mainly on downstream waste, when plastic additives should be nego-
tiated more prominent (Dey et al., 2022; Brander et al., 2024). Plastic additives
have been linked to a large range of human health impacts, including miscarriage,
decreased birth weight, ADHD, cognitive development, hay fever, asthma, breast
cancer, endometriose, polycystic ovarian syndrome, decrease in sperm concentra-
tion and quality, non-hodgkin lymphoma, melanoma, thyriod function, lung can-
cer, obesity, insulin resistance/type 2 diabetes, liver cancer, and total cancer deaths
(Symeonides et al., 2021; Kahn et al., 2020).

Humans are not the only ones impacted by plastic use and pollution. We might
not yet oversee all impacts and consequences of plastic production, usage, and
pollution, but there is already a wide range of known effects. Entanglement and
ingestion of plastic, fishing gear, and other anthropogenic debris has been recorded
for decades, especially for marine birds and mammals (Shaughnessy, 1980; Ryan,
1987; Fowler, 1987; Jones, 1994). Plastic debris can also serve as ‘rafts’ for invasive
species (Gregory, 1991; García-Gómez et al., 2021). Peng et al. (2024) estimate that
through plastic floating at the ocean surface already up to 50 tons of plastic addit-
ives have been released. Species in the freshwater environment are also affected by
plastic pollution, Azevedo-Santos et al. (2021) found evidence of plastic ingestion
in over 200 freshwater species. The ubiquity of plastic pollution, the increasing
plastic production rates, the large range of additives, and its persistency in the
environment are concerning. And as of today we are not overseeing the entirety
of short- and long-term impacts and consequences of plastic pollution.

1.1.1 | Macroplastic in rivers

At a zoomed out level, our environment consists of four spheres, atmosphere (air),
lithosphere (sediment), hydrosphere (water), and biosphere (everything living). In
plastic research, these spheres are commonly broken down further into environ-
mental (sub-)compartments. Plastic research focuses often on either terrestrial,
freshwater, marine, or atmospheric. Within each of these compartments studies
often target a specific country or geographic region, a certain aspect of plastic pol-
lution, e.g. a size range of plastic particles or a specific source. Research methods
and measurement approaches differ between plastic particle size, environmental
compartments, and also measurement protocols changed over the last few decades
(Aliani et al., 2026; Hurley et al., 2023; Stock et al., 2019). Therefore it can be chal-
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Figure 1.1 | Overview of potential sources and sinks of plastic. The colored hexagons at the
sources on the le� indicate the compartment the plastic first enters from that particular
source. Figure adapted from Hoseini & Bond (2022).
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lenging to compare results, and draw zoomed out, large scale conclusions. This
thesis focuses on meso- (0.5 - 2.5 cm) and macro- (>2.5 cm) (based on Hanke et al.,
2013) plastic pollution (hereafter macroplastic) in the freshwater environment, spe-
cifically in and along rivers on riverbanks and floodplains. For an overview of
plastic sources and sinks in the environment see Figure 1.1.

As we are reminded of in every study involving them, rivers connect the terrestrial
with the marine environment. In a way, they are ‘natures conveyor belts’ (Fer-
guson, 1981). Transporting natural and anthropogenic materials, such as sediment,
wood, small organic debris, plankton, and also plastic and other litter. But that is
only one aspect of rivers role in plastic pollution (transport). It seems the vast
majority of plastic emitted on land stays either in the terrestrial or the freshwa-
ter environment (Mennekes et al., 2024; van Emmerik et al., 2022b; Nyberg et al.,
2023).

Liro et al. (2020) identified five phases of macroplastic transport through a river,
1. input, 2. transport, 3. storage, 4. re-mobilization, 5. output (export to sea or
removal via clean-up). They described that 1. is mainly controlled by humans,
2.-4. by fluvial processes, and 5. by both. Input of plastic into the river corridor
can occur via multiple pathways. Plastic can be littered directly, via surface runoff,
via mobilization during a riverine flood, via transport by wind, emission from a
landfill close by the river, or via sewer- or stormwater overflow (Lechthaler et al.,
2020; Wang et al., 2024). ‘Output’ i.e. when plastic is leaving a river either means it
is emitted from the river to the sea, or it is removed from the river during a clean-up
of a riverbank, or by a plastic/litter removal device (Helinski et al., 2021). Plastic in
a river can be stored in the river bed (Hurley et al., 2018), entangled in vegetation
(Cesarini & Scalici, 2022; Liro et al., 2022), and on or incorporated in riverbanks
and floodplains (Hidayat et al., 2022; Dalu et al., 2025; Uogintė et al., 2024), also see
Figure 1.2. Plastic can be stored in and around rivers for decades (McGoran et al.,
2023; Tramoy et al., 2020b). Presumably macroplastic items repeat the phases 2. -
4., as studies with trackers or tracers indicate that plastic in rivers goes through a
repeated cycle of transport, deposition, and re-mobilization (Tramoy et al., 2020a;
Lotcheris et al., 2024).
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Figure 1.2 |Macroplastic transport and deposition in rivers. Figure adapted from van Emmerik
& Schwarz (2020).

Ideally as plastic researchers we would like to somehow track the precise move-
ment of a million pieces of different macroplastic litter and follow their transport
path through the environment. Identify precisely where they came from, where
they take a break, and where they eventually end up at. Track them over the
course of decades or longer. Will they even ‘end up’ anywhere? Or will they just
keep moving, break down into smaller and smaller fragments, release additives,
and the journey of one piece of macroplastic litter turns into many. I specifically
would like to apply this to macroplastic litter items in Dutch rivers. As of March
2026, unfortunately this is not possible. For most macroplastic items the location
of ‘input’ is unclear. While for some litter categories their source can be estimated,
e.g. fishing line or food containers, usually a large proportion are fragments of
soft or hard plastic or foam (Pinto et al., 2024a; Nguyen & Bui, 2023; van Emmerik
et al., 2020c) that can not be further identified. There are multiple approaches to
monitoring plastic in and along rivers, observational fieldwork, experimental field-
work, use of cameras or unmanned aerial vehicles (UAVs or ‘drones’) or remote
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1 | Introduction

sensing (via satellite imagery) (Hurley et al., 2023; van Emmerik & Schwarz, 2020).
Observational fieldwork means manual sampling or observation of macrolitter on
the riverbank, floating at the surface e.g. by observing from a bridge or deploying
a boom, or in the watercolumn by deploying nets. Experimental fieldwork utilizes
released (GPS-) trackers or other tracers.

However, all approaches come with limitations. Some are very time and labor
intensive, such as monitoring floating and near-surface plastic from bridges, and
also this method neglects any plastic transported lower in the water column or
right above/in the riverbed. Remote sensing options such as cameras on bridges,
drones, or satellite imagery can also only monitor whats on or close to the sur-
face (Marye et al., 2025). Monitoring or sampling via nets at different depths in
the river can include plastic at almost all depths (Oswald et al., 2025), but sample
collection and analysis is once again very labor intensive. Further, the nets do
not cover the entire river cross-section. In contrast to observational fieldwork with
monitoring and sampling ‘what is there’, experimental fieldwork makes use of of
(GPS-)trackers or tracers (Newbould, 2021). For trackers and tracers, the point and
time of release is precisely known, and their transport path can be tracked relat-
ively detailed, at least for a certain time span. However, trackers and tracers come
with their own limitations. Depending on the selected method, the ones allowing
for precise tracking such as GPS trackers can be quite costly, have limited battery
life, and have characteristics such as mass and buoyancy that differ from the com-
mon macroplastic litter pieces, and they need to stay near to the water surface in
order to not loose signal (Tramoy et al., 2020a; Semcesen et al., 2025). Other tracers
such as marked macroplastic items can be labor intensive to track and might have
a relatively low retrieval rate (Tramoy et al., 2021; Liro et al., 2025). In any case,
trackers and tracers are retrieved after a limited time span and or retrieved within
set spatial boundaries. Studies involving trackers and tracers can give very valu-
able insights into macroplastic transport and storage in rivers, however, they do
not depict reality.

Monitoring and sampling of deposited plastic in the ‘storage’ phase comes with
similar constraints and limitations. Manual monitoring of plastic on riverbanks im-
plies ‘going to each riverbank’ to manually identify and count macroplastic items
in the sampling area. However, remote sensing of plastic on riverbanks, especially
with the plastic sizes and concentrations common in the Netherlands is also not
completely feasible yet (Tasseron et al., 2024b; Maathuis et al., 2026). As of the time
of this thesis, the most promising approach seems to be to ‘go out and count’. Of
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course that is not sustainable and very labor and cost intensive, and also limited
to when and where you decide to monitor or sample. That being said, there have
been numerous studies giving insights on macroplastic transport and deposition
in rivers, especially in the last decade.

1.1.2 | Plastic transport and riverine floods

Floods in general and riverine floods in particular can occur due to various causes
(e.g. Rosenzweig et al. (2018); Kreibich & Dimitrova (2010); Mohor et al. (2020); Leal
et al. (2018)). Depending on the cause, there are in general four types of floods;
fluvial (from latin ‘fluvialis’, ‘of the river’), pluvial (from latin ‘pluvialis’, ‘of the
rain’), flash floods, and coastal floods. Coastal floods (or storm surge) as indicated
by their name occur along the coast, when seawater is pushed onto the coast,
typically during a severe storm or a tsunami. Pluvial floods, also called surface
water floods occur outside a body of water, when rainfall exceeds the infiltration
or drainage capacity and leads to pooling. Coastal and pluvial floods are not
subject of this thesis. Fluvial floods occur when the waterlevel of a river, stream, or
lake increases to a point where it exceeds its bank and overflows onto surrounding
land. Fluvial floods are usually caused by excessive rainfall or snowmelt. Flash
floods are severe floods (fluvial or pluvial) that occur very fast, within minutes or
up to six hours, either due to excessive rainfall, or e.g. breaking of a dam. When
multiple types of floods occur simultaneously or in close succession it is called a
compound flood.

Plastic in rivers can be transported anywhere in the water column (Oswald et al.,
2025). It can also be transported in biota (Azevedo-Santos et al., 2021; Collard
et al., 2019), but as that is not in the focus of this thesis it will not be further
discussed (Fig.1.2). Most commonly plastic transport in rivers has been observed
by researchers standing on bridges and counting macroplastic that is floating and
transported near the river surface (Vriend et al., 2025). However, recent studies also
investigated plastic transported in the water column. Blondel & Buschman (2022)
sampled plastic and other litter in the surface and water column (surface, 2.5 m
and 5 m depth) of a river bend in the Rhine-Meuse delta. They found that overall
the plastic concentration in the middle net was the lowest, and there was an overall
higher plastic concentration at the downwind side compared to the upwind side.
The most common items they found were soft plastics, with a relatively higher
concentration of hard plastic in the lower net compared to the other two nets.
Overall they found around 0.5 mg of plastic per m3 of water. Oswald et al. (2025)
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however found hard plastics more frequently at the river surface and soft plastics
near the river bed. They sampled the rivers Waal and IJssel, two branches of the
Rhine in the Netherlands, during two fieldwork campaigns. One event during
normal conditions, one during a high discharge peak. During normal conditions,
the plastic concentration was greatest at the bottom, while during the discharge
peak, the plastic concentration was more uniform in the water column. This is
likely due to increase in vertical mixing related to higher discharge and turbulent
flow (Oswald et al., 2025; Vriend et al., 2023).

Plastic transport in rivers is not uniform over time, it seems there is a strong re-
lationship between floods and macroplastic transport (van Emmerik, 2024). One
source of plastic pollution to rivers can be urban flooding, and it seems plastic pol-
lution and urban flooding influence one another (MacAfee & Löhr, 2024). Urban
floods are predicted to increase in frequency and severity due to climate change.
Urban flooding can be intensified by plastic pollution clogging drains and sewers
(Breukelman et al., 2019), or other urban structures (Honingh et al., 2020). Down-
stream in rivers, floods and plastic transport seem also related. Wagner et al.
(2019) found a positive relationship between discharge and floating/near-surface
plastic concentration downstream of an urban catchment for the Parthe river in
Germany. They think this could be to due to additional plastic from sewer over-
flow. Based on the relationship between plastic and discharge, they estimated that
90% of plastic is transported during only 20% of the time. A study on micro- and
mesoplastics came to very similar results, with 90% of mesoplastic transported in
only 11.8% of the year in a Japanese river Tanaka & Nihei (2025). Another study
at the Seine river in France also came to similar conclusions (van Emmerik et al.,
2019). Close to the river mouth van Emmerik et al. (2019) measured ten times
more floating plastic during high flow than during low flow. With the high flow
having two to three times the discharge of the low flow measurements. They also
estimated that large amounts of plastic can be transported during relatively short
periods of time, similar to transport of other materials like sediment. Roebroek
et al. (2021a) investigated the potential of plastic mobilization at a global level in
relation to floods with various return periods. They estimate that floods with a 10

year return period have the strongest impact on plastic mobilization compared to
non-flood conditions. van Emmerik et al. (2023) observed plastic transport in the
Dutch Meuse river during the July 2021 flood event and compared the observed
floating plastic to modeled annual transport. They estimate that over one-third
of the annual plastic transport occurred during just six days of extreme discharge.
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Schreyers et al. (2025) and van Emmerik et al. (2023) found that floods also increase
macroplastic concentrations on riverbanks and floodplains. Overall it seems that
even during extreme discharge a large proportion of plastic in rivers is deposited
and stored along the river corridor, and not emitted to the sea. Schreyers et al.
(2024c) introduced a budget for plastic transport and storage in rivers. For two
sections along the Dutch IJssel and Waal rivers they estimate that 98% of stored
plastic mass is stored in riverbanks and floodplains and only 2% in the river chan-
nel.

1.1.3 | Macroplastic on riverbanks and floodplains

Macroplastic pollution has been reported on riverbanks and floodplains globally.
The most commonly found plastic litter categories can vary by country, and region,
but ultimately they appear quite similar. Some examples, along the Odaw river in
Ghana soft plastic fragments are the predominant plastic items on the riverbanks
(27%), whereas the top three identifiable plastic categories are water sachets (11%),
caps and lids (9%), and small bags (8%) (Pinto et al., 2024a). On riverbanks along
the Saigon river in Vietnam the most common plastic litter category are unidentifi-
able pieces of foam (18%). Here the top three identifiable plastic categories are bags
(12%), plastic cups (9%), and foam food packaging (8%) (Nguyen & Bui, 2023). In
the Netherlands, the focus of this thesis, the most common riverbank macroplastic
categories are soft and foam fragments (56% in total), the most common identi-
fiable categories are food wrappers, caps and lids, and food packaging (van Em-
merik et al., 2020c). Not just plastic composition, but also plastic concentrations on
riverbanks and floodplains vary between rivers, locations, and landcover elements.

On riverbanks and floodplains, plastic can get deposited in riparian vegetation
(Cesarini & Scalici, 2022; Martuscelli et al., 2025), but also on the ground (Forti-
buoni et al., 2025), and even incorporated into the riverbank sediment (Hidayat
et al., 2022). This thesis focuses on the Netherlands with multiple lowland rivers
and the Rhine-Meuse delta. In the Netherlands, waste disposal in general is well
organized, however, Lobelle et al. (2024) estimate the recycling quota of plastic
in the Netherlands is only about 33%. Over the whole Netherlands, the average
macroplastic litter concentration is roughly two items per meter of riverbank (van
Emmerik et al., 2020c). Estimated sources of macroplastic on Dutch riverbanks
include sewer overflow, recreation, angling, agriculture, and industry (Roebroek
et al., 2021b). However, the most common plastic litter categories are soft plastic
and foam fragments, which cannot be linked to a specific source (van Emmerik
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et al., 2020c). Of course, estimations of linking plastic litter categories to one or
multiple sources can usually only be an estimate by litter category. A individual
piece of plastic litter can usually not be linked to a source or time and place of
emission (Fig. 1.3).

Figure 1.3 | Examples of macroplastic litter on Dutch riverbanks. Pictures by Rahel Hauk

As discussed earlier, observational fieldwork is time and labor intensive. Monitor-
ing thousands of kilometers of riverbank for deposited macroplastic seems unfeas-
ible, there are already ∼7000 km of just waterways in the Netherlands (CBS, 2026),
not included smaller non-navigable canals and streams. In order to better under-
stand macroplastic deposition on riverbanks, it is therefore essential to identify
its’ drivers, i.e. riverbank characteristics and other factors related to it. Identify-
ing what leads to plastic deposition in a certain location can ultimately allow to
predict its’ spatial and temporal variability. Some studies identified drivers and
factors that could be linked to plastic concentrations. Palmas et al. (2022) found
that lightweight (plastic) litter can be partly explained by levels of urban or ag-
ricultural land use along rivers in Sardinia. Heavyweight macrolitter was more
determined by proximity of the sampling point to bridges, and the local popula-
tion density. Guimarães et al. (2024) found higher plastic concentrations during the
dry season compared to the rainy season in the Amazon river in Brazil. Further,
they found a moderate positive correlation between plastic and the macrophyte
biomass at the sampling location, and overall higher plastic retention on upstream
banks vs. downstream. Valyrakis et al. (2024) also investigated the impact of the
riparian zone, but in a flume experiment. They found that riparian vegetation can
slow down transport velocity, and given a vegetation density 1m-1 potentially cap-
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ture all macroplastic litter. Pace et al. (2024) investigated macrolitter deposition on
riverbanks in Portugal following two flood events. They found that the factor with
the highest explanatory power was human population density, and litter trans-
ported during floods seems to be deposited rather quickly and not transported
over long distances. However, these insights do not yet allow to predict plastic
concentrations and deposition on riverbanks, which can be investigated in two
dimensions, spatial and temporal.

1.1.4 | Thesis outline and research questions

Based on the above, it appears there is a lack of understanding in the spatial and
temporal variability of macroplastic on riverbanks. Many previous studies quan-
tified plastic but without investigating spatial and temporal variability. Here we
aim to find structure in observations of plastic distribution. In order to address
this I will address the following questions.

• How stable is macroplastic deposition on riverbanks over time and space?

• How does macroplastic concentration and composition on riverbanks and
floodplains differ following a flood event vs. non-flood conditions?

• How far are macroplastic items transported during a flood event and over
the following years, and how does their condition develop in terms of mass
and fragmentation?

• Following flood events, how do macroplastic concentrations and characteris-
tics differ between landcover elements on riverbanks and floodplains, and
how is plastic distributed in the lateral direction?

Chapter 2 shows that macroplastic is not dispersed uniformly along rivers, some
rivers show overall higher concentrations of plastic on their riverbanks, compared
to other rivers. Also when investigating a single river, plastic is not distributed
evenly. It seems there are morphological characteristics and riverbank features
which would favor plastic deposition. However, since plastic emission and (riv-
erine) transport are quite complex, it is currently unclear which factors lead to
plastic deposition in a specific location. Taking a step back, to investigate whether
local factors play a role in plastic deposition, I investigate the relative spatial and
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temporal stability of plastic pollution on Dutch riverbanks. Utilizing a large data-
set spanning seven years of bi-annual measurements, and around 800 riverbanks
along all major Dutch rivers. If there are indeed riverbanks with consistently high
and low plastic concentrations, relative to other riverbanks, it emphasizes the im-
pact of local factors on plastic deposition.

Chapter 3 compares plastic deposition along the Meuse river following a flood
event to plastic deposition along the Meuse during non-flood conditions. This is
done by fieldwork following the July 2021 flood event and comparing this field-
work to multi-year monitoring data on the same riverbanks.

Chapter 4 a case study of plastic spilled into the Meuse river during the July 2021

flood. We followed the transport and fate of spilled buttertubs over the two years
after the flood event. Tracked their transport path and velocity, as well as their
fragmentation and mass development.

Chapter 5 investigates flood induced deposition of macroplastic on riverbanks and
floodplains. Where exactly is plastic deposited, spatially on riverbanks, and in re-
lation to riverbank and floodplain elements such as different vegetation and debris
piles. In this chapter is also investigated the characteristics of macroplastic de-
posited off the ground, in trees and other riparian vegetation, vs. macroplastic
deposited on the ground and in groundcovering vegetation.

Chapter 6 is the synthesis of this thesis, what are the main findings and how do the
results from the individual chapters connect and fit into a broader context. What
do these results reveal about plastic pollution and what can we learn from this for
plastic pollution research? What are potential future research directions?
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Abstract

Macroplastic pollution is prevalent on riverbanks and floodplains globally.
Macroplastic can reach riverbanks via various pathways. These pathways

include direct littering, overland transport by wind or surface runoff, or transport
and deposition by the river. Local factors such as the type of riparian vegeta-
tion can influence macroplastic deposition on riverbanks. However, the combina-
tion of physical processes and anthropogenic influences that control macroplastic
transport and deposition remain largely unclear. While macroplastic transport
and deposition processes are not thoroughly understood, there is growing evid-
ence that there are preferential deposition locations for macroplastic on riverb-
anks. To understand why plastics accumulate at certain locations, we first need
to investigate if the spatial distribution is consistent over time. We quantified
the temporal stability of macroplastic on 229 riverbanks along eight Dutch rivers,
measured six to eight times between 2020 and 2024. Applying a method origin-
ally developed to investigate the temporal stability of soil moisture, we found
that plastic distribution on Dutch riverbanks indeed exhibits temporal stability.
We classified riverbanks into hotspots, coldspots, and above and below average,
based on the count of macroplastic per 100 m riverbank for each measurement
round. Per river between 10 – 42% of riverbanks were coldspots, with mea-
surements always below average, and 0 – 8% of riverbanks were hotspots with
all measurements above average. The ratios of riverbanks classified as hotspots,
coldspots, and above and below average, and their temporal stability, are sim-
ilar between all eight rivers we investigated. Our proposed method can stream-
line macroplastic pollution monitoring, as well as clean-up efforts, and be ap-
plied to any macroplastic dataset where locations were measured repeatedly over
time. Among other uses, the method allows to identify riverbanks representat-
ive of the average plastic concentration in the monitoring area and also hotspots
and coldspots. Spatial and temporal stability in macroplastic distribution indi-
cates underlying factors and mechanisms which can be investigated as a next step.
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2.1 | Introduction

Rivers play an important role in the global material transport as they connect the
terrestrial and the marine environment. Natural materials such as wood (Wohl,
2013) and sediment (Barneveld et al., 2025), and nowadays also anthropogenic
plastic litter (Schmidt et al., 2017; van Emmerik et al., 2022a). Global plastic mass
production steadily increased since its start in 1950, and in 2022 it surpassed 400

million metric tonnes (Mt) per year (Plastics Europe, 2024). In 2020, the annual
estimated emission into the environment was > 50 Mt (Cottom et al., 2024). In this
study we focus on macroplastic larger than 0.5 cm, hereafter called ‘plastic’. Plastic
emission is the point in time and space where plastic moves from a managed (un-
der anthropogenic control) to an unmanaged state (determined by physical pro-
cesses) (Cottom et al., 2024). Plastic can be emitted via littering (Chaudhary et al.,
2021), sewer overflow (Treilles et al., 2020), agricultural practices (Ren et al., 2024)
or by wind or surface runoff from urban areas (Funes et al., 2025; Mellink et al.,
2022). Of the plastic emitted into the environment, Nyberg et al. (2023) estimated
that about 0.8 Mt of plastic entered rivers in 2015, which is expected to triple by
2060. It is estimated that less than 2% of mismanaged plastic waste is emitted to
the seas (Meijer et al., 2021). Rivers therefore not only transport plastic, but also
retain and store it (Tramoy et al., 2020b; Windsor et al., 2019; van Emmerik et al.,
2020c). Plastic can be (temporarily) stored in different compartments of the river
corridor, e.g. in the riverbed (Hurley et al., 2018), or at weirs and other obstacles
(Rocamora et al., 2021). However, it seems most plastic in rivers is (temporar-
ily) stored on riverbanks and floodplains (hereafter compiled under ‘riverbanks’)
(Schreyers et al., 2024c).

Riverbanks retain and store plastic. The plastic can be deposited and remain on
the surface or become integrated in the bank sediment (Hidayat et al., 2022), but
can also be entangled in riparian vegetation (Cesarini & Scalici, 2022; Valyrakis
et al., 2024; Schreyers et al., 2025). There is a large number of studies that mea-
sured plastic on riverbanks, along different types of rivers, and with various levels
of detail e.g. Kiessling et al. (2019); Dalu et al. (2025); Pinto et al. (2024a); Grigera
et al. (2025). Usually these studies find that the plastic is not distributed evenly
across riverbanks along a river (Chowdhury et al., 2023; Ballerini et al., 2022; Hauk
et al., 2023c). Different riverbank characteristics and factors have been linked to
plastic retention. Anthropogenic factors such as population density/proximity to
populated/urban areas (Pace et al., 2024), or the presence of land use features
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such as roads and buildings (Schreyers et al., 2024a). Also different types of ri-
parian vegetation (Gallitelli et al., 2025), whereas Blettler et al. (2026) found the
highest macroplastic concentrations on non-vegetated riverbanks along an urban
waterway, which might be related to human activity, and accessibility of the riverb-
ank. Schreyers et al. (2025) linked macroplastic deposition to slope of the riverbank
and river morphology, especially during flood conditions. However, so far mak-
ing a predictive model for riverbank plastic based on riverbank characteristics has
remained an elusive goal.

Some studies also identified plastic concentration hotspots in different study areas
and based on various definitions. Definitions such as percentile (Franceschini et al.,
2021) or above average (Fok & Cheung, 2015). Tasseron et al. (2024a) applied mul-
tiple ways of hotspot definition to different plastic litter datasets. They found,
depending on the definition, that < 1% to 50.3% of locations are classified as hot-
spots, containing 0.8% to 93.3% of plastic. However, regardless of the tested data-
set about 25% of locations with the highest plastic concentration contain ≥57.0%
of plastic. This indicates that in these systems, plastic is not distributed evenly, but
there usually are locations with (very) high and low plastic concentrations. One
dataset they included, is an earlier version of the Schone Rivieren dataset also used
in this study. However, all eight datasets they investigated between an urban and
global level, followed a similar pattern of plastic distribution. Riverbanks are part
of the plastic pathway in the environment and serve as short- and long-term plastic
storage. Yet, it is unclear how stable plastic distribution is between riverbanks over
time.

Temporal stability, often defined as the temporal persistence in the relative rank
of locations in space, is of interest in many research fields and has been investi-
gated for decades. Examples include temporal stability in psychology (Gronnerod,
2003), or ecology (Grimm et al., 1992). For this study we applied a simple method
originally developed to assess the temporal stability of soil moisture (Vachaud
et al., 1985) to determine the temporal stability of plastic on riverbanks. If ri-
verbanks have consistently relatively high or low amounts of plastic compared
to other riverbanks, it seems more likely that there are local variables related to
plastic deposition. Therefore this can serve as a base to further investigate poten-
tial explanatory factors. In this study we use a plastic monitoring dataset, which
spans seven years (2018 – 2024) of bi-annual measurements. The monitoring cov-
ers around 800 riverbanks along all major Dutch rivers and the Rhine-Meuse-delta.
Identifying temporal stability of the spatial plastic distribution on riverbanks can
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serve as a first step to understand factors and variables that drive plastic retention
in rivers. On one hand, this can contribute to improve and streamline monitoring
protocols. The method we applied in this study was originally used to limit the
number of monitoring locations for soil moisture. If plastic on riverbanks is stable
over time, this can contribute to selecting plastic monitoring locations represent-
ative of a river or region. On the other hand, unraveling the likelihood of plastic
retention can lead to forecasting plastic deposition, and therefore serve as a base
for mitigation measures.

We quantified how many times each riverbank is above or below the average of
all riverbanks per river, to identify hotspots and coldspots of plastic. Further,
we analyzed what percentage of riverbanks, and plastic is covered by hotspots
and coldspots, and riverbanks above and below average. Finally we investigated
the prevalence of plastic litter categories for riverbanks with consistently relatively
high and low amounts of plastic. We do this to test whether hotspots and coldspots
have a similar plastic composition, or if hotspots can be explained by a prevalence
of specific litter categories.

2.2 | Data and Methods

2.2.1 | Dataset

The macrolitter dataset we used in this study is from the Clean Rivers Project (Dutch:
Schone Rivieren) by the North Sea Foundation (Dutch: Stichting De Noordzee). In this
project citizen scientists collect, count and categorize all macrolitter on riverbanks
along all major Dutch rivers. The measurements are done twice a year, in spring
and in fall, in some locations already since 2017. The number of measurement
locations in the Clean Rivers Project was increased over time and some locations
were moved for various reasons, such as inaccessibility of the site. From this
dataset we selected data from eight river sections in the Netherlands. The Waal,
Nederrijn, IJssel and Oude Maas (all branches of the Rhine), the Meuse, Vechte,
the Scheldt and Haringvliet (the latter two part of the Rhine-Meuse Delta).

Even though the Scheldt and Haringvliet are part of the Rhine-Meuse delta, all
eight waterbodies/river sections are referred to as ‘rivers’, and all measurement
locations are referred to as ‘riverbanks’ throughout the chapter. To get the largest
possible sample size, we selected riverbanks that had been sampled at least six out
of eight times between fall 2020 and spring 2024. This resulted in a total of 229
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riverbanks and 1580 measurements across those eight rivers (Fig. 2.1). The cit-
izen scientists sample the riverbanks in spring and fall following the River-OSPAR
method (van Emmerik et al., 2020b), this method involves removal of all sampled
litter. The measurements in spring are during a four week period in February and
March, and the measurements in fall during a four week period in October and
November. The sampling area is 100 m along the river, and the width equals the
distance from the water line to the highest visible floodline, with a maximum of
25 m. Occasionally the citizen scientists deviate from the measurement protocol,
e.g. due to very high plastic concentrations or over-enthusiasm. All litter in the
sampling area is collected and classified into 111 litter categories. The 111 litter
categories are divided into nine subgroups; plastic, rubber, textile, paper, wood,
metal, glass, sanitary, medical. In this chapter we included the subgroups plastic,
categories from sanitary and medical where the items are made from plastic, and
cigarette filters from the subgroup paper. For each measurement at each location
we normalized the plastic concentration to 100 m of riverbank [#/100 m]. We de-
cided on #/100 m because the River-OSPAR method calls for a measurement area
including the highest visible floodline, and as described sampling width therefore
varies. Normalizing the data to #/m² could be misleading, in case riverbanks have
a similar amount of items but the floodlines are located at different distances to the
waterline. We assume that plastic with similar physical properties (e.g. density, ri-
gidity) is subject to similar physical transport processes. Based on this, we also ag-
gregated and analyzed the plastic by seven polymer groups. The polymer groups
we considered were based on van Emmerik et al. (2020a). They include ‘polyolefins
soft’, especially polyethylene and polypropylene (PO Soft), ‘polyolefins hard’ (PO
Hard), polystyrene (PS), expanded polystyrene (EPS), polyethylene terephthalate
(PET), ‘multilayer items’ (Multilayer), and ‘other plastic’ (Other).

2.2.2 | Assessing the temporal stability of riverbank plastic
concentration

Vachaud et al. (1985) developed a method to quantify the temporal stability of
soil moisture across locations. We propose an application of this method in order
to characterize the temporal stability of plastic deposition across riverbanks. We
investigated the plastic item concentration on riverbanks along eight Dutch rivers,
in plastic items per 100 m of riverbank [#/100 m]. Between 2020–2024, there were
eight measurement rounds (m[-]). The riverbanks (r [-]) considered in this study
were measured six to eight times during those eight measurement rounds. We
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Haringvliet (15)
IJssel (37)
Meuse (55)
Nederrijn (40)
Oude Maas (12)
Scheldt (27)
Vechte (10)
Waal (33)

BE

DE

Figure 2.1 |Overview of the study area, the Netherlands and its neighboring countries Belgium
(BE) and Germany (DE), and the eight river sections (blue lines) included in this study. The ri-
verbank sampling locations per river are indicated by points, behind each river in parentheses
indicated the number of included riverbanks (total riverbanks 229). Base map from Open-
StreetMap and OpenStreetMap Foundation (CC-BY-SA). © https://www.openstreetmap.org
and contributors.
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investigated the temporal stability for each river individually, and for all riverbanks
across all rivers combined. To compare plastic across riverbanks r during one
specific measurement round m,

Sm = (1/n)
r=nr

∑
r=1

Srm (2.1)

is obtained, where Srm [#/100 m] is plastic at one specific riverbank during the
specific measurement round. Therefore Sm [#/100 m] is plastic at the specific
measurement round averaged across all riverbanks. To compare plastic at one
riverbank to all riverbanks during a specific measurement round, we calculate

∆rm = Srm − Sm (2.2)

where ∆rm[#/100 m] is the difference between plastic at one specific riverbank
and plastic averaged across all riverbanks during one specific measurement round.
Therefore, if ∆rm equals 0, this means the plastic concentration [#/100 m] at that
riverbank is exactly the average of all riverbanks. To obtain the relative difference
between plastic at one specific riverbank and average plastic of all riverbanks, we
calculate the relative difference

δrm =
∆rm

Sm
(2.3)

for each riverbank r at each measurement round m. This ultimately allows to
calculate

δr = (1/n)
m=nm

∑
m=1

δrm (2.4)

which is the relative difference over time [-] for each individual riverbank.

Riverbank classes

Based on δrm we classified riverbanks into four classes ‘hotspot’, ‘coldspot’, ‘over’,
and ‘under’. Riverbanks were classified as hotspots if all δrm > 0, and as coldspots
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if all δrm < 0. If not all δrm > 0, but median δrm > 0 a riverbank was classified
as over, and if not all δrm < 0, but median δrm < 0 a riverbank was classified as
under. ‘Above average’ includes hotspots and over, and ‘below average’ includes
under and coldspots. We split the dataset two ways to further investigate stability
over time. We split it between the first and second two years (fall 2020 - spring
2022 and fall 2022 - spring 2024), and by season. So we repeated the analysis for
each river with the dataset split into first two and last two years, and split into
spring and fall measurements. This allowed us to test if riverbanks retained their
assigned classes. We also tested whether the classification is related to certain
plastic categories or polymer types. Thus we calculated the contribution (%) of
each aggregated polymer type for all four riverbank classes, based on the entire
dataset. Further, we determined the ten most common River-OSPAR categories
for each of the four riverbank classes. We then calculated the contribution (%)
of those ten categories based on all plastic measured at all riverbanks per class.
The dataset we used in this study included measurements of zero plastic items
detected at riverbanks during at least one measurement round, consequently δrm

has a minimum boundary of −1.

2.3 | Results and Discussion

2.3.1 | Temporal stability of plastic on riverbanks

For each of the eight rivers we ranked the riverbanks by their median relative
difference (Fig.2.2) and we see a similar pattern of riverbanks below and above
average for all eight rivers. The black line at δrm = 0 indicates the river average, if
the plastic concentration between riverbanks along each river was hypothetically
completely uniform or completely randomly distributed, the expected mean dif-
ference for all locations would be zero. However, this is clearly not the case. Per
river there are more coldspots (10.0 – 41.7% of riverbanks) (Table 2.1) than hotspots
(0.0 – 8.3%), and more riverbanks under (33.3 – 60.0%) than over (16.2 – 30.3%).
On average the interquartile range (IQR) of relative difference per riverbank in-
creases from coldspots to under to over to hotspots. Coldspots have a mean IQR
of 0.19± 0.12, riverbanks classified under 0.57± 0.32, riverbanks classified over
1.37± 0.87, and hotspots have an IQR of 2.28± 2.06. The high IQR of hotspots
is due to individual measurements with a δrm up to 10, very far from the average
macroplastic concentrations (Fig. 2). The riverbank classes not only differ in the
range of relative difference they cover, but also in the proportion of plastic they
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Figure 2.2 |Relative difference per location along all river, by items/100m. The order of riverb-
anks per river is from lowest to highest median relative difference. Each boxplot represents
one location and consists of the six to eight δrm from the differentmeasurement rounds. Note
that the y-axis is transformed for readability with an asinh transformation (inverse hyperbolic
sine).
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contain.

Across all eight rivers, only about one quarter of riverbanks are classified as over or
as a hotspot (Fig. 2.2), but together they contain almost 60% of all sampled plastic
items (Fig. 2.3). On average 22.9 ±6.2% of riverbanks per river (2–11 riverbanks per
river) (Table 2.1) are classified as over, containing 39.9 ±11.1% of all sampled plastic
items. Only 5.9 ±1.7% (0–3 riverbanks) are classified as hotspots, containing 23.9
±8.4% of all sampled plastic items. On average 29.2 ±11.5 % (1–20 riverbanks) of
riverbanks are classified as coldspots, containing 8.3 ±3.2% of all sampled plastic
items. The majority of riverbanks are classified as under, on average 44.2 ±10.5%
(4–23 riverbanks), containing 36.9 ±12.5% of all sampled plastic items.
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Figure 2.3 | This plot shows for each river and riverbank category, the proportion of riverb-
anks and the proportion of all sampled plastic. The extent of hotspots, coldspots, over, and
under are indicated by shaded rectangles. The eight rivers are indicated by their first letter,
Haringvliet (H), IJssel (I), Meuse (M), Nederrijn (N), Oude Maas (O), Scheldt (S), Vechte (V), and
Waal (W). ‘All’ indicates the results from the analysis for all rivers combined. The rivers Neder-
rijn, Waal, and Vechte do not have riverbanks classified as hotspots, therefore hotspot is only
displayed for five rivers.

It seems plastic deposition on riverbanks can be subject to seasonal variations.
Riverbank plastic in the Netherlands showed higher concentrations in spring com-
pared to fall, potentially due to increased discharge and deposition over winter
(van Emmerik et al., 2020c). However, other studies found no significant differ-
ences in riverbank plastic concentration between wet and dry season (Pinto et al.,
2024b), or influence of monsoon season (Sharma et al., 2025). Our method nor-
malizes the data per measurement round, therefore absolute values and seasonal
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variations across the whole system are not relevant for the analysis. Our method
also does not have a pre-determined number of riverbanks for hotspots or per
riverbank class. Some methods, e.g. defining hotspots by percentiles, have a pre-
determined number of riverbanks that will be classified as hotspots. These meth-
ods could lead to miss-classification, in case there are either less or more hotspot
riverbanks than the pre-determined number. Riverbank plastic monitoring can
have different purposes. One purpose could be to have a baseline of the rivers’
state of plastic pollution. Such a baseline can serve as a reference to investigate
the impact of plastic related measures and policies. Another objective could be to
identify hotspot riverbanks with high plastic concentration for targeted clean-up
efforts. Our proposed method allows to identify whether there are riverbanks con-
sistently above or below or around average in the investigated river(s)/area. Since
this identification is solely based on riverbanks’ relative plastic concentration, it
ensures to capture all hotspots regardless of how many are present in the system.

For all rivers combined, 41.5% of riverbanks were classified as coldspots contain-
ing 12.2% of plastic (Fig. 2.3 and Table 2.1), and 36.2% of riverbanks classified
as under containing 29.8% of items. Only about one fifth of riverbanks are above
average but they contain over half the plastic. With 17.9% of riverbanks classified
as over containing 33.5% of plastic, and 4.4% of riverbanks classified as hotspots
containing 24.5% of plastic. The analysis of the dataset split into first two versus
the second two years showed that overall riverbanks are very consistent in their
above or below average classification over time. On average 83.7 ±10.4% of riverb-
anks per river retained their classification above or below average between the two
analysis. However, only 55.7 ±11.6% of riverbanks retained their specific classific-
ation of hotspot, coldspot, over, or under. This is mainly due to some riverbanks
having only one or two Srm above or below average and are classified as hotspot
or coldspot in one part of the dataset and over or under in the other. Only 17% of
riverbanks did not retain their above or below average classification between the
split dataset. Those riverbanks had a mean δr of 0.16 ±0.34, therefore very close
to the overall average. The riverbanks that retained their above average classific-
ation had a mean δr of 1.30 ±1.32 and the riverbanks that retained their below
average classification had a mean δr of −0.47 ±0.29. The high standard deviation
for the riverbanks above average suggests a relatively high variability in the data.
However, the mean of these riverbanks is still further from zero, i.e. the overall av-
erage, compared to the riverbanks that do not retain their above or below average
classification.
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Table 2.1 | Overview of the riverbanks and plastic items per riverbank class, per river, and for
all eight rivers combined.

River Variable total # coldspot under over hotspot

All Rivers
Items % (#) 266484 12.2 (32510) 29.81 (79448) 33.5 (89284) 24.48 (65243)

Riverbanks % (#) 229 41.48 (95) 36.24 (83) 17.9 (41) 4.37 (10)

Haringvliet
Items % (#) 20970 7.0 (1469) 29.79 (6246) 27.5 (5766) 35.71 (7489)

Riverbanks % (#) 15 40 (6) 33.33 (5) 20 (3) 6.67 (1)

Items % (#) 21924 9.92 (2175) 41.9 (9186) 29.1 (6379) 19.08 (4184)
IJssel

Riverbanks % (#) 37 27.03 (10) 51.35 (19) 16.22 (6) 5.41 (2)

Items % (#) 81887 11.32 (9268) 32.48 (26593) 29.59 (24228) 26.62 (21798)
Meuse

Riverbanks % (#) 55 36.36 (20) 41.82 (23) 16.36 (9) 5.45 (3)

Nederrijn
Items % (#) 33093 8.53 (2822) 42.84 (14178) 48.63 (16093) -

Riverbanks % (#) 40 17.5 (7) 55 (22) 27.5 (11) -

Items % (#) 35199 12.29 (4327) 26.02 (9160) 48.21 (16969) 13.47 (4743)
Oude Maas

Riverbanks % (#) 12 41.67 (5) 33.33 (4) 16.67 (2) 8.33 (1)

Scheldt
Items % (#) 42876 5.85 (2508) 24.97 (10707) 44.79 (19206) 24.38 (10455)

Riverbanks % (#) 27 37.04 (10) 33.33 (9) 25.93 (7) 3.7 (1)

Items % (#) 2026 2.22 (45) 63.29 (1282) 34.49 (699) -
Vechte

Riverbanks % (#) 10 10 (1) 60 (6) 30 (3) -

Items % (#) 28510 9.18 (2618) 33.8 (9637) 57.01 (16255) -
Waal

Riverbanks % (#) 33 24.24 (8) 45.45 (15) 30.3 (10) -

The temporal stability between seasons is slightly lower than between the first
two and second two years. Between spring and fall measurements, we found that
on average 73.2 ±7.4% riverbanks per river retained their classification above or
below average. For the specific classification, 47.3 ±13.8% of riverbanks per river
retained classification as hotspot, coldspot, over, or under. This could indicate
that there is a slight difference in spatial plastic distribution between seasons. Yet,
about three-quarter of riverbanks retain their above or below average classification
between seasons. It seems therefore unlikely that the spatial distribution of relative
plastic deposition varies severely between seasons.

Figure 2.4 shows the distribution of hotspots and coldspots along the eight rivers.
As indicated by the point shape, the majority of riverbanks classified as a hotspot
or coldspot for the analysis per river, are also hotspots and coldspots respectively
across all rivers. For hotspots, only one riverbank along the IJssel was classified
as hotspot for the IJssel, but not when all rivers were analyzed together. Overall,
67.2% of riverbanks keep their exact classification between the analysis of just one
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river and all rivers together and 84.2% of riverbanks keep their classification of
above or below average. Our study area is located in the Netherlands, a relatively
small country with a high population density. All included rivers are lowland
rivers, or part of the Rhine-Meuse delta, and also only the most downstream sec-
tions of the Rhine and Meuse, not their entire river length. Nevertheless, our study
showed distinct patterns of riverbanks consistently above or below average plastic
concentration. This signal might be even stronger when applying this method to
the entire length of rivers, and consequently covering more diverse river morpho-
logy, population density, and discharge.
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coldspot
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BE

only for specific river
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across all rivers

Figure 2.4 | Overview of riverbanks classified as coldspots and hotspots, the symbol shape
indicates whether the riverbank is only considered a coldspot/hotspot in the analysis for the
specific river (circle), or if the riverbank is also a coldspot/hotspot when all rivers are analyzed
together (triangle). Base map from OpenStreetMap and OpenStreetMap Foundation (CC-BY-
SA). © https://www.openstreetmap.org and contributors.
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2.3.2 | Temporal stability of top litter categories

Table 2.2 |Overview of the tenmost abundant plastic River-OSPAR categories, ranked by their
prevalence per riverbank class.

rank % hotspot % over % under % coldspot

1 19,6 PO Soft 2.5 - 50 cm 14,4 PO Soft <2.5 cm 13,0 PO Soft 2.5 - 50 cm 14,1 PO Soft 2.5 - 50 cm

2 12,3 Fishing line 13,0 PO Soft 2.5 - 50 cm 10,9 PO Soft <2.5 cm 11,7 PO Soft <2.5 cm

3 8,6 PO Soft <2.5 cm 10,8 EPS <2.5 cm 7,9 EPS <2.5 cm 5,5 PO Hard <2.5 cm

4 6,9 EPS 2.5 - 50 cm 7,6 PO Hard <2.5 cm 5,8 PO Hard <2.5 cm 5,5 Food wrappers

5 6,4 PO Hard <2.5 cm 6,1 Food wrappers 5,6 PO Hard 2.5 - 50 cm 5,0 PO Hard 2.5 - 50 cm

6 5,9 Food wrappers 5,2 PO Hard 2.5 - 50 cm 5,2 Food wrappers 4,4 EPS <2.5 cm

7 5,7 EPS <2.5 cm 4,2 Caps and Lids 4,4 EPS 2.5 - 50 cm 4,4 Fishing line

8 5,2 PO Hard 2.5 - 50 cm 4,1 Fishing line 4,2 Fishing line 3,4 Caps and Lids

9 3,7 Caps and Lids 3,5 EPS 2.5 - 50 cm 3,9 Caps and Lids 3,2 EPS 2.5 - 50 cm

10 2,0 Fast food containers 2,8 Cigarette filters 2,2 Cigarette filters 2,0 Cigarette filters

sum 76,4 71,9 63,1 59,1

The four riverbank classes based on the analysis for all rivers combined share
nine out of ten top OSPAR-River plastic litter categories (Table 2.2). However, the
categories rank, and amount of plastic covered by the top ten categories varies
between riverbank class. For the ten hotspot riverbanks, the top ten litter cat-
egories cover 76.4% of all plastic items, for the 95 coldspot riverbanks, the top ten
categories cover only 59.1%. The coldspot class includes 9.5 times the number of
riverbanks compared to the hotspots. Yet, the hotspots include about twice the
number of plastic items compared to the coldspots, with 65243 vs. 32510 plastic
items respectively. Out of all four riverbank classes, hotspots have the highest
percentage of PO Soft 2.5 - 50 cm. PO Soft <2.5 cm and 2.5–50 cm, and PO Hard
<2.5 cm are in the top five categories across all four riverbank classes, and together
contain 30–35% of plastic items per class. Overall, nine out of the ten most com-
mon plastic categories are consistent across the four riverbank classes. Only the
fast food items (hotspots) and cigarette filters (over, under and coldspots) are not in
the top ten of each riverbank class. The dataset used in this study was collected by
citizen scientists and, as with any other data, it is possible that there are measure-
ment errors, or observer bias. Roebroek et al. (2021b) investigated observer bias in
an earlier stage of the dataset used in this study, and they found that citizen sci-
entists find around 10% less PO Soft <2.5 cm, plastic cotton buds, wet tissues, and
sanitary pads and packaging. In case of the PO Soft, this is probably due to detect-
ability and in case of the sanitary categories to aversion. They could not detect an
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observer bias for any other commonly found litter items. However, in the top ten
litter categories it is possible that PO Soft <2.5 cm is slightly underrepresented.

One litter category that stands out in Figure 2.2 is fishing line. At hotspot ri-
verbanks fishing line represents 12.3% of sampled plastic items, whereas at the
other riverbank categories it represents 4.1 – 4.4%. As with all litter types, this
prevalence of fishing line could be both supply and/or retention related. It could
indicate that hotspot riverbanks are popular spots for recreational fishing. How-
ever, it could also indicate that these riverbanks have a high retention potential for
fishing line and plastic in general, or a combination of the two. Recreational fish-
ing might not only lead to littering of fishing line, but also plastic litter in general.
O’Toole et al. (2009) investigated shorelines with high- and low-angling activity
in Canada, and found significantly more litter (fishing related and general) at the
sites with high angling activity. However, they investigated very small (6 m²) sec-
tions of shoreline, directly where angling activities had been observed regularly,
and were able to relate the littering directly to angling activities. For the hotspots
we identified in the Netherlands, a next step could be to assess the ease of access
of the hotspot riverbanks, e.g. compared to close by coldspot riverbanks.

2.3.3 | Recommendations and limitations

In this study we investigated the application of a method from the temporal stabil-
ity of soil moisture for the temporal stability of plastic on riverbanks. The applica-
tion proved successful and we identified consistent spatial and temporal distribu-
tion of plastic concentration on Dutch riverbanks. However, what this study could
not answer is what causes this distribution. Most likely it is due to interactions
of multiple processes and variables. Other studies identified variables such as an-
thropogenic factors like population density/proximity to populated/urban areas
(Pace et al., 2024), or the presence of land use features such as roads and buildings
(Schreyers et al., 2024a). Also different types of riparian vegetation (Gallitelli et al.,
2025). We tested some variables, e.g population density and river morphology,
especially for the Meuse river, and had a closer look at the hotspot locations of the
Meuse and Waal river. However, we could not find any clear relations between
riverbank characteristics and plastic concentration (Hauk et al., 2025). Therefore,
more insights on which processes are contributing and how they interact, is neces-
sary. It is also possible that the sum of variables and processes at different times at
different places contribute to the observed consistent distribution. Interactions we
might not be able to disentangle. However, our proposed method follows a general
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approach on investigating plastic distribution, regardless of present variables and
processes.

Ultimately, plastic pollution is about individual litter items with specific physical
properties (such as density, size, shape). These litter items are coming from a
source (the moment they are emitted into the environment) at a specific location
in space at a specific point in time. Once emitted, they are transported through
the environment, and their physical properties can change (e.g. due to fragmenta-
tion). However, plastic transport is subject to the same physical influences as other
materials. In this study we successfully applied a method from a different field
for plastic pollution research, and it showed riverbanks’ relative plastic concentra-
tion is stable over time. Plastic pollution as a comparatively new field of research
can benefit from adapting approaches and methods from other fields of research.
Whether that be sediment (Waldschläger et al., 2022; Armitage & Rohais, 2025) in
rivers, species diversity in ecology (Battisti et al., 2018; Mashamba et al., 2024), or
as in the case of this study temporal stability of soil moisture.

We expect this proposed method to be applicable to assess the temporal stability
of plastic distribution in any system or region. All rivers included in this study are
located in the Netherlands, i.e. lowland rivers, or part of the Rhine-Meuse delta
in a densely populated country. Therefore our study area is relatively uniform,
compared to other rivers and regions globally. However, even along the Dutch
rivers we identified clear patterns of temporal stability of plastic concentration.
Based on the results of this study, we recommend to sample riverbanks repeatedly,
to get an idea of the temporal stability of relative plastic deposition between the
riverbanks. After two years, 83.7% of riverbanks retained their classification of
above or below average over the following two years. It would be interesting, if
similar temporal stability can also be observed for other study areas and other
spatial scales. The temporal stability analysis in soil moisture studies is used to
minimize monitoring locations for time and cost effective reasons. Similarly, once
hotspots and coldspots, as well as riverbanks above and below average are identi-
fied, monitoring location selection can be revised or optimized. Which riverbanks
are selected would depend on the respective research question, e.g. riverbanks
of each class, representative for the system, or hotspot riverbanks containing the
majority of plastic.
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2.4 | Conclusion

Dutch riverbanks have temporally consistent high or low concentrations of plastic
litter. We found temporal stability in four dimensions; individual riverbanks as
hotspots or coldspots always above or below average, the proportion of riverbanks
per class between rivers, between the first and second two years of the dataset, and
between seasons. First, 10 – 42% of riverbanks per river were coldspots, always be-
low average, and 0 – 8.3% of riverbanks were hotspots, always above average.
Second, the number of riverbanks per class was consistent between rivers, with
29.2±11.5% coldspots, 44.2±10.5% under, 22.9±6.2% over, and 5.9±1.7% hotspots
(for rivers that contained hotspots). Third, riverbanks seem very stable over time,
83.7% of riverbanks retained their above or below average classification between
the first and second two years of measurements. Fourth, 73.2 ±7.4% of riverbanks
retained their above or below classification between spring and fall measurements.
This was slightly lower than stability between the first and second two years of the
dataset. However, we found no indication that plastic retention differs spatially
between summer and winter. The different riverbank classes also contain dispro-
portionally high or low percentages of plastic. For all eight rivers combined, the
riverbank classes hotspot and over combined contain 58% of plastic at only 22% of
riverbanks. Contrary, coldspots are the class with the most riverbanks (41%), but
they contain only 12% of plastic.

The proportion of plastic items covered by the top then litter categories increases
with relative δr from 59.1% in coldspots to 76.4% in hotspots. One noteworthy litter
category is fishing line, where hotspot riverbanks show a prevalence compared to
other riverbank classes. Overall, nine out of the top ten plastic litter categories
remain the same between the four riverbank classes. The only categories that
differ are fast food containers and cigarette filters. Fast food containers are the
tenth most common plastic category for hotspots, and cigarette filters are in tenth
place for over, under, and coldspots.

Our study covered only (downstream) sections of the Meuse and Rhine river, yet
the proposed methodology proved effective. The proposed method is also a simply
way to investigate the temporal stability of plastic concentrations along the en-
tire length of rivers, and larger regions. Temporal stability can be considered in
planning for future monitoring, but also to investigate existing datasets from a
new perspective. Identifying patterns of hotspots and coldspots can serve as a
base to investigate factors and variables linked to plastic deposition and hotspot
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formation. Further, understanding spatial distribution of plastic can contribute
to and enhance monitoring protocols as well as targeted mitigation and clean-up
measures. The proposed method allows for optimized location selection. Select-
ing riverbanks that represent the low- and high-end of plastic concentration for
a specific river, or at country level can make monitoring strategies more effect-
ive. Further, understanding factors and variables linked to plastic retention could
in the future contribute to forecasting plastic deposition, and therefore streamline
targeted prevention, mitigation, and clean-up.
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Abstract

Rivers play an important role in the macroplastics transport and retention dy-
namics in the environment. Therefore, gaining an understanding of these

processes is vital in order to help determine the fate of macroplastic in the en-
vironment. During flood events the transport of floating macroplastic is known
to increase. We compared plastic accumulation and flushing on sixteen riverb-
anks along the Dutch Meuse river during the period that includes the July 2021

extreme flood to plastic accumulation on the same riverbanks as during normal
discharge conditions between 2018 and 2021. Here we show that following the
flood small macroplastic categories (< 2.5 cm) were flushed from the riverbanks,
while larger soft plastic fragments (2.5–50 cm) and wet tissues were deposited.
We found that for all plastic categories and for all riverbanks averaged, the plastic
accumulation rate during the July 2021 flood was higher than that which would
be expected for that time of year. However, the average accumulation rate for all
locations during the period that included the flood was lower than the average
accumulation rate over the Dutch winter (Oct/Nov–Feb/Mar). Our results show
that litter category composition following the July 2021 flood differed from normal
conditions. This indicates that plastic deposition and remobilization processes on
riverbanks differ between extreme flood and annually average conditions. These
observations contribute to a better understanding of the fate of macroplastic in
the environment in terms of the drivers of both its transport and deposition.
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3.1 | Introduction

Macroplastic pollution can be found almost everywhere on Earth. By 2015,
approximately 8300 million metric tons (Mt) of plastic had been produced.

Of these, about 4900 Mt have been mismanaged or otherwise been emitted into
the environment (Geyer et al., 2017). Rivers not only connect the terrestrial and the
marine environment, they also transport and retain plastic (van Emmerik et al.,
2022b), in riverbeds (Constant et al., 2021), aquatic (Schreyers et al., 2021) and
riparian vegetation (Cesarini & Scalici, 2022; Williams & Simmons, 1996), at an-
thropogenic structures (Honingh et al., 2020), and on riverbanks (e.g. Tramoy
et al., 2021; Kundu et al., 2021; Hidayat et al., 2022). One river where plastic litter
on the riverbanks has been studied is the Dutch Meuse river (van Emmerik et al.,
2020c; Roebroek et al., 2021b). During a fluvial flood riverbanks, inactive parts of
the river channel, and other areas around the river become inundated and plastic
litter from these areas can become mobilized. It is estimated that mobilization po-
tential increases tenfold due to floods with a 10-year return period as compared
with non-flood conditions (Roebroek et al., 2021a). In the Seine river, for instance,
a strong increase in floating plastic was observed with increasing discharge, poten-
tially leading to a large fraction of the annually transported plastic to be transpor-
ted in a relatively small fraction of time (van Emmerik et al., 2019). With extreme
precipitation and flood risk increasing globally (Pörtner et al., 2022; Kundzewicz
et al., 2014), a better understanding of macroplastic fate in the environment and
the impact of flood events is needed.

In July 2021 heavy precipitation over large areas in Central-Western Europe led
to severe flooding across the Rhine and Meuse river basins in Germany, Belgium,
Luxembourg and the Netherlands. For the Meuse, flooding occurred mainly in the
tributary catchments of the Ourthe, Amblève, and Vesdre in Belgium (Mohr et al.,
2022). In this region almost 200 mm of rainfall was observed within 24 hours,
which exceeds the statistical 200-year return period (Dewals et al., 2021). In the
Netherlands, heavy rainfall mainly occurred over the catchments of the Meuse
tributaries the Roer, the Geleenbeek, and the Geul. Combined with the discharge
coming from the Belgian part of the Meuse, this lead to widespread flooding reach-
ing 90 km downstream of the Belgian-Dutch border. This flood was exceptional as
it occurred in the summer. Increased discharge in the Meuse river usually occurs
in winter, due to extended periods of rainfall. The highest summer flood previ-
ously recorded on the Meuse occurred in July 1980 with 2016 m3 s−1 mean daily
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discharge at Eijsden. On 15 July 2021 the mean daily discharge at Eijsden was
nearly 2800 m3 s−1, more than ten times the mean annual discharge of 255 m3 s−1

and almost twice the mean annual maximum discharge of 1473 m3 s−1. The re-
turn period of the July 2021 flood was estimated to be around 400 years for the
Ahr/Arft region and the Belgian Meuse catchment (Kreienkamp et al., 2021). The
flood thus presents a unique opportunity to study flood impact on plastic in rivers.

In this study, we aim to quantify plastic accumulation on riverbanks and the com-
position of plastic litter categories after the July 2021 flood event in the Meuse,
and compare these to non-flood conditions. We could study the impact of the
July 2021 flood event by using a unique combination of data. Data were collected
immediately after the flood, and combined with data from routine monitoring of
litter accumulation carried out between 2017 and 2021 by citizen scientists within
the framework of the Clean Rivers Project (Dutch: Schone Rivieren). This study fo-
cuses on the litter categories macro- (≥ 2.5 cm) and mesoplastic (0.5–2.5 cm), which
hereafter will be referred to jointly as macroplastic for simplicity.

3.2 | Methods and Data

3.2.1 | Reference dataset

Over 150 riverbank locations along the Dutch Meuse river are being monitored
for litter by citizen scientists (Fig. 3.1) within the Clean Rivers project, using the
River-OSPAR protocol (van Emmerik et al., 2020c). The monitoring started in 2017

and is conducted biannually within four week periods in February/March, (here-
after named “Q1"), and October/November, (hereafter named “Q4"). The resulting
dataset from the ongoing monitoring reflects plastic litter accumulation on riverb-
anks along the Dutch Meuse under normal conditions. Since the litter is removed
from the monitoring area during each monitoring, we use the dataset from consec-
utive monitoring rounds to estimate the net accumulation rate between rounds.
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Figure 3.1 |Map of the study area. To the le� the Meuse catchment that extents over France,
Belgium, Luxembourg, and the Netherlands. To the right, the Dutch section of the Meuse
river with all locations from the Clean Rivers monitoring and the sixteen locations that were
sampled additionally in Jul/Aug “Q3" by the authors of the present study. (Credits Basemap:
Esri, HERE, Garmin, FAO, NOAA, USGS, © OpenStreetMap contributors, and the GIS User Com-
munity).

The data from the first monitoring at each location is not used here, as it represents
the accumulation over an unknown period of time. Based on the baseline dataset
we calculated the plastic accumulation rate per area RPA:

RPA =
I

A× t
(3.1)

which is the number of plastic items sampled on an individual riverbank during
a monitoring round I , divided by the area of the sampled stretch of riverbank in
hectare A, and the time interval in number of days since the last monitoring t.

We used the Clean Rivers dataset as a baseline to identify how plastic accumulation
and composition on the riverbanks after the July 2021 flood differed from non-
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flood conditions. Fig. 3.2c shows a conceptualized timeline of the routine mon-
itoring and our own sampling in Q3 2021. In general, the River-OSPAR protocol
calls for a sampling area 100 m along the river. However, during a few measure-
ments the citizen scientists were overly enthusiastic and took a sample up to the
highest visible floodline, even when it exceeded the maximum width of 25 meters.
Also, when the riverbank was extremely polluted the length of the sampling area
was shortened due to a lack of sampling time. On the sixteen riverbanks included
in this study, the citizen scientists sampled between 100 and 5000 m² (average
1667 m²) riverbank per monitoring round (2017–2021). For further explanation of
the River-OSPAR protocol see van Emmerik et al. (2020c).

3.2.2 | Post-flood sampling campaign

From the monitored riverbanks we selected sixteen riverbanks for sampling. The
selection was made to cover the entire length of the Dutch Meuse river (∼ 200 km),
from the Dutch-Belgian border, to the Biesbosch National Park (Fig. 3.1). The
choice of the riverbanks was informed by their accessibility, as some areas were still
inundated. The sampling took place within three weeks after the flood, between
22 July and 4 August 2021, before 14 August 2021 when the first large-scale ri-
verbank clean-up campaign was planned (Hendrikx, 2021) (Fig. 3.2a). Due to time
constraints we adapted the River-OSPAR sampling protocol (Sect. 3.2.1). On each
riverbank, 2 m wide sections were measured, beginning at the waterline at the
time of sampling (Fig. 3.2c). If not prevented by terrain or inundation conditions,
measurements were done in triplicate at each location. One section in the center
of the measurement location and then 40 m upstream and 40 m downstream, to
stay within the 100 m that are monitored within the Clean Rivers project. However,
we had to adjust the placement of one (locations 2, 14, and 15) or two (location 1)
stripes, due to partial inaccessibility of the riverbanks. For further information on
the measurements at each location see Supplementary Material, Table A.

A smartphone (Huawei WAS-LX1A, Shenzen, China) was used to geolocate the
center of the measurement location. A tape measure was placed on the ground
from the water-riverbank interface perpendicular to the waterline (Fig. 3.2c). Two
researchers visually counted the litter items, with one researcher walking on either
side of the measurement tape. All litter items within 1 m of the tape measure
were counted and classified according to the River-OSPAR litter categories (River-
OSPAR protocol developed by the North Sea Foundation, Stichting de Noordzee in
Dutch). We did not count wooden items, as it was too difficult to distinguish
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Figure 3.2 | (a) The concept of plastic deposition, monitoring and removing of litter on the
riverbanks over time. (b) Schematic overview of measurement protocols in the Clean Rivers
Project and (c) post-flood measurements in Q3, 2021, from top view.
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natural wood from processed wooden items. This did not influence the results,
as we only consider plastic items in this study. Sampling was done by walk-
ing slowly and looking carefully from a standing position, with vegetation being
gently moved from side-to-side to ensure that no litter items were missed. For litter
items that were not clearly (visual judgement) within or out of the measurement
zone, their distance to the measurement tape was measured. If the centroid of the
item was within 1 m it was counted, otherwise it was neglected since it was outside
of the measurement zone. In case there was any doubt about the material of an
item, the item was picked up and pulled apart to distinguish between plastic and
plant material. The measurement sections were extended until either the highest
visible floodline (e.g. at a levee) or a physical barrier (e.g. dense, impassable
vegetation, fence, inundated area) was encountered. Distance between the center,
upstream, and downstream sections was measured in steps by the same researcher
at all locations. Note that in contrast to the regular monitoring described in Section
3.2.1 we did not remove the litter items during the post-flood measurements.

3.2.3 | Data analysis

As this study focuses on macroplastic, the analysis focused on the River-OSPAR
categories under “plastic”, “sanitary”, “medical”, and the category “cigarette
butts” (henceforth called “macroplastic"). Macroplastic represented 88.8% of
sampled litter items in Q3 2021, the remaining 11.2% consisted of “rubber", “tex-
tile", “paper", “metal", and “glass" categories. In the regular monitoring data-
set, macroplastic represented 96.2% in Q1, 91.0% in Q4, 2021, and 87.1% in Q4,
2018–2020 (all excluding wood categories, see Section 3.2.2). For each location,
the number of days between sampling events was calculated by subtracting the
date of the prior sampling event from the subsequent one. For each macroplastic
category in each sampling round at each location, the number of measured items
[items] was divided by the sampled area [ha] and the number of days since the
last sampling [days], to calculate the accumulation rate per area of riverbank RPA

[items ha−1 day−1]. This approach allowed us to compare accumulation between
riverbanks that were sampled in Q1 2021 before the flood, and riverbanks that were
last sampled and cleaned during earlier monitoring rounds (for further details on
which location was monitored and when see Supplementary Material, table 1). To
compare between plastic accumulation rates per riverbank area RPA and length of
riverbank along the Meuse, the plastic accumulation rate along the Meuse RPL was
also determined by dividing the number of measured items I by the length of the
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sampled area along the river in km L and the time interval in number of days since
the last monitoring t:

RPL =
I

L× t
(3.2)

We compared the plastic accumulation rate in Q3, 2021 with Q4 monitoring rounds
of previous years averaged, additionally we were interested in the impact the flood
event had on macroplastic accumulation and composition of plastic categories
three to four months after the flood event. Therefore we also investigated the
monitoring data from Q4, 2021. Not all sixteen locations were monitored in Q4,
2021, so for Q4, 2021, we included the closest monitoring location on the same side
of the Meuse for location 1, 2, 12, and 13, with the assumption that river features
in these locations are similar. Historical plastic accumulation rates are not signif-
icantly different (p ≥ 0.30). For further information see Supplementary Materials,
Table B.

We calculated the distance along the Meuse between the sixteen locations with the
method from Vermeulen et al. (2014) and tested for a Spearman rank correlation
between the distance and the plastic accumulation rate measured in Q3 2021 for
each location. For the composition of macroplastic in the different seasons (Q4

2018–2020 mean, Q1 2018–2021 mean, Q4 2021, Q3 2021) the five macroplastic
categories with the largest abundance were selected per season. The deposition
factor Df was used to quantify plastic accumulation:

Df =
RP1 − RP2

RP1 + RP2
. (3.3)

Df indicates how accumulation rates compare between different periods P1 and P2.
Here, RP1 represents the accumulation period Q3 that includes the flood in July
2021, and RP2 represents the accumulation periods leading up to a measurement
in Q4 in 2018–2020. Df ranges between −1 and +1, where Df > 0 indicates the
accumulation rate during the flood was increased (“deposition"), as RP1 > RP2,
whereas Df < 0 indicates the accumulation rate was decreased (“flushing"), as
RP1 < RP2. The time periods between measurements vary, as well as the areas of
the measurement zones, which is why we use RPA (section 3.2.1) rather than the
density.
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3.3 | Results

3.3.1 | Distribution of plastic accumulation rates

Figure 3.3a shows the distribution of RPA measured in Q3 2021. Locations
1 to 5, the most upstream locations, show the highest RPA, between 250.3
items ha−1 day−1 at location 1, to 11.5 items ha−1 day−1 at location 4, whereas
locations 11, 13, 14, and 16 show a low RPA between 2.4 items ha−1 day−1 at
location 13 and 1.3 items ha−1 day−1 at location 16. Overall RPA decreases from
location 1 with 250.3 items ha−1 day−1 to 16 with 1.3 items ha−1 day−1 in Q3, 2021.
There is a significant correlation between RPA and the distance of the locations to
the river mouth (with p = 2.017× 10−6, ρ = −0.85). In Fig. 3.3b, which represents
the average of Q4, the correlation between RPA and the distance of the locations
to the river mouth is still significant (p = 0.045) but less strong (ρ = −0.51).
During Q3 2021, high plastic accumulation was found in locations 1 to 5, while
in Q4 2018–2020, it extended 44 km further downstream (up to location 7). Fig-
ure 3.3a depicts the longitudinal distribution of the deposition factor, with 62.5%
of riverbanks showing increased macroplastic deposition compared to the average
monitoring data from Q4 2018–2020. Plastic was only flushed from one location
(2) within the first 100 km from the Belgian border, whereas further downstream
plastic was flushed from 3 locations (11,13,16 between 214 km and 239 km). This
indicates that a large fraction of macroplastic was quickly deposited on riverbanks
along the Meuse during the July 2021 flood event.
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Deposition factor
Df >0 (n=10)
Df <0 (n=6)
Meuse River

Basemap: ESRI Gray (light)

Plastic accumulation
Q3, 2021

Low (n=5)
Middle (n=6)
High (n=5)
Meuse River

Basemap: ESRI Gray (light)

Plastic accumulation
Q4 2018 - 2020
mean per location

Low (n=5)
Middle (n=6)
High (n=5)
Meuse River

Basemap: ESRI Gray (light)

(a) (b) (c)

Figure 3.3 | (a) Spatial distribution of low, middle, and high plastic accumulation rates in Q3,
2021, and (b) the Q4 2018–2020 average. Low, middle, and high accumulation rates are not
defined by absolute values, but relative between the sixteen locations. High accumulation
rates shows the five locations with the highest RPA, low accumulation rate shows the five
locations with the lowest RPA, and middle shows the locations between high and low. (c)
Spatial distribution of the Deposition factor, >0 indicates deposition during Q3, 2021 in
comparison to Q4, 2018–2020, and <0 indicates flushing.

3.3.2 | Differences between flood and normal conditions

For all plastic categories combined, ten out of sixteen locations show deposition
and six show flushing (Fig. 3.3c). For all locations combined, eight plastic cat-
egories were deposited, while twelve were flushed out (Fig. 3.4). Location one
shows deposition for thirteen out of the twenty most common plastic litter cat-
egories, which is the highest rate for all locations. Overall the number of values
> 0 per litter category shows a decreasing trend from common to less common
litter categories after the flood. There is also a decreasing trend visible from up-
stream towards downstream, but not as clear, as from common to less common
litter categories. From the sixth common category (Foams 2.5-–50 cm) and the
second location downwards and downstream, the majority of values are −1 (with
the exception of pieces of rope < 1 cm), which indicates that the item category
has been found at the location in Q4, 2018–2020 measurements, but not in the Q3

measurement in 2021.

The two plastic categories that were found most commonly in Q3, 2021 are soft
plastic fragments (2.5–50 cm) and wet tissues (Fig. 3.4), they show additional
deposition at fourteen out of sixteen and six out of sixteen locations respectively.
The six locations with increased deposition of wet tissues are within the seven
locations farthest upstream. Overall it seems that foams were flushed out during
the flood. Small foams (<2.5 cm) and larger foams (2.5–50 cm) were flushed from
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eleven out of sixteen locations. Small foams do not show deposition at any location
and larger foams show deposition at four out of sixteen locations.
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Food wrappers (mul�layer)
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Plas�c co�on swabs
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Figure 3.4 | Df for all plastic litter categories combined and the plastic litter categories
that are most common in Q3 (following the July 2021 flood) and Q4 (Oct/Nov mon-
itoring). The most common categories are defined as categories that make up ≥ 1%

of plastic litter in Q3 and or Q4 average (2018–2020). The litter categories are sorted
from most to least common in Q3 and the locations 1 to 16 are sorted from upstream
to downstream respectively. For each plastic litter category at each location, the figure
depicts the deposition factor. Values >0 (indicated by yellow squares) indicate increased
deposition in Q3, values <0 (indicated by blue triangles) indicate flushing in Q3, a grey
cross indicates that this category of plastic was not present in Q3 and Q4 at this location.

3.3.3 | Litter composition

Soft plastic fragments (2.5–50 cm) are the most abundant macroplastic category
and on average make up 13.9% of macroplastic items in Q4 and 13.4% in Q1, while
in Q3 they made up 44.3% of the measured plastic. Wet tissues on average make
up 0.9% of the plastic items in Q1 and Q4, in Q3 they made up 24.7%. The relative
abundance of soft plastic fragments in Q3 is increased, compared to Q1 and Q4

where the values are much closer together (Fig. 3.5). Small litter items < 2.5 cm
are more abundant in Q1 than in Q4 and least abundant in Q3 2021. The main
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five plastic categories across all measurements make up >85% of plastic items by
number in Q3 2021, but <40% in the baseline.

Post-flood
Q3 2021
n = 1083

Reference
Q4 2021
n = 1881

Reference 
Q4 2017 - 2020
n = 3275

Reference
Q1 2018 - 2021
n = 22352

0% 10% 30%20% 40% 90% 100%80%50% 60% 70%

Soft fragments 2.5 - 50 cm Wet tissues Food wrappers

Hard fragments 2.5 - 50 cm Sanitary towels and 
their packages

Caps and Lids

Hard fragments < 2.5 cm Soft fragments < 2.5 cm Foams < 2.5 cm

Other Plastic

Figure 3.5 |Macroplastic item numbers and composition in the Q3 measurements a�er the
flood event 2021, the Q4 monitoring in 2021, the Q4 average (2018–2020), and the Q1 average.
The litter categories were chosen based on the five top frequent litter categories in Q3, Q4
2021, Q4 2018–2020 average, and Q1 2018–2021 average.

3.3.4 | Seasonal effects

Figure 3.6 shows a comparison between RPA and RPL. RPL with an average of 54.8
items km−1 day−1 for Q3, 2021 is almost twelve times what would be expected for
that time of year; the average rates in Q4, 2018–2020 with 4.7 items km−1 day−1.
The overall highest plastic accumulation rates are measured in Q1, with an average
of 51.1 items ha−1 day−1, which is almost double what was measured in Q3, 2021

with an average of 25.7 items km−1 day−1, and almost six times the average of Q4,
2018–2020 with 8.7 items km−1 day−1. Overall Fig.3.6 indicates that accumulation
rates over the winter (measured in Q1) are the highest, followed by accumulation
rates over the summer of 2021, and lastly accumulation over average summers
(Q4 2018–2020). The measurement in Q4 2021 is lower than Q4 measurements in

51



3 | Riverbank macroplastic following the July 2021 European floods

previous years, this could be highly influenced by the extensive clean-up efforts
that were undertaken all along the Dutch Meuse in August 2021 (Maas Cleanup,
2021).

Q4 2021

Q3 2021

Q1 2018 -
2021

Q4 2021

(a) (b)

Q
4 

20
18

 -
20

20
Q

4 
20

21
Q

3 
20

21

Q3 2021

Q1 2018 -
2021

P-value < 0.05 
(significant difference)

P-value > 0.05 
(not significant)

Along river

Area of riverbank

Difference between seasons

P
la

st
ic

 a
cc

um
ul

at
io

n 
ra

te
 -

 a
lo

ng
 r

iv
er

[it
em

s/
km

/d
ay

]

P
la

st
ic

 a
cc

um
ul

at
io

n 
ra

te
 -

 a
re

a 
of

 r
iv

er
ba

nk
[it

em
s/

ha
/d

ay
]

10.0

1,000.0

1.0

0.1

100.0

10.0

1,000.0

1.0

0.1

100.0

Q4
2018 - 2020

Q4
2021

Q1
2018 - 2020

Q3 2021
(Flood)

Figure 3.6 | (a) Macroplastic RPA [items ha−1 day−1] (blue) and RPL [items km−1 day−1]
(green), during different “seasons" of measurement. The boxplots contain values for
each year at each location, if applicable. The whiskers extend to the min and max
values. The black line indicates the median value and the white point indicates the mean
value. (b) To check if differences between the seasons for RPA and RPL are significant, we
performed a pairwise Wilcoxon rank sum test with Bonferroni adjustment.

3.4 | Discussion

3.4.1 | Material transport in fluvial floods

This is the first study to capture the impact of a severe flood event on macro-
plastic accumulation on riverbanks. Rivers transport human-made materials such
as macroplastic and other macrolitter items, and microplastic, as well as natural
materials (such as wood and plant debris, and sediment). While the size, density
and other characteristics of these materials are diverse and not necessarily com-
parable they do show parallels to transport and deposition of macroplastic. Wood
recruitment, transport, and deposition are known to be related to the rising limb,
the flood peak, and the recessional limb of a flood, respectively (Wohl et al., 2019).
Although we did not include wood in the Q3 sampling the most upstream loca-
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tions (1 to 3) showed high densities of wood and other plant material intermixed
with the deposited macroplastic, while further downstream there were comparably
lower densities of wood and plant debris (Fig. 3.7).
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Plas�c
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Figure3.7 | Concept of flooded riverbanks and riverbanks thatwere not flooded, which showed
different litter and natural debris densities and modes of litter deposition (c). Location 11 (a)
showed no litter deposition, even though the tree roots provided potential for entanglement.
Location 9 (b) showed very low litter deposition, close to the waterline at the time of Q3mea-
surements. Location 2 (d) and location 1 (e) showed high deposition, especially in higher ve-
getation. The flood peak water level is clearly depicted by litter and plant debris deposition
and entanglement in higher vegetation.

The discharge peak in the July 2021 Meuse flood decreased from 3195 m3 s−1 on
July 15, 2021, 9.50 pm at Eijsden (location 1) to 2328 m3 s−1 on July 19, 2021,
7.30 am between location 9 and 10 (van der Veen and Agtersloot, 2021). Floating
macroplastic during the flood also showed a decrease from Maastricht (between
location 2 and 3) to Ravenstein (ca. 3 km downstream from location 9), to Moerdijk
(20 km downstream of location 16). At Maastricht during the discharge peak on
July 15, 2021 the mean daily plastic transport was 32,760 items hour−1 which is
141 times the non-flood average of 232 items hour−1. At Ravenstein (ca. 3 km
downstream from location 9), measurements of floating plastic on July 18, 2021,
showed a mean daily plastic transport of 857 items hour−1, which is 5.3 times the
non-flood transport of 159 items hour−1. At Moerdijk the transport during the
flood was 4.5 times higher than non-flood with 1571 items hour−1 compared to
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346 items hour−1 (van Emmerik et al., 2023). This is in line with our findings for
the plastic accumulation rates on the riverbanks and indicates that a fraction of
the macroplastic transported by the July 2021 flood was deposited on riverbanks
and not transported the whole length of the Dutch Meuse river. This agrees with
the concept of macroplastic storage and remobilization in rivers discussed by Liro
et al. (2020). The authors argue that riverbanks act as macroplastic storage zones,
with river flow, including riverine floods as one of the main factors influencing
macroplastic transport and transport distance. Further they argue that riparian
vegetation and its associated surface roughness can favor plastic storage during
floods.

At the most upstream locations 1–2 the high water levels led to the inundation
of tall vegetation, while downstream the peak water level was less significant.
At the two most upstream locations a large fraction of the deposited litter was
entangled in trees and higher vegetation that served as obstructions to the flow
with the majority of plastic being deposited on the upstream side of each obstruc-
tion (Fig. 3.7). At locations 1 and 2, 28.3% and 42.1% of plastic respectively was
found entangled in trees, with < 30% of the measured riverbank area covered by
trees/tree branches. Trees and shrubs have been identified to serve as “traps" for
macroplastic (Cesarini & Scalici, 2022) and the term "Christmas tree effect" of en-
tangled macroplastic in riparian vegetation was coined by Williams & Simmons
(1996), to describe this phenomenon.

RPA of soft plastic fragments (2.5–50 cm) for Q3 and Q1 are in the same order of
magnitude with an average of 10.5 and 8.4 items ha−1 day−1 respectively. Average
RPA of wet tissues however is 7.8 items ha−1 day−1 in Q3 and 0.6 items ha−1 day−1

in Q1. Measurements at the Bergsche Maas (location 13 – 16) indicated emission
of additional wastewater into the Meuse river (Rongen et al., 2021), which could
explain the increase in wet tissues.

Similar to our study, Treilles et al. (2020) found the most common category of
plastic with 40–60% were soft plastic bags and fragments in stormwater in Paris,
France. This corresponds to the 44% of plastic fragments (2.5–50 cm) we found
in Q3, 2021. Similar to macroplastic, microplastic transport and deposition is also
impacted by flood events. In a 2018 flood event in the river Seine, Paris, France,
40% of the annual microplastic flux occurred during 14.5% of time of the year
(Treilles et al., 2022). However, the similarities and differences in transport and
deposition of macro- and microplastics in rivers are not conclusively clarified and
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need further investigation.

3.4.2 | Limitations and Recommendations

The sampled sixteen locations in Q3 along ∼200 km of Dutch Meuse river only
represent 10.3% of the 155 riverbanks in the Clean Rivers monitoring dataset.
Sampling a higher number of locations would potentially have given a better and
more complete picture of the impact of the July 2021 flood on the plastic accumu-
lation. In the Clean Rivers project an average of 1667 m² was sampled on each
riverbank during each monitoring round. In Q3, 2021 we sampled 248 m² on av-
erage. The overall area we sampled is smaller but in most cases wider than the
Clean Rivers monitoring area, since we tried to cover larger areas that had been
inundated. For future research we recommend to sample the same area on each
riverbank before and after an extreme event that is sampled in the monitoring, to
avoid these uncertainties.

For monitoring and modelling of plastic pollution in rivers, we recommend to
include flood events in the sampling and modelling respectively. One approach
could be to place GPS trackers on the riverbanks before a flood event, to track
their transport during the flood. We recommend to also capture the mass of the
deposited plastic, since this might be more meaningful than the item count. Ex-
treme floods are likely to increase in frequency and severity, due to climate change.
Understanding their impact on the fate of plastic litter in the environment is there-
fore very important.

3.5 | Conclusion

In this study we compared the plastic accumulation rate and composition between
the July 2021 flood event and normal conditions on sixteen riverbanks along the
Dutch Meuse river. We found that post-flood in Q3, 2021 overall there was an
increase in macroplastic deposition, compared to what would be expected for that
time of year. However, the deposition and flushing varied considerably between
locations and for different plastic categories. Overall eight out of the twenty main
plastic categories showed deposition and twelve showed flushing. Plastic categor-
ies with the largest increase compared to normal conditions were soft plastic frag-
ments (2.5–50 cm) and wet tissues, with an increase of ∼3 times and ∼24 times
respectively. Small macroplastic categories were flushed out by the July 2021 flood,
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combined, they only made up 2.5% of macroplastic items, whereas on average they
make up 27.2% in Q4 and 46.6% in Q1. Our results emphasize the importance of
including pre- and post-flood measurements in future monitoring efforts. The dif-
ferences in plastic accumulation rates and plastic litter composition between flood
and non-flood conditions demonstrate that an extreme event like the July 2021

flood indeed impacts macroplastic transport and deposition.
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Abstract

During the July 2021 European floods approximately eight million empty dairy
packaging (buttertubs) were flushed from a dairy processing facility in Bel-

gium into the Vesdre river. Some were transported further downstream, into the
Ourthe river and eventually the Meuse river. There are many unknowns when
it comes to plastic transport in rivers, especially in response to floods. We there-
fore used this incident as an unique opportunity to study these buttertubs as a
tracer for plastic transport dynamics in a riverine environment in response to an
extreme flood event. Normally, it is unknown when and where individual plastic
items found on riverbanks entered the environment. In this case, however, the ID
stamps on the buttercups allowed for them to be traced back to the flooding of
the factory. We studied the transport and deposition of these buttertubs in the
Dutch Meuse over two years following the flood. We also collected buttertubs at
different points in time to investigate their fragmentation and mass loss. Within
three weeks of the flood, the buttertubs were transported up to 328 km from the
spilling location. Overall, the majority (78%) of buttertubs we found within the
first three weeks were deposited within less than 100 km of the point of emission.
Over the following two years, the mean transport distance of the found buttertubs
moved downstream from 100 km in July/August 2021, to 153 km in July 2023. The
buttertubs average transport velocity decreased from 11.7 km/d within the first
three weeks, to 0.2 km/d by July 2023. Based on the 89 buttertubs we collected
and analyzed in detail over the two years, we did not find a significant mass loss.
Of all 89 buttertubs found, 47 showed cracks and only 12 appeared to have pieces
missing. This study shows that even during extreme flood events, the majority of
spilled plastic litter is retained within a limited distance after being emitted into the
river. The findings of this study can be utilized to improve plastic transport model-
ling, and overall better understand plastic transport in the freshwater environment.
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4.1 | Introduction

By 2019, the global annual plastic production reached 386 million metric tonnes
(MT) (Plastics Europe, 2020). Of these, approximately 22 MT (6%) were dumped,
discarded, or otherwise leaked into the environment (OECD, 2023). Understand-
ing the plastic sources, fate, and transport in rivers is a crucial step towards under-
standing and reducing the wider issue of plastic pollution. Rivers play a key role
in the storage and land-to-sea transport of plastics in the environment (van Em-
merik & Schwarz, 2020; Liro et al., 2020; Meijer et al., 2021). Fluvial floods impact
plastic transport and can mobilize a large fraction of annually transported plastic
in a river (Roebroek et al., 2021a; van Emmerik et al., 2019). During fluvial floods,
areas around the main river channel are inundated, stored macroplastic items can
be remobilized and additional macroplastic from surrounding areas can be flushed
into the river. In this study we include macroplastic (> 2.5 cm) and mesoplastic
(0.5 – 2.5 cm) items, for ease of reading we refer to both as macroplastic throughout
the article. Even though floods are likely to increase plastic emission into the sea,
most macroplastic is retained along the river (van Emmerik et al., 2023). Investig-
ating macroplastic transport pathways under different conditions is an important
part of understanding the dynamics of plastic pollution, and crucial towards its
mitigation. Understanding the transport dynamics can contribute to mitigation
efforts such as targeted clean-up efforts e.g. shortly after a flood event, to prevent
the plastic litter from spreading further.

Macroplastic items found on riverbanks and in the environment in general can
usually not be linked to their exact time and location of entry into the environ-
ment. There are however two exceptions: (1) experiments with intentional release
of trackers, and (2) items released from specific spilling incidents. Some studies
utilize GPS-trackers, plastic items equipped with acoustic telemetry tags, or items
marked to be recognizable (Tramoy et al., 2020a; Teunkens, 2021; Newbould et al.,
2021; Lotcheris et al., 2024; Maclean et al., 2021). These studies can provide valu-
able insights in plastic transport. However, they are usually limited to a relatively
small number of tracers and short time frame, due to factors including costs and
battery life. For GPS-trackers this means roughly ∼24 hours to 1 month of de-
ployment time and up to ∼100 trackers. Studies utilizing marked (e.g. painted)
items can have higher numbers of items due to lower costs, items equipped with
acoustic telemetry tags can be tracked for longer time frames. Spill incidents on
the one hand can be detrimental for the environment, on the other hand they also
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present a unique opportunity for plastic pollution research. Incidents of plastic
spills regularly occur at sea (Saliba et al., 2022) and spilled macroplastic items that
have been studied include inkjet cartridges (Turner et al., 2021), Lego (Williams,
2022), and plastic bath toys (Ebbesmeyer & Ingraham Jr, 1994; Ebbesmeyer et al.,
2007). Analyzing the pathways of these items contributes to the understanding
of ocean drift patterns, material transport pathways, and also plastic degradation
rates.

Most plastics are extremely durable, and can remain intact in the environment
for decades (Tramoy et al., 2020a; Falk-Andersson et al., 2021). However, plastic
is also subject to fragmentation and degradation. Plastic degradation is estim-
ated to be in the range of hundreds to thousands of years, since it has only been
mass-produced since the 1950s plastic degradation rates in the environment can-
not yet conclusively be determined. Mechanical factors such as waves and abrasion
through sediment can cause physical fragmentation of plastic (Barnes et al., 2009).
Whereas chemical degradation includes photodegradation due to exposure to UV-
light, thermal degradation, thermo-oxidative degradation, biodegradation, and hy-
drolysis (Andrady et al., 2011; Waldschläger et al., 2020). Degradation depends on
the type of plastic polymer, but also on environmental conditions (Chamas et al.,
2020). Delorme et al. (2021) placed polypropylene (PP) buttertubs at different loc-
ations on a riverbank and monitored their degradation over almost 4.5 years. One
of the buttertubs placed with low exposure to solar radiation stayed mostly intact
over the duration of the experiment. Another buttertub with high solar radiation
exposure became extremely brittle and was considered lost due to fragmentation
after two years in the environment. Plastic transport pathways also determine how
and how fast plastic fragmentation happens. Therefore spill incidents can be a way
to learn about the fragmentation/mass change of plastic items after known times
of exposure to environmental conditions.

In July 2021 heavy rainfall over large areas led to extreme fluvial floods in multiple
European countries. One river that was particularly affected was the river Vesdre,
a tributary to the Meuse river with a catchment of 700 km2 in Belgium and bor-
dering Germany. Precipitation in parts of the Vesdre catchment cumulated over
48 hours reached almost 300 mm and contributed to a devastating flood on 14 –
15 July 2021. None of the four Vesdre gauging stations recorded during the flood,
since they were either washed away or otherwise failed, e.g. due to loss of power
supply. However, based on the partially available time series the peak discharge
was estimated to be three times higher than the 100-year return period discharge
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at some locations along the Vesdre (Dewals et al., 2021). The Vesdre converges
with the Ourthe and ultimately flows into the Meuse river. About 45 km upstream
of the Ourthe-Meuse confluence, a dairy processing factory located right next to
the river was severely affected by the flood, with most of their facilities damaged
and inventory washed away. The factory’s spokesperson confirmed that they lost
approximately eight million pieces of empty dairy packaging (buttertubs). Previ-
ously to the July 2021 flood, Buttertubs were not a commonly found plastic item on
the riverbanks of the Dutch Meuse, further the buttertubs in this study are recog-
nizable by a legally mandatory code, that links to the factory. It is therefore most
likely that the buttertubs in this study originate from the spill caused by the July
2021 flood. These buttertubs provided an unique opportunity for an impromptu
study on transport pathways of macroplastics in rivers.

In this study we followed an opportunistic approach using the buttertubs spilled
at a specific point and time to study macroplastic transport dynamics. We collec-
ted data on 617 buttertubs between July 2021 (within three weeks after the flood)
and July 2023. Over that same period we also collected and analyzed the mass
and degree of fragmentation of 89 buttertubs. Therefore we could compare the
buttertubs condition immediately after the flood event to ones we found two years
later along the Dutch Meuse and investigate their degradation. Over two years we
investigated the transport distance and velocity of the spilled buttertubs along the
Dutch Meuse, between ∼66 km to 328 km downstream of their point of entry. We
evaluated the transport distance and velocity development over time, in order to
analyze their transport pathway and fate in a riverine environment.

4.2 | Methods

We used three different datasets in this study, and all datasets contain the loca-
tion, density, and quantity of buttertubs on riverbanks along the Dutch section of
the Meuse river between July 2021 and July 2023. The found buttertubs have an
ID code which is unique to the flooded dairy company in Belgium. This ID code
("identification mark") is mandatory for dairy and other animal products in the
European Union (EC, 2004), to clearly identify their processing facility. Previous to
July 2021 no noticeable amounts of buttertubs were found along the Dutch Meuse,
we therefore expect that the found buttertubs trace back to the spilling event dur-
ing the flood in July 2021. For reference, the River-OSPAR protocol utilized by
the Clean Rivers project contains categories such as plastic helmets, even though
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between Oct/Nov 2021 and Feb/Mar 2023 there were only 0 – 1 plastic helmet
found along the entire Dutch Meuse.

The three datasets include the dataset presented in Hauk et al. (2023c) of post flood
riverbank measurements (Hauk et al., 2023a), as well as ongoing riverbank litter
monitoring by citizen scientists (Fig. 4.1). Further, during additional fieldwork two
years after the flood event, we sampled 25 of the monitored riverbanks specifically
for buttertubs. Investigating these datasets, where buttertubs were reported as a
distinct item category allowed us to analyse their transport along the Dutch Meuse
river over the course of two years. In order to also investigate the buttertubs’ mass
loss and fragmentation, we collected a total of 89 buttertubs in July 2021, February
2023, and July 2023 and recorded their mass, as well as damage and fragmentation
(section 4.2.4).
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Figure 4.1 |Buttertub sampling strategy. Riverbank locations (a-c) andmeasurement areas (d-
f ) during the differentmeasurement rounds (not to scale). (a-c) Overviewmaps that show the
point of emission of the buttertubs (pink diamond shape), the path of the buttertubs through
the Vesdre, Ourthe, and Meuse river (thick river lines). (a) riverbanks sampled in Jul/Aug 2021
as well as the three locations we sampled three garbage bags each from the clean up on 14
August, 2021. The colored dots show which riverbank was monitored during which measure-
ment round, Fall 2021 – Spring 2023means the locationwas sampled at least once in that time
frame. For each area length (l) is measured in the direction along the Meuse river and width
(w) is measured in the direction perpendicular away from the Meuse river. (d) in Jul/Aug 2021
with (1) stripes l = 2 m, w = 10 – 138 m, (2) measuring along a debris/flood line, (3) trees with
entangled items, (4) accumulation zones with very high litter density. (e) Fall 2021 – Spring
2023, l = 20 – 50 m, w = 1 – 100 m. (f ) July 2023, l = 10 – 312 m, w = 1 – 50 m.
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4.2.1 | Dataset 1: Riverbank sampling post-flood July/August 2021

We used the dataset from Hauk et al. (2023c) (Hauk et al., 2023a) that covers 25

riverbanks that were sampled along the Dutch Meuse river, between 22 July –
4 August, 2021 (Fig. 4.1a). The riverbanks from that sampling campaing were
chosen from riverbanks monitored within the Clean Rivers project by the North Sea
Foundation and Institute for Nature Education. The riverbanks were chosen based
on accessibility at the time of the sampling campaign, and also to cover the entire
length and the left and right bank of the Dutch Meuse. Exact locations with coor-
dinates are available in Hauk et al. (2024a). The sampling campaign quantified the
impact of the flood event on plastic deposition and re-mobilization on riverbanks.
One item that was noticeable during the campaign was the buttertubs, which is
usually not a very common plastic litter item on Dutch riverbanks. There is no
category for buttertubs in the River-OSPAR protocol (van Emmerik et al., 2020c),
however, due to their large number and distinct appearance, they were recorded
as a separate category during this sampling campaign. There were overall more
buttertubs than distinct lids, however there were also a few lid shapes and designs
that we found repeatedly. From the second location upstream we counted the but-
tertubs and lids as a separate category. On one location, along the highest floodline
we collected 70 buttertubs (no lids) along 100 m for future analysis. At this spe-
cific location we did not measure the other litter items. Except the buttertubs we
collected from that location, all other litter items during that sampling campaign
were left in place. Due to high densities of litter at some locations, sub-areas were
sampled as 2 m wide stripes within the 100 m that are usually monitored within
the Clean Rivers project. If present, also areas of high litter density (“accumulation
zones") and trees with entangled litter were sampled on the riverbanks.

Large scale clean-up efforts started on 14 August, 2021 (Maas Cleanup, 2021) and
during that day we visited three locations that were cleaned, and collected three
full garbage bags of litter from each location at random (Fig. 4.1a). The purpose
of this was to further investigate the composition of the litter that had been de-
posited on the riverbanks by the flood. We counted and classified all litter items
in these nine garbage bags, according to the River-OSPAR categories, with the but-
tertubs as an additional category, to get a better understanding of the plastic litter
composition following the flood event.
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4.2.2 | Dataset 2: Monitoring Clean Rivers project fall 2021 - spring
2023

In the Clean Rivers project (Dutch: Schone Rivieren) by the North Sea Foundation and
Institute for Nature Education over 150 riverbanks along the Dutch Meuse were
monitored for litter twice a year by citizen scientists between Oct/Nov 2017 and
Feb/Mar 2023. The citizen scientists collect, classify and count all litter on a 100 m
long and 25 m wide (Fig.4.1b) area of riverbank, according to the River-OSPAR
protocol (van Emmerik et al., 2020c). However, sometimes they deviate from the
protocol, due to inaccessibility of riverbanks, very high litter densities, or high
enthusiasm. We instructed the citizen scientists to separately record buttertubs
during their measurements in preparation for the Oct/Nov 2021 and the following
measurement rounds in 2022 and spring 2023. The citizen scientists were provided
with pictures of the buttertubs including their distinct ID stamp, and were asked
to only count the buttertubs themselves and not the lids, as the lids do not have the
ID stamp. Figure 4.2b and c shows pictures taken by Clean Rivers citizen scientists
which indicate that indeed the correct type of buttertubs was counted during the
monitoring rounds. However, it cannot be ruled out that some citizen scientists
did not also count any of the distinct lids.

Figure 4.2 | Illustration of buttertubs collected by the authors of this study (a) and by volun-
teers from the Clean Rivers Project (b and c). Pictures taken by authors of this study (a) and
volunteers from the Clean Rivers Project (b and c)

4.2.3 | Dataset 3: Riverbank sampling July 2023

Between 26 July and 28 July 2023, we sampled 25 riverbank locations (Fig. 4.1c), 21

of which had also been sampled in July/August 2021. We adjusted the sampling
area compared to the previous measurement rounds, to increase the likelihood of
finding buttertubs. At most locations litter has been removed at least once since the
flood event. We therefore decided to cover longer stretches of riverbank, to capture
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buttertubs that were recently deposited, as well as buttertubs that might have been
in place since July 2021. The sampled lengths of riverbank varied between 10 m to
312 m, due to accessibility of riverbanks. The three most upstream riverbanks had
very high and dense vegetation, therefore only a few spots could be examined for
buttertubs. The sampled width varied between 1 – 50 m, but at most locations the
first 5 – 15 m of riverbank were sampled (Fig. 4.1f). We collected all six buttertubs
we found on the sampled riverbanks. We only focused on buttertubs during this
fieldwork and did not count and collect any other litter categories.

4.2.4 | Buttertubs mass/fragmentation analysis

We collected a total of 89 buttertubs, 70 in July 2021, 13 in February 2023, and six
in July 2023. The 70 buttertubs collected in July 2021 were stored dry and pro-
tected from light in a non-climate controlled room. The 13 buttertubs collected in
February 2023 were stored dry at room temperature, and the six collected in July
2023 were stored dry and protected from light in a non-climate controlled room.
The mass of all collected buttertubs was measured in October 2023 before and after
cleaning them of debris/sediment. First individual pictures were taken to capture
their state and sediment/debris attachment. Then their dry uncleaned mass was
measured with a balance [PM480, Mettler Toledo, Columbus, Ohio, USA] with an
accuracy of 0.001 g. After this, the buttertubs were cleaned for mass analysis of
only the plastic without sediment and debris. We soaked them in tap water for
about half an hour, to soften sediment and debris, and then cleaned them under
running water with a soft sponge, based on (Turner et al., 2020). No visible pieces
of plastic were removed or broke off during the cleaning process. To not damage
the plastic, the buttertubs were cleaned very gently and some discoloration could
not be removed in the process. After cleaning, the buttertubs were dried in a dry-
ing cabinet [Heraeus, Hanau, Germany] at 40° C for one day, 16 buttertubs were
left in the drying cabinet for an additional day, since they appeared not completely
dry upon visual inspection. After drying and visual inspection to confirm they
were completely dry, the cleaned mass was determined. Furthermore, buttertubs
were visually inspected for cracks and missing pieces. Difference in mass between
the two shapes of buttertubs was tested for significance. Since the difference was
not significant (unpaired t-test, p=0.189), the mass data of both shapes was ana-
lyzed together.

68



44444444444

4.3 | Results and Discussion

4.2.5 | Transport distance and velocity analysis

The transport distance of the buttertubs along the rivers Vesdre, Ourthe, and
Meuse was measured in QGIS, utilizing river shapefiles obtained from Atlas of
Belgium (atlas-belgique.be), as well as a shapefile with kilometer markings along
the Dutch Meuse river by Rijkswaterstaat. Transport velocity was calculated for all
buttertubs in kilometer per day [km/d], with the number of days between 15 July
2021 as the day of emission and the sampling date. To investigate the density of
buttertubs along the Dutch Meuse river the number of buttertubs that were found
at each riverbank location was normalized by buttertubs per sampled meter [m] of
riverbank.

4.3 | Results and Discussion

4.3.1 | Buttertubs share of deposited litter

Between July 2021 and July 2023, buttertubs constituted a considerable share of
plastic and other litter deposited on riverbanks along the Dutch Meuse. In Jul/Aug
2021 we counted 1565 plastic items deposited on 25 riverbanks thereof 118 butter-
tubs, (7.5%). This excludes the 70 buttertubs we found along the highest floodline
where no other litter was counted. In the bags we collected from three flood
clean-up sites, we counted a total of 1478 plastic litter items, thereof 34 buttertubs
(2.3%). Over the following 1.5 years, the share of buttertubs of all counted plastic
litter decreased. From 2.7% in Oct/Nov 2021 to 0.1% in Feb/Mar 2023. The Pic-
tures provided by the citizen scientists from Clean Rivers Project (Fig. 4.2) indicate
that they indeed sampled the correct buttertubs, however this could not be verified
in detail for every single measurement. Furthermore, it is possible that some of
the sampled buttertubs had the same ID stamp, but were emitted outside of the
spilling event, e.g. by littering, however this is unlikely.
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4.3.2 | Buttertubs transport distance

Boxplot
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Figure 4.3 | Transport distance of buttertubs along the Dutch Meuse in different measure-
ment rounds. All of these buttertubs were removed from the riverbanks, with the exception
of Jul/Aug 2021, then most buttertubs were le� in place and only 70 were collected from one
location for further analysis. The x-axis starts at 66 km to match the extent of this study.
The whiskers extent to the least and furthest transported buttertubs, with no regard for the
interquartile range (no outliers were defined). Placement of circles indicates the number of
buttertubs according to transport distance but random on y-axis.

Between July 2021 and July 2023 a total of 617 buttertubs were found along the
Dutch part of the Meuse river. Within the first 7 – 20 days after the buttertubs
were spilled, the mean travel distance was 100 km (Fig. 4.3). Twelve buttertubs
were transported over 300 km, up to 328 km in less than three weeks (∼50 km
from the river mouth, but the Rhine-Meuse delta is complicated). The two loca-
tions with the largest number of buttertubs were at 87 and 91 km with 75 and 70

buttertubs respectively. While we found buttertubs along the entire length of the
Dutch Meuse, the majority (78%) was transported less than 100 km. In Fall 2021

and Spring 2022, buttertubs again were found along the entire length of the Dutch
Meuse, up until around 300 km of transport. The average transport distance from
the sampled item to the point of emission was 109 km in Fall 2021 and 101 km
in Spring 2022 on average after 108 and 236 days respectively. In Fall 2022 and
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Spring 2023, on average 478 and 589 days after the flood event, smaller numbers
of buttertubs were reported. In July 2023 only six buttertubs were found at the 25

riverbanks visited. In Spring 2023 and Summer 2023, buttertubs were only found
between 90 km and 240 km from the spill site, compared to between 68 km and
328 km in Jul/Aug 2021. Overall the average transport distance increased by 53 km
over the measurement rounds, from 100 km within 3 week, to 153 km in July 2023,
two years after the flood. On the contrary, the maximum reported travel distance
decreased from 328 km to 240 km.

The mean transport distance suggests that the majority of buttertubs was only
transported around 100 km within the first three weeks, and remained in the
river. Limited downstream transport would align with transport and deposition of
plastic litter during the July 2021 flood in general (van Emmerik et al., 2023; Hauk
et al., 2023c). The average transport distance per measurement almost continu-
ously moves downstream, which suggests that the buttertubs are slowly transpor-
ted downstream (Fig. 4.4a). However, the average transport distance by buttertub
density per m riverbank is not quite as clear (Fig. 4.4b). Given the limited trans-
port distance we expect only a small fraction may have potentially been emitted
into the North Sea.
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Figure 4.4 | Differences in mean transport distance between buttertubs (a) and buttertubs
density in buttertubs per m riverbank (b)

The increase in minimum transport distance could be due to extensive clean-up ef-
forts following the July 2021 flood. If large numbers of buttertubs were cleaned up
along their first 100 km of transport, there are less buttertubs left to be transported
and feed into the Dutch Meuse. Therefore the “bulk" of the remaining buttertubs
traveled downstream.

Buttertubs transported and deposited by the flood were not quantified along the
Vesdre, Ourthe, and Belgian part of the Meuse river (first 66 km of transport).
However, pictures taken by River Clean Up Belgium during large scale clean up
efforts along the Vesdre river, within the first 25 km downstream of the dairy
company show very large numbers of buttertubs (Fig. 4.5). If quantified, the
average transport distance by Fall 2021 would likely have been lower than 109 km.
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Figure 4.5 | Pictures taken during clean-ups in September and November 2021 a�er the July
2021 flood event along the Vesdre river, within the first 25 km of transport. Buttertubs along
the Vesdre river were not quantified, but found in large quantities during clean-ups following
the July 2021 flood event. Pictures courtesy of River Cleanup.

The sampled riverbank lengths differed between sampling rounds, since only the
measurements in July 2023 targeted the buttertubs specifically. In Jul/Aug 2021

on a number of riverbanks only 6 m length were measured in total. The sampling
strategy was not developed for specific items, but rather to sub-sample the ri-
verbank monitoring area within a tight time frame. Therefore the different mea-
surement rounds have different resolutions (Fig. 4.1). The minimum number of
buttertubs that could be detected on a riverbank is one. Given that between 6 m to
100 m (and in a few cases even 500 m) were sampled in this study, the minimum
positive measurement resolution differs between 0.2 and 16.7 buttertubs per 100 m
riverbank.

In Jul/Aug 2021 potentially less buttertubs were sampled, since smaller areas of
riverbank were covered. However, if a buttertub was located in one of the stripes,
it had a higher influence on the item density than a buttertub located in a debris
line or an area with high debris density, since the buttertub density was calculated
per meter riverbank. During the fieldwork in July 2023, the three most upstream
sampled riverbanks and the riverbank at 133 km of transport showed very dense
vegetation and the sampled stretch of riverbank was therefore much smaller than
at the riverbanks further downstream. At 133 km of transport three buttertubs
were found along 30 m of riverbank sampled, which heavily influenced the mean
transport in July 2023 where only six buttertubs were found in total.

For Jul/Aug 2021 the exact location of each buttertub on the riverbank was
recorded, this was not recorded for the following measurement rounds. In
Jul/Aug 2021, 184 out of the 190 buttertubs were found on the ground/in ground
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covering vegetation, and only six were found deposited higher up such as in
trees/bushes/fences. 162 buttertubs were found within the debris line/debris ac-
cumulation "accumulation zone" and out of these at least 143 (at two locations)
were found in debris along the highest floodline.

4.3.3 | Buttertubs transport velocity

The mean transport velocity shows a non-linear decay from 11.7 km/d after the
flood to 0.2 km/d in July 2023 (Fig. 4.6). Based on the riverbanks where buttercups
were found within three weeks after the flood event, they were transported at a
velocity between 9.8 – 18.3 km/d. The flow velocity of the Dutch Meuse is typically
about 1-3 m/s (86 – 259 km/d) and can increase up to 4.3 m/s (372 km/d) (Meijer
& Agtersloot, 2020) during floods. So the transport velocities we found are realistic,
but likely much lower than the velocity of buttertubs in motion. Until Fall 2021,
on average 108 days after the flood event, the average transport velocity decreases
by a factor ten to 1.2 km/d. Yet, it still has a range between 0.6 – 3.0 km/d.
The average transport velocity continues to decrease, to 0.5 km/d in Spring 2022,
0.3 km/d in Fall 2022 and Spring 2023. In July 2023 the found buttertubs on
average had been transported with a velocity of 0.2 km/d. All transport velocities
represent the minimum transport velocity, since we did not measure buttertubs in
motion, therefore the transport velocity of buttertubs when mobile is likely much
higher. Further, we only studied the buttertubs that were transported into the
Dutch Meuse, which is only a subsample of all spilled buttertubs. Large numbers
of them were cleaned up along the Vesdre river following the flood event (Fig. 4.5).
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Figure 4.6 | Transport velocity of buttertubs in the Dutch Meuse for the different monitoring
rounds. Transport velocity in logarithmic scale.

The strong decrease of the buttertubs transport velocity over the course of two
years is probably connected to multiple factors. Buttertubs being transported quite
far distances over short period of times during the flood, and a large amount of
buttertubs remaining in place, once deposited on a riverbank. Bankfull discharge
for the Dutch Meuse river is about 1.250m³/s (Rijkswaterstaat, 1985). Between the
end of the flood event in July 2021 and July 2023 the Meuse river exceeded this
discharge level a total of two times, with a duration of ∼29 hours in January 2022

and ∼40 hours in January 2023 at Eijsden, close to the Dutch-Belgian border. Dur-
ing these flood peaks, buttertubs could potentially have been re-mobilized from
the floodplains. The 0.2 km/d of transport velocity after two years is in about the
same order of magnitude as short term transport in a study utilizing GPS trackers
in PET bottles (Newbould et al., 2021) in the UK. Tramoy et al. (2020a) investi-
gated transport distances and velocities of plastic bottles with GPS-trackers under
various hydro-meteorological conditions in the Seine river, France. During flood
conditions they measured transport velocities up to 110.2 km/d, whereas during
non-flood conditions they found a median net speed of 2.3 km/d. Which is ten
times higher than the average velocity in our study. In our study the transport
velocity is influenced by the fact that we did not track the movement of buttertubs
itself, but calculated the transport velocity based on the transport distance and time
between the spilling event and sampling. It is therefore not linked to the transport
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velocity while the buttertubs were in motion, and an underestimation compared
to the transport velocity during the flood event. Duncan et al. (2020) conducted
another study to track macroplastic movement via GPS-tracker equipped plastic
bottles in the Ganges river, India. Trackers deployed during pre-monsoon season
which were tracked for an average of 20 days showed an average transport velocity
of 1.0 km/d. Trackers deployed post-monsoon for 23 days on average had a mean
velocity of 25.4 km/d. Which is in the same order of magnitude as the values from
the buttertubs in July/Aug 2021 and Fall 2021. Since we did not measure butter-
tubs along their first ∼66 km, the mean velocity is most likely overestimated. The
results of our study suggests that short term tracking of macroplastic transport
can give an indication on transport velocity under different conditions, however,
long-term estimations and modeling should take the decrease of transport velocity
into account.

4.3.4 | Mass loss and fragmentation

Table 4.1 | Differences in mass for buttertubs we collected at different points in time. Mass
data was grouped by intact buttertubs i.e. that show no damage, fractured buttertubs i.e. that
appear cracked but complete, and fragmentary buttertubs i.e. that appear cracked and with
parts missing. Mass distribution of buttertubs displayed in Figure 4.7.
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The standard deviation of ±0.23 g for intact buttertubs suggests that the buttertubs
have a range of mass by production. Overall the mean mass for buttertubs we
found that appeared intact decreases from 9.616 g eight days after the flood event
by 0.025 g (about 0.4%) over the course of 568 days in the environment (Table 4.1).
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However, for all buttertubs combined mean mass increases over the two years.
There is no significant difference between the buttertubs mass that were collected
after eight days in the environment and the buttertubs that were collected after
741/743 days (p-value = 0.73).

PP without any additives is inherently unstable and therefore all PP contains a
large number of antioxidants to prevent degradation (Hoseini et al., 2023). Which
in the case of the buttertubs could play a large role, since the packaging is designed
to keep its contents protected and hygienic. Discoloration remained on some but-
tertubs after the cleaning, due to a gentle cleaning protocol to ensure no pieces
of the buttertubs were removed. It is therefore possible that the gentle cleaning
protocol did not remove all attached material and the mass of the buttertubs was
slightly overestimated. Of the buttertubs collected eight days after the flood, the
mean mass of the five buttertubs that appear fragmentary is 0.26 g lower than the
mean mass of the buttertubs that appeared intact. One of the buttertubs collected
two years after the spill appears completely intact with no signs of fragmentation
or mass loss.

Figure 4.7 shows the range of mass of buttertubs for each time period. While the
item with the lowest mass at each point in time is a buttertub that is fragmentary,
there is no conclusive pattern that links mass, buttertubs appearance, and their
respective exposure time. Delorme et al. (2021) placed buttertubs very similar to
the ones of this study (both PP, similar in shape and size) on riverbanks and ob-
served their degradation over the course of multiple years. The buttertub they had
placed with high exposure to sunlight became so brittle, that is was considered lost
to fragmentation after two years. Whereas buttertubs placed protected from solar
radiation stayed mostly intact. The buttertubs we collected after two years were
found partly buried, or covered by vegetation, which could (partly) protect them
from sunlight exposure and slow down their degradation. However, it is possible
that some buttertubs with high exposure to sunlight completely fragmented and
were therefore not recognised as buttertubs anymore. PP items can be very dur-
able and remain intact in the environment for decades Tramoy et al. (2021) found
PP packaging that (based on use by dates) was retained on riverbanks for up to
around 40 years and did not show any signs of weathering and fragmentation.
The results from the studies by Delorme et al. (2021) and Tramoy et al. (2021) are
in line with our results on mass loss and fragmentation. Our results indicate that
relevant time scales for mass loss and fragmentation are likely much longer than
two years.
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Figure 4.7 |Mass distribution of buttertubs a�er 8, 568, and 741 days of exposure in the envir-
onment. Aggregated mass available in Table 4.1.

4.4 | Conclusion

We sampled litter on riverbanks following an extreme event and noticed a large
amount of distinct buttertubs among the deposited litter, i.e. 7.5% of plastic litter
items. For this unique study we combined sampling after an extreme event with
monitoring by citizen scientists and a targeted sampling campaign two years after
the spill. In total we sampled 617 buttertubs along the Dutch Meuse between 2021

and 2023. In Jul/Aug 2021 the mean transport distance was 100 km (since there
is no data on the first ∼66 km of transport, this is likely largely overestimated),
which suggests that a large fraction of buttertubs was retained relatively close to
the source. This emphasizes the importance of retention in macroplastic transport
dynamics. The mean transport distance increased from 100 km in 2021 to 153 km
in 2023. The increasing distance suggests that the buttertubs were still transported,
albeit at a lower velocity. We hypothesize that the increase in transport distance
is mainly caused by a depleted supply of buttertubs from upstream (across the
Belgian border) after cleanup efforts following the July 2021 flood. Some of the
buttertubs were transported between 300 to 328 km within three weeks of the
flood event. The mean transport velocity of the found buttertubs decreased from
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11.7 km/d (directly after the flood) to 0.2 km/d (two years after the flood). We
hypothesize this is because of a large number of buttertubs not being remobilized
over the two years and staying in place, and some buttertubs being transported
shorter distances than compared to during the flood event. We also collected 89

buttertubs after eight to 743 days of exposure in the environment to determine
their mass and fragmentation. There were no robust conclusions on mass loss or
fragmentation rate. Given that plastic litter is very heterogeneous, similar studies
should be done in the future, in case of spilling events of specific plastic items
in rivers. This could improve the understanding of similarities and differences in
transport dynamics of plastic items with varying characteristics such as polymer,
density, shape, and size. With this study we showed that it is possible to use spilled
plastic items as tracers for plastic transport in rivers.
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Abstract

Floods have a large impact on the mobilization, distribution, and retention of
macroplastic in rivers. Some of the transported plastic is deposited on ri-

verbanks and floodplains. However, the specific deposition patterns, i.e. where
precisely macroplastics are deposited across the floodplains are poorly investi-
gated. We sampled 25 floodplain sites along the Meuse following the 2021 sum-
mer flood (>100 year−1), and 23 floodplain sites along the IJssel following the
2024 winter flood (4 year−1). For each found item we recorded the landcover
element (such as grass, herbaceous, bushes, tree, debris pile) it was deposited
in. Along the IJssel, debris piles contained plastic concentrations of 12.7 #/m²
and 58% of plastic by count, despite covering only 2% of the sampled area. We
found that plastic concentrations vary between landcover elements, but also plastic
characteristics. Out of the macroplastic deposited in riparian vegetation along the
Meuse, 84% were soft plastics or textiles, compared to 53% of items deposited
on the ground. This paper sheds additional light on the role of vegetation and
debris piles on plastic retention caused by floods. Our results can be used to help
improve the monitoring, mitigation and reduction of river scale plastic pollution.
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5.1 | Introduction

Rivers connect the terrestrial and marine environment and have the ability to trans-
port materials of both natural and anthropogenic origin. One such anthropogenic
material is macroplastic and other human-made litter. Recent evidence has shown
that rivers can retain plastic pollution for decades (Tramoy et al., 2020b; van Em-
merik et al., 2022b; McGoran et al., 2023). Within rivers, the riverbanks and flood-
plains are estimated to contribute the most to total stored plastic pollution (Schrey-
ers et al., 2024c). Riverbanks presumably go through a continuous cycle of material
deposition and (re-)mobilization, due to waves and water-level changes, whereas
floodplains are only activated during overbank discharge events. Floods mobilize
high amounts of macroplastic (Pow et al., 2025; MacAfee & Löhr, 2024; Roebroek
et al., 2021a), due to various factors such as surface runoff, increased water level,
and combined sewer overflow (van Emmerik, 2024; Roebroek et al., 2021a). As a
consequence, plastic transport is not temporally steady, but rather a large fraction
of the annual transport occurs during a short fraction of time (van Emmerik et al.,
2019; van Emmerik et al., 2023; Wagner et al., 2019).

Some proportion of the macroplastic is transported through the river system to
estuaries and potentially into the sea (Pierdomenico et al., 2022; Korshenko et al.,
2020). However, it seems that large amounts of macroplastic transported during
flood events do not actually reach the sea, or even the estuary. Rather they are
trapped and deposited on riverbanks and floodplains, often not very far from the
source or entry point (Pace et al., 2024; Hauk et al., 2023c, 2024b). As floodplains
are only activated during flood events, they provide increased potential of plastic
deposition during flood events, compared to non-flood conditions.

Macroplastic deposition on riverbanks and floodplains has been linked to multiple
variables, and it seems inundated trees and dense riparian vegetation show high
trapping efficiency (Gallitelli et al., 2024; Valyrakis et al., 2024; Schreyers et al.,
2025). However, macroplastic deposition has also been linked to proximity to
highly populated areas, with a less clear relation to vegetation structure (Pace
et al., 2024; Palmas et al., 2022). In some cases floodplains retain the majority of
macroplastic along rivers, compared to riverbanks (Schreyers et al., 2024c; Huthoff
et al., 2025). Woodjams can also be efficient in macroplastic retention, especially in
mountainous rivers (Liro & Gallitelli, 2025; Rajwa-Kuligiewicz et al., 2025), but also
in urban streams (Hoellein et al., 2024a). Macrophytes on riverbanks (Guimarães
et al., 2024), as well as floating plants, such as water hyacinths can also be effi-
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cient in trapping macroplastic, with, for example, significantly higher macroplastic
densities in hyacinth patches compared to the surrounding water (Schreyers et al.,
2024b). Similar to floating patches of water hyacinths, macroplastic transport has
also been linked to floating organic debris ’rafts’ in rivers (Hoellein et al., 2024b).
Only a fraction of macroplastic that is transported by rivers is emitted into the sea.
However, the majority of macroplastic is most likely retained in and along river
corridors. There are numerous studies on macroplastic occurrence and accumula-
tion on riverbanks and floodplains e.g. Uogintė et al. (2024); Hidayat et al. (2022);
Dalu et al. (2025), however specific deposition dynamics are less clear. While it is
not very clear where plastic is stored in rivers and why, rivers most likely act as
long-term plastic storage areas.

The goals of this study are to investigate the effect of riverbank characteristics
on the spatial distribution, surface concentration, and characteristics of deposited
plastic items. We investigated at a detailed level, where macroplastic and other
human-made litter (>5 mm, hereafter anthropogenic debris) was deposited on ri-
verbanks and floodplains. More specifically, we sampled anthropogenic debris at
25 locations along the Dutch Meuse river after the summer 2021 flood, and 23

locations along the IJssel river after the winter 2024 flood. We did not do any
sampling prior to the floods and therefore this study can not give a comparison
of pre- and post-flood deposition, but only an insight on deposited anthropogenic
debris following flood events. Our field observations included the systematic re-
cording of the landcover elements in which each anthropogenic debris item was
found (e.g. trees, shrubs, grass or debris piles), and its distance from the water line.
We also recorded the category of anthropogenic debris, following the River-OSPAR
categorization (van Emmerik et al., 2020b) with 110 macroplastic and other litter
categories. This detailed sampling allowed us to compare anthropogenic debris
count and mass densities between different landcover elements. As we sampled
the riverbanks after the flood events, we have no information on when exactly
each specific anthropogenic debris item was deposited. However, we are aware
that the specific deposition location of each individual item is potentially related
to a specific phase of the flood. One example of that is anthropogenic debris
items entangled in trees which had been temporarily inundated. We compared
the characteristics (size, mass, polymer type) of anthropogenic debris entangled
in inundated trees to anthropogenic debris deposited on the ground, and anthro-
pogenic debris deposited within organic debris to anthropogenic debris deposited
independently of organic debris. We also investigated the lateral distribution and
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clustering of anthropogenic debris between the waterline and the highest flood-
line. The aim of this study was to conduct a detailed assessment of deposited
anthropogenic debris on riverbanks and floodplains, following two flood events.
We assume that anthropogenic debris transport is not linear over time, but rather
the majority of anthropogenic debris is in motion during floods and high discharge
events. Therefore, investigating and understanding anthropogenic debris motion
during floods will cover a large proportion of the annual/decadal anthropogenic
debris transport in rivers. The detailed insights from this study could contribute to
a better understanding of anthropogenic debris pathways through the freshwater
environment, and consequently improve mitigation and monitoring.
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5.2 | Methods and study area

5.2.1 | Study area and flood events

Meuse sampling locations
IJssel sampling locations
City

River Maastricht

Amsterdam

Rotterdam
Arnhem

Kampen

IJssel

Meuse

Rhine

Waal

Nederrijn-Lek

N

North
Sea

a a
Lake
IJssel

NL

BE

DE

b

Figure 5.1 | Overview of the study area. a The Netherlands and its neighboring countries Bel-
gium (BE) and Germany (DE), and the extent of b. b shows the Meuse and IJssel rivers with
their respective measurement locations and an overview of the main Dutch rivers and rel-
evant cities. Base map from OpenStreetMap and OpenStreetMap Foundation (CC-BY-SA). ©
https://www.openstreetmap.org and contributors.
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We conducted observations along the Meuse and IJssel floodplains, two Dutch
rivers (Fig. 5.1) that each flow through multiple cities and towns as potential
plastic sources. The Meuse originates in France, crosses Belgium, and drains into
the Rhine-Meuse Delta in the southwest of the Netherlands, and its catchment is
∼35,000 km². The Meuse has an annual average discharge of 221 m³ s−1 (years 1911

- 2017) (Reeze et al., 2020), and bankful discharge is at approximately 1250 m³ s−1

(Rijkswaterstaat, 1985). Monthly average discharge over the summer, from June
to October is usually below 100 m³ s−1. Due to high precipitation, the Meuse
usually experiences flooding in winter with the highest average monthly discharge
of approximately 500 m³ s−1 occurring in January (Reeze et al., 2020). However,
in July 2021 extreme rainfall over Belgium, Luxembourg, and Germany caused
severe flooding across multiple European rivers (Rongen et al., 2021; Lehmkuhl
et al., 2022; Mohr et al., 2022; Kreienkamp et al., 2021), including the Meuse and
some of its tributaries. The discharge peak at Eijsden (<10 km south of Maastricht),
was estimated at 3179 m³ s−1 on 15 July 2021, with a return period of >100 years
(Strijker et al., 2023; Lehmkuhl et al., 2022; Mohr et al., 2022; Kreienkamp et al.,
2021).

The IJssel is a branch of the Rhine river which originates in Switzerland, tran-
sects or borders Liechtenstein, Austria, France, Germany, and the Netherlands,
and drains into the Rhine-Meuse Delta, the Rhine catchment is ∼185,000 km². In
the east of the Netherlands the Rhine splits into the Waal (∼2/3 of the Rhine dis-
charge) and the Pannerdense Kanaal (∼1/3). The Pannerdense Kanaal then splits
into the Nederrijn (∼1/9), and IJssel (∼2/9) (Schielen et al., 2008; De Bruijn et al.,
2022) with the last draining into Lake IJssel. The annual average discharge for the
IJssel river is approximately 330 m³ s−1 (Reeze et al., 2017), and bankful discharge
occurs at approximately 700 m³ s−1 (Gensen et al., 2020). High levels of precip-
itation in Germany and the Netherlands from October to December 2023 led to
increased discharge in the Rhine and IJssel between December 2023 and January
2024. The IJssel reached a discharge peak of 1100 m³ s−1 equaling a discharge with
a return period of four years (ENW, 2024).

5.2.2 | Field data collection

We selected sampling locations along the Meuse and IJssel rivers (Fig. 5.1) that are
used in the Clean Rivers Project (in Dutch Schone Rivieren) which is run by the North
Sea Foundation (Stichting de Noordzee). The Clean Rivers Project covers around 150

riverbank locations (i.e. sampling locations) along the Dutch Meuse and and 100
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along the IJssel, which are monitored on a routine basis twice per year. For both
rivers, we selected locations distributed along the left and right bank, and between
locations with high and low surrounding population density. In addition to the
routine sampling, we sampled 25 riverbank sites along the Dutch Meuse river,
following the 2021 summer flood. We completed the sampling within three weeks
of the flood event, from 22 July to 4 August (Hauk et al., 2023c), before the start of
any large-scale clean-up efforts by municipalities and volunteers (Hendrikx, 2021).
The riverbank sites along the Meuse river were distributed along the entire length
of the Dutch Meuse river (∼200 km), and were selected based on accessibility,
as some floodplains were still inundated at the time of the sampling campaign.
Along the IJssel, we sampled 23 riverbanks, following the 2024 winter flood, from
25 January to 14 February. We selected sampling locations up to a floodplain width
of 100 m (three out of 23 locations between 100 – 400 m). It should be noted that
some floodplains along the IJssel are very wide, up to a few hundred meters. In
order to complete the fieldwork before large scale clean-up started on 15 February,
we preferably selected locations with narrower floodplains.

At each location we started the measurements at the coordinates of the Clean Rivers
monitoring location. Usually on each riverbank three transects of 2 m width were
sampled with a distance of 40 m between them (Fig. 5.2a) (Hauk et al., 2023c).
Each 2 m wide transect was sampled in 3 m long sections, to document the loca-
tion of items between the waterline and highest floodline. This sampling approach
allowed us to cover the entire depth of riverbanks and floodplains, from water-
line to highest floodline, within the available time. For the sampling in 2021, we
placed a measurement tape from the waterline towards the highest floodline. We
walked along the measurement tape with two observers and documented all an-
thropogenic debris items, and in which 3 m long section of transect they were
located. For each section we recorded the landcover elements (’grass/bare’, ’herb-
aceous’, ’shrubs’, ’trees’, ’debris pile’ or ’mixed’, if multiple landcover elements
were present in one section) (Fig. 5.2 and 5.3). We identified ’shrubs’ as plants
with woody branches, but no tree trunk, and ’trees’ as plants with a woody tree
trunk and branches. We also recorded whether an item was deposited on the
ground or in ground covering vegetation (dg), or off the ground in an object such
as a tree (do) (Fig. 5.2b).

For do items, the type of element was noted. For these do items we also checked
if the tree or other object showed signs of previous inundation, such as sediment
on leaves, and deposited organic debris, to avoid including anthropogenic debris
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Figure 5.2 | Overview of the sampling approach, a) riverbanks were sampled in three tran-
sects from the waterline towards the highest floodline. Transect width wt was 2 m, distance d
between transects was 40 m where possible (30–300 m). Each transect was sampled in mul-
tiple sections with section length ls , which add up to the transect length lt . b) Anthropogenic
debris items deposited in objects (do) and on the ground/in ground covering vegetation (dg).
The blue dashed line and double sided arrow indicate the changes of water-level. Figure a)
adapted from Hauk et al. (2023c).

items deposited by wind. All items were categorized into the 110 River-OSPAR
categories, based on the protocol developed by the North Sea Foundation (van Em-
merik et al., 2020b), contrary to the protocol, we left all items in place and did not
collect them. Along the Meuse we also sampled trees outside the 2 m transects
which showed signs of inundation due to the presence of deposited organic debris
and anthropogenic debris in the branches. These additional measurements were
only taken into account to compare the characteristics of dg (ground deposition) vs.
do (object deposition) anthropogenic debris (Fig. 5.2b). For the Meuse, we sampled
debris piles only based on what was visible at the surface, and did not disentangle
the debris piles, this was due to time constraints and was improved for the IJssel
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a
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c
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Figure 5.3 | Examples of the different elements and deposited anthropogenic debris in this
study. (a) In a partially inundated shrub, (b) in a tree, (c) in a fence, (d) distinct debris lines along
previous highest floodlines, (e) debris on a less steep section of riverbank, (f ) anthropogenic
debris on grass, (g) herbaceous vegetation. (Pictures by Rahel Hauk)

measurements. We made some adjustments for the sampling along the IJssel in
2024. A tape measure was used to identify 3 m sections and to subdivide the area
by individual elements within each section, so this time it did not include ’mixed’
sections. Each anthropogenic debris item was again recorded with the respect-
ive River-OSPAR ID and also according to which landcover element it was found
in. Debris piles consisted mainly of plant debris such as pieces of reed, small
branches, grass and leaves, but also included anthropogenic debris. If a debris pile
was present in the transect, depending on the dimensions of the debris pile, either
all debris in the transect was sampled, or only a randomly selected sub-section
area. The debris pile was deconstructed and searched for anthropogenic debris
items through its entire depth.
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5.2.3 | Data analysis – Anthropogenic debris item and mass
concentrations

We investigated the deposited anthropogenic debris for each landcover element in-
dividually. Per landcover element we calculated the anthropogenic debris density
by item count [#/m²] and mass [g/m²]. Further, we wanted to know whether the
characteristics of deposited anthropogenic debris differed between landcover ele-
ments. We estimated average item mass, length, and width per landcover element
based on the dataset from de Lange et al. (2022). We linked this dataset to our
own data based on the River-OSPAR litter categories. For the length-width-ratio
we divided the length by width for each item, to assess the item shape (elongated
vs. compact). To further analyze anthropogenic debris characteristics in different
elements, we aggregated the macroplastic litter categories by polymer type, based
on Vriend et al. (2020a). Polystyrene (PS), polyethylene terephthalate (PET), ex-
panded polystyrene (EPS), hard polyolefins (PO Hard), soft polyolefins (PO Soft),
and Other), and the non-plastic by River-OSPAR material group (Paper, Rubber,
Glass, Metal). In this method, the polymer types are an estimation based on the
River-OSPAR litter categories, and which polymer they are typically made from.

We analyzed the data on debris piles only for the IJssel, since at the Meuse, debris
piles had only been sampled at the surface and not the entire depth. Characteristics
of anthropogenic debris entangled in shrubs and trees was only analyzed for the
Meuse, since along the IJssel only three anthropogenic debris items were found
entangled in trees and shrubs. Regarding debris piles along the IJssel, we checked
each transect for the presence of debris, those transects with debris were then
checked for the presence of any vegetation other than grass between the waterline
and the debris. Based on this, the debris data was grouped into debris behind only
grass and debris behind higher vegetation (any vegetation higher than grass), since
the IJssel sampling was conducted in European winter, the grass was very short
(< 5 cm). This was done to test whether vegetation acts as a filter on inundated
floodplains. To test whether the the items in debris behind vegetation vs. behind
only grass had different characteristics, we conducted Mann-Whitney U Tests (as
the data was not normally distributed), to test for significant difference in item
length, mass, and length-width-ratio.

For the Meuse, we investigated the item characteristics for do items vs. dg items,
to test whether some items were more likely to be entangled in inundated riparian
vegetation. Since the data was also not normally distributed, we again conducted
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Mann-Whitney U Tests for item length, mass, and length-width-ratio.

5.2.4 | Data analysis – Clustering and lateral distribution

To investigate the anthropogenic debris deposition patterns on riverbanks and
floodplains post-flood, we also examined the lateral item and mass distribution
along each transect between the waterline and end of the transect (Fig. 5.4). For
each transect we normalized the transect length from zero (waterline) to one (end
of transect) and divided it into quartiles. We normalized the item count and mass
per transect to one and summarized the share of item mass and count found per
quartile. Based on this we deduced four modes of deposition which were test fit-
ted by three mathematical functions, ’bounded increase function’, ’exponential in-
crease function’, ’linear function’, and ’other’. A bounded increase function means
that >50% of items were deposited in the first quartile, closest to the waterline. An
exponential increase function means that >50% of items were deposited in the last
quartile, in or closest to the highest floodline. A linear function means that each
quartile had <50% but >10% of items, and ’other’ means the distribution does
not follow any of the previous three functions. We did this analysis based on item
count, and also based on mass distribution.

transect a transect b transect c

0 0.25 0.50 0.75 1 0 0.25 0.50 0.75 1 0 0.25 0.50 0.75 1
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Figure 5.4 | Examples for the three defined modes of deposition ’linear’ (transect a), ’expo-
nential increase’ (transect b), and ’bounded increase’ (transect c). The gray functions are hy-
pothetical, to illustrate the different distributions.

To quantify whether the anthropogenic debris items were linearly distributed
between the waterline and the end of the transect, or concentrated in just one
of the sections, we investigated the degree of clustering. For this we considered all
transects that had at least two anthropogenic debris items, (64/70 transects for the
Meuse, 49/51 transects for the IJssel). We calculated the percent of anthropogenic
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debris items per section for each transect, and also the percent of transect area
covered by each section. We then sorted the sections from highest anthropogenic
debris percentage to lowest per transect, and calculated the cumulative sum of an-
thropogenic debris and section area. We then determined the absolute maximum
difference between the cumulative item sum, and a linear distribution. The higher
this absolute difference, the more clustered the items in the transect. If the max-
imum absolute difference was zero, it would mean all plastic items are uniformly
distributed between waterline and highest floodline. If the maximum absolute
difference was one, it would mean all anthropogenic debris items sampled in a
transect are located in just one section.

5.3 | Results and discussion

5.3.1 | Overview – Sampled landcovers and anthropogenic debris
concentrations

Along the IJssel in winter 2024, the 51 transects covered a total area of 5729 m² with
2785 anthropogenic debris items and a total related mass of 9.9 kg (Table 5.1). Of
the 5729 m², 128 m² where covered by debris piles, representing 2.2% of the total
sampled area, however, comprising 58.3% of items by count and 32.3% of items by
mass (Fig. 5.5). This translates to an item density of 12.7 items m−2 and a mass
density of 25.0 g m−2, whereas grass showed densities of only 0.12 items m−2 and
1.22 g m−2. The transects we measured along the Meuse in summer 2021 covered
a total of 6477 m², with 1863 items and a total related mass of 22.6 kg. Of these
transects 15 of 69 were covered by only grass, their average item and mass density
was 0.40 items m−2 and 2.55 g m−2, whereas in transects that contained vegetation
other than grass this was 0.83 items m−2 and 10.44 g m−2. Within the transects we
sampled along the Meuse, there were 6 m² of distinct debris piles, but often debris
piles only covered part of a section and were then recorded as part of the ’mixed
category’.

93



5 | Preferential deposition of macroplastic on floodplains

Table 5.1 | Overview of the different vegetation elements and their corresponding item count
and mass densities. *For the Meuse river, transect sections that contained multiple elements
were recorded as ’mixed’, for the IJssel river, the method was improved and the different ele-
ments were recorded as subsections. Therefore there are nomixed elements in the IJssel data.
**Debris along the Meuse were sampled only at the surface (no digging through the debris),
most likely this severely underestimates the number of items andmass, also, ’mixed’ elements
can include debris.

Per element

All

transects

Grass/

bare
Herbaceous Shrubs Mixed* Trees

Debris

pile**

Meuse

Area [m²] 6477 3429 618 129 2134 92 6

Items [#] 1863 434 152 35 891 282 34

Mass [g] 22593 3202 1009 374 12840 4818 209

Item

density

[#/m²]

0.29 0.13 0.24 0.25 0.42 3.02 5.67

Mass

density

[g/m²]

3.49 3.40 6.23 3.36 13.92 53.53 34.83

IJssel

Area [m²] 5729 4794 761 46 - 10 128

Items [#] 2785 575 566 16 - 3 1625

Mass [g] 9898 5841 786 63 - 7 3201

Item

density

[#/m²]

0.49 0.12 0.74 0.35 - 0.30 12.70

Mass

density

[g/m²]

1.72 1.22 1.03 1.40 - 0.70 25.01
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Figure 5.5 | Composition of sampled landcover elements and anthropogenic debris count and
mass per landcover element for a) IJssel and b) Meuse river.

5.3.2 | Anthropogenic debris deposited in riparian vegetation

(Paper, Metal, PET, 
Rubber, Glass)

do (object deposition n = 1069)

dg (ground deposition n = 2518)

do

dg

river
cross-section

Deposition

do dg

mean sd mean sd t-value df p-value

Mass [g] 13.40 4.09 12.20 2.20 −7.83 1532.50 <0.05

Length [cm] 17.70 0.66 13.30 0.35 −183.67 1529.20 <0.05

Length-width-

ratio [-]
8.07 1.31 6.89 0.72 −26.06 1591.40 <0.05

Figure 5.6 | Anthropogenic debris sampled following the 2021 summer flood along theMeuse
river, showing a comparison between anthropogenic debris deposited in riparian vegetation
off the ground do (dark green) and on the ground and in ground covering vegetation dg (light
green). The table shows the comparison between the mass, length, and length-width-ratio
of anthropogenic debris items sampled in object deposition, and anthropogenic debris items
sampled in ground deposition.
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Of the 3587 anthropogenic debris items sampled along the Meuse, 70% were
ground deposition dg (on surface or grass), and 30% were object deposition do

(in trees and shrubs) (Fig.5.6). Of do, 84% of items were soft anthropogenic debris
items (PO Soft and Textile) vs. dg, with 53% of soft anthropogenic debris items.
This was reversed for rigid materials (PO Hard, PS, and EPS), with 31% of dg items
and 7% of do items. Items deposited in objects are 33% larger in size and 10%
higher in mass (average 13.4 g and 17.7 cm), compared to items deposited on the
ground (average 12.2 g and 13.3 cm). However, the data from de Lange et al. (2022)
that we based our size and mass estimates on was recorded over the course of one
year, not specifically after high discharge periods.

In the case of do, the deposition can occur as the waterlevel increases and inund-
ates obstacles such as riparian vegetation. Anthropogenic debris items transported
at the surface, or in the water column encounter the inundated objects and can
become entangled, with riparian vegetation acting as a filter. Inundated dense
riparian vegetation structures slow down the transport velocity of anthropogenic
debris which increases the likelihood of retention (Valyrakis et al., 2024). Mut-
shekwa et al. (2025) found similar patterns along two South African rivers, with
multilayer items and PO Soft mostly deposited in herbaceous vegetation and also
wood jams. Soft elongated items are more likely to wrap around the vegetation,
and become entangled, compared to rigid items having a more compact shape.
This could explain the overall higher proportion of soft items (PO Soft and Tex-
tiles) with a higher length-width-ratio deposited do (Fig. 5.6), whereas rigid items
(PO Hard, PS, EPS) have a higher tendency to be deposited as dg (Fig. 5.6). Item
deposition dg occurs either due to settling of items, or at the intersection between
water and ground surface where the ‘floodline’ or ‘wrack line’ forms.

PO Soft is commonly the predominant type of macroplastic found on riverbanks in
the Netherlands (van Emmerik et al., 2020c), but is also very common along rivers
globally (Talavera et al., 2024; Mutshekwa et al., 2025). The fraction of soft anthro-
pogenic debris we found entangled in trees aligns with a study on macroplastic
entanglement in trees on riverbanks in Italy (Gallitelli et al., 2025), where 63% of
plastic entangled in trees were soft items. Entanglement of anthropogenic debris
items during flood events, might have been amplified by an increase in anthropo-
genic debris transported as suspended load in the water column during increased
discharge (Vriend et al., 2023). Another study on macroplastic entanglement on
riverbanks also found trees showed higher trapping efficiency compared to grass,
shrubs, and reeds (Gallitelli et al., 2024). However, contrary to our study, they did
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not find a significant difference in macroplastic shape and size between elements.
A study on flood deposited macroplastic on Portugese riverbanks found riparian
macroplastic trapping mainly related to litter input and population density, with
low explanatory power for the structure of riparian vegetation (Pace et al., 2024).
It seems deposition of PO Soft is related to the structure of riparian vegetation,
however that seems to be not the only exploratory factor.

5.3.3 | Anthropogenic debris deposited within debris piles

Along the IJssel we sampled 51 transects, of which 37 transects contained one
or multiple distinct organic debris piles (Fig.5.2c and f). The debris piles overall
showed the highest anthropogenic debris density by item count and mass across
all elements along the IJssel. On average debris piles had 12.7 #/m² and 25.0 g/m²,
compared to 0.5 #/m² and 1.7 g/m² average across all elements. The average item
size and mass within debris piles however, was smaller than any other element,
4.9 cm and 4.4 g, compared to 7.3 cm and 12.6 g for items deposited in grass, and
9.8 cm and 14.2 g for items in herbaceous vegetation.

There are two main explanations for anthropogenic debris deposition within or-
ganic debris. Either plastic and debris follow the same transport dynamics, are
possibly entangled during transport, and deposited jointly as aggregates, or plastic
and debris are transported independently, but are still deposited at the same loca-
tions. Besides anthropogenic debris, river floods transport large amounts of vari-
ous materials such as wood (Wohl, 2013; Dixon & Sear, 2014), sediment (Karimaee
Tabarestani & Zarrati, 2015; Barneveld et al., 2025), and organic debris (Mazur
et al., 2016). Hoellein et al. (2024b) detected floating macroplastic only in debris
rafts, not in the surrounding open water in the Chicago River. Whereas in the Sai-
gon river van Emmerik et al. (2025) found that water hyacinth patches transport
73% of floating macroplastic, while the patches only cover 1.3% of the total river
surface. It seems likely that macroplastic and debris transported together would
also be deposited together on the riverbanks. Another possibility is that on riverb-
anks and inundated floodplains, transported material is deposited primarily at the
the land-water-interface i.e. the waterline or the highest floodline, also known as a
‘wrack line’, which also contains the highest concentration of organic debris. This
is similar to organic debris ‘wrack’ and macroplastic deposited together at the wa-
terline of sandy beaches, which contains higher densities of macroplastic than the
surrounding bare sand (Battisti et al., 2020; von Thenen et al., 2025).
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Anthropogenic debris in debris piles behind only grass were on average of 41%
higher mass and 14% increased length with 4.20 ±2.38 g and 5.38 ±0.50 cm com-
pared to items in debris piles behind higher vegetation with 2.98 ±1.39 g and 4.73

±0.30 cm respectively (Fig. 5.7). The average item density in debris piles behind
only grass and behind higher vegetation is almost the same, with 0.31 items dm−3

and 0.36 items dm−3 respectively, however, the median item density in debris be-
hind grass is 0.22 items dm−3 whereas it is only 0.13 items dm−3 in debris piles
behind higher vegetation. Debris piles located parallel to the waterline, behind
only grass have a >15% higher proportion of PO Soft and a >15% lower pro-
portion of PO Hard fragments, compared to debris piles located behind higher
vegetation. This could be linked to soft fragments having a higher chance of being
entangled in vegetation, i.e. being ’filtered out’.
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behind only grass
n = 653, 22 transects

Debris 
behind vegetation
n = 972, 18 transects

Debris behind

only grass

Debris behind

vegetation

mean sd mean sd t-value df p-value

Mass [g] 4.20 2.38 2.98 1.39 14.05 1612.40 <0.05

Length [cm] 5.38 0.50 4.73 0.30 35.01 1644.30 <0.05

Length-width-

ratio [-]
7.25 1.61 6.46 0.98 13.231 1653.90 <0.05

Figure 5.7 | Difference in anthropogenic debris composition in debris lines along the IJssel
river. On riverbanks with higher vegetation between the waterline and debris line (dark blue),
and debris lines with only grass between debris line and waterline (light blue). The light blue
and dark blue bars respectively add up to 100%. The table shows the comparison between
the mass, length, and length-width-ratio of anthropogenic debris items behind only grass
and behind vegetation.
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5.3.4 | Lateral distribution and clustering of anthropogenic debris on
riverbanks

For the Meuse and IJssel, we investigated the lateral distribution of anthropogenic
debris items and mass between the waterline and end of sampling transect. Along
the IJssel, we found that items were mainly deposited at or close to the highest
floodline, whereas for the Meuse, items were found close to the waterline. For
both rivers most transects (≥68%) follow one of three distributions: bounded in-
crease, exponential increase, or linear (Fig. 5.8). For the Meuse 49% of transects
by item count and 52% of transects by mass follow a bounded increase function,
with >50% of anthropogenic debris by count and mass deposited close to the
waterline. However, the bounded increase transects only contained 28% of total
items, and 22% of total mass. Transects following a linear distribution contained
the highest share of anthropogenic debris by item count (31%) and mass (27%)
along the Meuse. For the IJssel, for 49% of transects, the lateral distribution of an-
thropogenic debris mass between the waterline and the highest floodline followed
an exponential increase function. This means that >50% of anthropogenic debris
mass per transect are deposited in the fourth quartile of the transects, close to or
in the floodline. However, these 49% of transects only contain 23% of the total
mass we found. This is likely due to high densities of small anthropogenic debris
items in debris lines, which were often located along the highest floodline. Along
the IJssel, the first and fourth quartile each contain 30% of the total anthropogenic
debris mass, but the first quartile contains only 24% of items by count, whereas the
fourth quartile contains 43% of items by count. A further 23% of transects along
the IJssel follow a bounded increase function, where >50% of mass is deposited
in the first quartile, close to the waterline at the time of sampling. These 23% of
transects contain 37% of total mass sampled along the IJssel.
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Figure 5.8 | Lateral distribution of anthropogenic debris items (green) and mass (blue)
between the waterline and highest floodline/end of transects. For the Meuse we sampled
a total of 69 transects with a total anthropogenic debris count of 1,863 items, and a total es-
timated anthropogenic debris mass of 22.6 kg. For the IJssel we sampled 51 transects with a
total anthropogenic debris count of 2785, and a total estimated anthropogenic debrismass of
9.9 kg. As the barplots show a cumulative distribution, the fourth quartile (1.00) always shows
1.00.

Overall, the percentage of items by count and mass following each distribution are
more aligned for the Meuse than for the IJssel. This could be due to the fact that
debris was sampled differently, and most likely large counts of small, low mass
anthropogenic debris items within debris were overlooked for the Meuse, but not
for the IJssel. For the transects along the Meuse and IJssel, we investigated the
clustering of items along each transect. Overall, along the Meuse more transects
have a higher level of clustering, compared to the IJssel. This is also reflected in
Figure 5.8, especially the bounded increase function, where the median of cumu-
lative item count for the Meuse is above 0.75 in the first quartile, whereas for the
IJssel the median is just above 0.50. It seems the transects with a maximum cluster-
ing value close to one, probably have a anthropogenic debris distribution pattern
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of one distinct (flood-) line, parallel to the waterline (Tasseron et al., 2024b). Tran-
sects with lower values are located on riverbanks with a more random or uniform
distribution.

5.3.5 | Anthropogenic debris deposition during a riverine flood event

Some observations on anthropogenic debris deposition during a riverine flood
event are relatively obvious. In the case of anthropogenic debris deposition in
trees, this occurred during a water level where that section of the tree was inund-
ated. Along the Meuse in 2021, there was also a thin layer of sediment present on
vegetation and anthropogenic debris, which was not present higher up in the ve-
getation, and relatively clearly indicated the maximum level of inundation. How-
ever, at which point in time each individual item of anthropogenic debris was
deposited is less clear. It is possible that the majority of anthropogenic debris
deposited high up in vegetation, and along the flood line at the edge of the inund-
ated area, was pushed ahead of the flood wave. However, the water level stayed
at the maximum level for some time, around four hours at Sint Pieter south of
Maastricht, and around nine hours at Roermond, 69 km downstream of Sint Pieter
(Strijker et al., 2023). As we did not undertake any measurements or observations
during the flood event itself, we only observed the accumulated results within the
following three weeks. It is therefore also possible that anthropogenic debris along
the floodline and entangled in trees was deposited at any point in time during the
required inundation level. The Meuse flood was quite severe with a return period
of 100 years and large inundated areas, especially upstream of the Dutch Meuse,
and along Meuse tributaries (Strijker et al., 2023). Most likely large amounts of
plastic and other litter was mobilized from inundated areas and flushed into the
Meuse, see Hauk et al. (2023c), where we also compared anthropogenic debris de-
position following the July 2021 flood to non-flood conditions. Some riverbanks
along the Meuse in the upstream section close to the Dutch-Belgian border have
relatively steep riverbanks with dense riparian vegetation. We encountered quite
high anthropogenic debris concentrations on these riverbanks, in trees and shrubs
(2.6 – 45.8 items m−2, mean 12.7) and on the ground (0.0 – 12.5 items m−2, mean
1.0), and it seems a large fraction of anthropogenic debris transported by the flood
was deposited there.

The IJssel flood differed from the Meuse flood in estimated return period (four
years for the IJssel [ENW, 2024], and >100 years for the Meuse (Strijker et al., 2023;
Lehmkuhl et al., 2022; Mohr et al., 2022; Kreienkamp et al., 2021)) and flood char-
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acteristics, which appears to be reflected in the subsequent anthropogenic debris
deposition. During the IJssel flood there were repeated elevated water levels with
two distinct discharge peaks between 20 December 2023 and 12 January 2024, with
the first peak higher than the second (measured at Olst, around 40 km upstream
of Kampen) (WMCN, 2024). These two peaks are potentially reflected in the dis-
tinct double lines of debris we encountered along some floodplains (Fig. 5.2e).
Schreyers et al. (2025) also investigated these two flood events, among others, and
investigated in greater detail the link between flood return period and deposited
macroplastic. For the IJssel we found that only a few trees showed signs of in-
undation due to plant debris deposited in lower branches, we only found three
anthropogenic debris items deposited in trees, and overall it seemed that at most
trees, the inundation level did not reach the branches. With a return period of four
years, the flood event was less severe than the Meuse flood in 2021. It seems likely
that the additional amount of plastic which was flushed into the IJssel during the
flood was relatively low.

5.3.6 | Limitations

When selecting which riverbanks to include in the sampling along the IJssel, we
prioritized narrower floodplains, in order to be able to sample the whole extent
that had been inundated under tight time constraints. However, wider floodplains
have been found to positively correlate with anthropogenic debris concentration
(Schreyers et al., 2025), so there could be a sampling bias in our data, leading to an
underestimation of anthropogenic debris concentration. For future sampling and
monitoring we therefore recommend a combination of narrow and wide flood-
plains, to cover the potential variability of anthropogenic debris concentration in
the river system.

For the Meuse river we did not select floodplains based on their potential inund-
ation extent, it was however at some locations not possible to sample the entire
extent that had been inundated. Therefore our findings could potentially under
estimate the plastic amount, due to not sampling the highest floodline, and mis-
sing the proportion of anthropogenic debris deposited within the highest floodline.
Whenever possible, we recommend to sample all the way to the highest floodline.

Debris piles were sampled differently between the Meuse and the IJssel sampling
campaign. For the Meuse sampling, we only counted items that were visible on
top of the debris from a standing position, without sampling the entire depth of
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debris until the ground beneath. For the IJssel sampling on the other hand we
sampled the entire depth of debris. Along the IJssel we found large quantities of
small anthropogenic debris entangled within the debris, on average 12.7 items/m²,
compared to 5.7 items/m² along the Meuse. One of the findings for the Meuse was
that there were less small anthropogenic debris items post-flood 2021 than under
regular conditions (Hauk et al., 2023c). This difference may be an artifact of the
different sampling protocols. We expect that the actual density of small anthro-
pogenic debris items within the debris was higher for the Meuse. We therefore
recommend to always sample the entire depth of debris and deposited organic
matter, depending on time and other constraints, either the entire extent of debris
in the sampling area, or a sub-section.

5.3.7 | Recommendations

For future anthropogenic debris sampling on riverbanks and floodplains following
a flood event, we recommend that researchers sample the entire distance between
the waterline and the highest extent of inundation. In the case of the Meuse flood
in 2021, this was up to multiple kilometers (Rongen et al., 2021). Therefore, fol-
lowing this recommendation could lead to quite large sampling areas, however,
we expect it would give a more accurate estimate of flood-driven deposition. Since
deposition patterns on riverbanks follow different patterns of lateral deposition,
sampling only part of the inundation extent could lead to missing the majority of
deposited anthropogenic debris. However, we also found that in the majority of
transects the majority of items were concentrated in just one quartile of the tran-
sect, either the first or last (Fig. 5.8). Further understanding the dynamics behind
this could contribute to optimize post-flood clean-up strategies, by focusing on the
part of riverbanks and floodplains that contain the majority of items, especially
under tight constraints of time and other resources. We also recommend that re-
searchers should measure the size and mass of anthropogenic debris following a
flood event, to compare the item characteristics per River-OSPAR category to the
measurements during normal conditions such as in the dataset of de Lange et al.
(2022).

Extreme events potentially flush large amounts of anthropogenic debris into river
systems, and are likely to be responsible for a large share of (multi-)annual anthro-
pogenic debris transport (Roebroek et al., 2021a; van Emmerik et al., 2019). We
therefore recommend that sampling be undertaken pre- and post- such events in
anthropogenic debris monitoring campaigns. Sharma et al. (2025) investigated de-
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posited anthropogenic debris along the Ganga river pre- and post-monsoon, while
they did not find a significant difference in debris density, they found a significant
difference in debris composition, indicating a displacement of debris. The recom-
mended threshold for events depends on the specific river system and expected
inundation extent per event. Since monitoring or research studies often cover only
one or a few years, we recommend to include any event with a one year return
period, and or any event where the bankfull discharge is exceeded and vegeta-
tion is inundated. Regular monitoring and event related sampling should also
cover all landcover elements present in a system, since mass and count density of
anthropogenic debris can vary significantly between elements. For representative
monitoring of different landcover elements, we suggest the selection of monitoring
area(s) so that each landcover element covers a similar share as in the region in
general i.e. if 5% of the riverbanks and floodplains are covered by shrubs, about
5% of the monitoring area should be shrubs. Especially debris piles and inund-
ated trees, which may not occur under non-flood conditions, can show a high item
and mass density and should be included in event related anthropogenic debris
sampling. Monitoring during regular conditions, as well as post-flood events, can
give a baseline to evaluate the state of anthropogenic debris pollution in a certain
river, as well as the impact of specific events, and mitigation/prevention measures.

5.4 | Conclusion

Plastic is not deposited evenly along rivers, either by item and mass concentration,
or by composition. Soft plastic items are more likely to be entangled in vegetation
off the ground, whereas rigid items are more likely to be deposited on the ground.
Debris piles only cover relatively small areas on riverbanks and floodplains, but
tend to accumulate high concentrations of small plastic items. Also in the lateral
direction normal to the river channel plastic is not distributed evenly between the
waterline and highest floodline. In the majority of transects we measured along
the IJssel and the Meuse, the majority of plastic items are deposited in either the
first or last quartile of the transect cross-floodplain. Deposition along the highest
floodline could indicate that plastic and other debris are picked up on the rising
limb of the hydrograph, transported in this flow, and then deposited and then
deposited at the high water margins of flood inundation, both in wrack-lines and in
vegetation. It appears that the receding limb of the hydrograph carries less debris,
although plastic mobilized on the floodplain may return to the river channel. Since
floods potentially cause a large proportion of plastic mobilization, transport, and
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deposition in rivers, including floods in plastic pollution prevention, monitoring,
and clean-up is important. Especially debris piles and plastic deposited in riparian
vegetation should be included, as we found especially high plastic concentrations
in those riverbank and floodplain features.
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6.1 | Main findings of the thesis

6.1.1 | Plastic deposition is not random

The first question this thesis was investigating was whether macroplastic depos-
ition on riverbanks is stable over time and space. And indeed, it appears that
plastic deposition is not random, but rather there are riverbanks with consistently
high and low plastic concentrations, relative to other riverbanks as investigated in
Chapter 2. On average three out of four (73%) riverbanks per river remain above
or below average plastic concentration over time. A small number of riverbanks
(4.4%) are considered hotspots and their plastic concentration is above average
every time they are measured. Even though only ten out of 229 riverbanks along
eight Dutch rivers are considered hotspots, these ten riverbanks contain one in four
(24.5%) measured plastic items. While it is not fully clear what makes a riverbank
a hotspot or a coldspot, the stability over time indicates there are local factors and
dynamics influencing plastic deposition on riverbanks.

6.1.2 | Fluvial floods mobilize and deposit plastic

The other questions addressed in this thesis are related to macroplastic depos-
ition and riverine floods. How do macroplastic concentrations and compositions
on riverbanks and floodplains differ following a flood event vs. non-flood condi-
tions? Riverine floods cause increased mobilization, transport, and deposition of
plastic compared to non-flood conditions. And it appears there are patterns where
the plastic is deposited along the river. During a fluvial flood large areas can be
inundated due to excessive precipitation. Plastic can be mobilized from the inund-
ated areas and ultimately flushed into the river. Inundation can also cause damage
to buildings and lead to a spill of plastic or other materials, as described in Chapter
4 with the buttertubs. Another source of plastic during floods is combined sewer
overflow (CSO), which can results in items such as the wet tissues flushed into the
Meuse and deposited on the riverbanks and floodplains in Chapter 3. These spill
events can contribute quite significantly to the plastic transported and deposited
on riverbanks following a flood event. After the flood in July 2021 with a return
period of 100 years we found 7.5% of plastic items where buttertubs coming from
one distinct source. Even though we started measuring ∼66 km downstream from
the spill site and anecdotal evidence indicates that their concentration was much
higher along their first kilometers of transport (Chapter 4). Wet tissues usually
make up less than 1% of plastic items on Meuse riverbanks, but following the July
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2021 flood we found that almost one in four items (24.7%) deposited on the Meuse
riverbanks and floodplains was a wet tissue (Chapter 3).

6.1.3 | Even during floods, macroplastic is not transported very far

How far are macroplastic items transported during a flood event and over the
following years? And how does the condition of these macroplastic items de-
velop in terms of mass and fragmentation? Following the July 2021 flood, the
plastic concentration decreased from upstream to downstream along the Meuse,
from a deposition rate of 250 items ha−1 day−1 at the Dutch-Belgian border to 1.3
items ha−1 day−1

239 km further downstream. It appears that even during very
high discharge, the majority of plastic is not transported very far, but deposited
rather close (tens of kilometers) within its point of emission. There were large-scale
clean-up efforts along the Meuse and its tributaries, in Belgium and the Nether-
lands following the 2021 flood event. It seems those clean-up efforts reduced the
buttertubs along the Belgian Meuse as a source for the Dutch Meuse and over the
following two years, we observed the bulk of buttertubs slowly being transported
downstream along the Dutch Meuse (Chapter 4).

6.1.4 | Riparian vegetation accumulates macroplastic during flood
events

And finally, following flood events, how do macroplastic concentrations and char-
acteristics differ between landcover elements on riverbanks and floodplains, and
how is plastic distributed in the lateral direction? To this end we investigated
where exactly plastic is deposited on riverbanks and floodplains, and in which
landcover element, such as grass, debris piles, trees, and shrubs, see Chapter 5.
We investigated riverbanks and floodplains along the Dutch Meuse following the
July 2021 flood, and along the IJssel following winter high water levels, a flood
event with a return period of four years. We found that vegetated riverbanks and
floodplains have higher concentrations of plastic than riverbanks and floodplains
covered only by grass. Further we found that debris piles can contain very high
concentrations of plastic items.

6.1.5 | Emerging (research) questions

With this thesis I found answers to some research questions, but as Einstein may or
may not have said ’The more I learn, the more I realize how much I don’t know’.

111



6 | Synthesis

And the same goes for investigating freshwater macroplastic pollution. One obvi-
ous question emerging from this thesis pertains to the temporal stability analysis in
chapter 2; what drives macroplastic deposition on riverbanks? And consequently,
can we identify riverbank characteristics related to macroplastic deposition, and
predict (relative) macroplastic deposition along rivers?

Based on the results from chapter 2, I started to investigate. Exemplary for the
Meuse river I did some explorative tests. The hypotheses to test were based on
literature on freshwater plastic pollution, personal experience in the field, and
literature on material transport and deposition in rivers in general.

1. Riparian vegetation - the area coverage of higher vegetation (shrubs, trees)
positively correlates with the plastic concentration (Cesarini & Scalici, 2022;
Delorme et al., 2021; Williams & Simmons, 1996; Speaker et al., 1988), and
the results from chapter 5.

2. River curvature - higher plastic concentrations on riverbanks at the inner
bend compared to outer bend or a straight section based on sediment erosion
and deposition in river meanders (e.g. Bluck, 1971; Thomson, 1876).

3. Compass direction of riverbank relative to the river centerline - some com-
pass directions have higher plastic concentrations than others, due to influ-
ence of dominant wind direction on transport of floating items (Roebroek
et al., 2021b; Garello et al., 2021)

4. Population density - positive correlation between plastic concentration and
population density in the area around the riverbank (Schuyler et al., 2021;
Pace et al., 2024)

I tested based on the processed dataset for the Meuse used in Chapter 2, cover-
ing the years 2020-2024 for the total plastic concentration. I investigated whether
the factors riparian vegetation, river curvature, compass direction, and population
density are significantly different for riverbanks we classified as ’coldspots’ and
’under’ combined vs. riverbanks we classified as ’hotspot’ and ’over’ combined.
Which they appear not to be (Hauk et al., 2025). The measurement locations from
the Schone Rivieren dataset used in chapter 2 were available as point coordinates
and as polygons covering the measurement area (also see Fig. 2.1). The coverage
by ‘grass’, ‘trees’, ‘shrubs’, ‘vegetation unclear’, ‘unvegetated’, and ‘water’ was
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calculated for the Schone Rivieren polygons from a dataset on riparian vegetation
(RWS, 2018) in QGIS. The river centerline curvature was calculated with a MatLab
script (Vermeulen et al., 2014), and the compass direction in QGIS based on the
riverbank point coordinates and the direction in relation to the Meuse centerline
(RWS, 2004). The compass direction indicates the position of the river centerline
from the bank, e.g. ‘South’ means the river centerline is located south of the ri-
verbank. Population density is based on (CBS, 2022) and the mean and maximum
population density in a 1 km and 10 km circular buffer around the riverbank point
coordinates, calculated in QGIS.

None of the local factors I tested were significant (Wilcoxon Rank-Sum Test, data
non-normal distribution), see examples in Figure 6.1. For the four factors p values
ranged between 0.17 and 0.45, and in most cases the variation in the data distri-
bution is larger than variation between the medians. Due to sample size and the
observed variation I did not further analyze the data. Contrary to our findings
in Chapter 5, I could also not identify a significant influence of riparian vegeta-
tion. It appears riparian vegetation has a significant influence during floods and
corresponding high water levels, but might have a much lower influence during
non-flood conditions. However, the compass direction of ‘over’ appears to have a
smaller range than of ‘under’. The Meuse is located between 172 – 352 degrees,
south, west, and north of those riverbanks, not to the east. This corresponds with
the prevalent wind direction in the Netherlands and seems interesting to investig-
ate in future research. Blondel & Buschman (2022) also found more plastic at the
downwind side when investigating plastic transport in the water column in a river
bend. Other studies before have investigated the drivers of macroplastic deposition
on riverbanks, and whether local factors are related to it. Some studies identified
significant factors, nevertheless, usually even significant factors can only explain a
small percentage of the data. Pace et al. (2024) found that human population dens-
ity can explain around 27% of variance in post-flood macroplastic concentration on
riverbanks by item count. The geomorphological and riparian factors they tested
all had less than 10% of explanatory power. Roebroek et al. (2021b) investigated an
earlier version of the Schone Rivieren dataset along Dutch rivers and found a sig-
nificant correlation between 72/111 litter categories and hydro-meteorology, with
a maximum explanatory power of 20% (R² = -0.2 – 0.2). Schreyers et al. (2024a)
investigated the relation between land-use in a 1.5 km proximity to riverbanks in
Switzerland and found a significant relation between five litter categories and land-
use (R = -0.34 – 0.53). Cigarette filter and glass bottles showed significant relations
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Figure 6.1 | Riparian vegetation, river curvature, compass direction of river in relation to bank,
and population density tested for riverbank plastic concentrations (in [items/100 m]) with
categories over and hotspot combined, and under and coldspot combined. For the compass
direction,≤45 &>315 correspond to North,>45-135 to East,>135-225 to South, and>225-315
to West. Riverbank categories correspond to the riverbank categories for the Meuse river, see
Figure 2.2
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with the most land-use categories, positive with buildings, recreational areas, and
roads, and negative with unproductive land and rivers. So even when temporal
patterns of plastic concentration seem relatively stable, the factors leading to mac-
roplastic deposition on riverbanks (either deposition after transport in the river, or
from land) appear less straight forward. It is well possible that a combination of
factors contribute to the temporal stability. More research is needed in identifying
explanatory (local) factors and the influence of interacting factors on macroplastic
deposition over time.

6.2 | Implications and Recommendations

6.2.1 | Implications and recommendations for plastic research

As discussed in section 6.1 there are riverbanks with consistent high and low
plastic concentrations. This indicates that there are local factors related to plastic
deposition, whether that is deposition of plastic transported in the river, or de-
position via e.g. littering in place. While I could not identify predictive factors of
plastic deposition during non-flood conditions in this thesis, the patterns identified
in Chapter 2 form a base for further research. Research (on macroplastic pollution)
is subject to constant change, learning, and improvement. Most sampling protocols
for macroplastic pollution on riverbanks were implemented within the last fifteen
years (Vriend et al., 2020b). I would recommend to extent the temporal stability
approach to a larger scale, across multiple countries, and entire rivers from source
to sea. To test if the method is usable for larger scales and gives meaningful results,
or if it should be adapted to be applied to larger areas and entire rivers.

It appears that a large proportion of plastic transport happens during (severe)
flood events and relatively short intervals of time (section 6.1.2), and (at least in
the Netherlands) a large proportion of plastic transported during a flood origin-
ates from just a few identifiable sources. I recommend to consider this in fu-
ture plastic research and investigate whether a few specific (additional) sources of
plastic provide a significant proportion of the annually transported and deposited
plastic in rivers. Plastic pollution should be considered a flood hazard, and main
sources of additional plastic (compared to non-flood conditions) should be identi-
fied. And how can plastic mobilization during floods be prevented? Where pos-
sible, priority should be given to prevent spilling events, but if they occur, make
use of them. Monitoring strategies need room for additional measurements, pre-
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and post-flood, and also in case of a spill during a flood, or spills during non-flood
conditions. Perhaps research should focus more on plastic mobilization, transport,
and deposition over time, as it appears not linear, but often linked to seasons or
events. In the Netherlands there are generally higher plastic concentrations on
riverbanks in spring compared to fall. This is most likely due to increased river
discharge over the Dutch winter, preceding the spring measurements (van Em-
merik et al., 2020c; Roebroek et al., 2021b). If indeed plastic input, transport, and
deposition over time is very skewed, and a large part occurs in short periods of
time, it might make sense to focus on those periods of time (section 6.1.2). Follow-
ing the 2021 Meuse flood, a large fraction of the deposited plastic by count was
wet tissues (24.7%), most likely due to combined sewer overflow, and the spilled
buttertubs (7.5%). These two categories could be linked to a specific source, or
in case of the wet tissues a specific process. I recommend to investigate whether
similar processes can be detected for other flood events. Do the compositions of
plastic litter categories after a flood event diverge from non-flood conditions? Can
a large proportion of items be attributed to a specific source or process? If that is
the case, this can provide guidance for mitigation measures.

Of course, the rivers included in the research of this thesis were all in the Nether-
lands, the Dutch sections of the Rhine and Meuse rivers, and the Rhine-Meuse
delta. Lowland rivers in a country where only about 5% of plastic waste ends
up as mismanaged (estimated at 4.3 – 21.2 kilotonnes [kt]) or unreported (445 –
801 kt) (Lobelle et al., 2024). While this is still a significant amount, of course
the dynamics are expected to be different for different countries and (additional)
mobilization during flood events highly varies. Roebroek et al. (2021a) estimate
a relative factor increase for plastic mobilization during a flood with a ten year
return period between ∼1 – 40 compared to non flood conditions for different
countries.

6.2.2 | Implications and recommendations for plastic modeling

Large-scale (global) plastic models often focus on the transport or export of plastic
from the terrestrial to the marine environment (e.g. Jambeck et al., 2015; Meijer
et al., 2021; Strokal et al., 2023). They estimate plastic emission on land e.g. based
on mismanaged plastic waste (MPW) per catchment (Jambeck et al., 2015) or hu-
man development index (Mai et al., 2020). Then they estimate the share of plastic
that reaches the riverine environment, how much stays in the rivers, and the main
result is usually the amount of plastic emitted to the marine environment, often
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on an annual basis. So while rivers play an important role in these transport pro-
cesses at a global scale, they are considered in but not the main focus of large-scale
models. The ocean can be considered a final sink for the plastic items which are
transported there. Once plastic items left the area influenced by the estuary, and
are transported away from the coastal zones, they are highly unlikely to go back
upstream. Removing macroplastic from the ocean involves much higher effort and
costs compared to the riverine or terrestrial environment, or it is just impossible.
Further, macroplastic items might stay intact for decades or millennia, but they
also break down into microplastic (Chamas et al., 2020; Barnes et al., 2009). In
Chapter 4 we showed that the emitted buttertubs we encountered did not show
a significant loss of mass over the course of two years (Hauk et al., 2023b). Spa-
tially and temporally, there is a window where emitted plastic can still be removed
again from the environment. However, once plastic reaches certain locations or a
certain size, removal is basically impossible (MacLeod et al., 2021). On the one
hand it makes sense to focus on plastic emitted to the seas, and how that can be
prevented. However, on the other hand plastic in the terrestrial and freshwater
environment is not an inert, harmless material. Plastic and plastic additives can
cause harm to flora, fauna, and humans wherever they are.

If indeed a large fraction of macroplastic mobilization, transport, and deposition
occurs during flood events and therefore relatively short periods of times, this
should be considered in plastic modeling. Further, after a severe flood event, we
found a large increase in concentration of wet tissues (Chapter 3), presumably
from sewer overflow. Flood events can mobilize plastic into the river that is not
considered plastic litter pre-flood, but plastic items used around urban areas and
agriculture. Further, floods can also re-mobilize plastic which has been deposited
by a previous flood event, e.g. from floodplains, at a large lateral distance from the
main channel of the river. We know plastic items on riverbanks and floodplains
can stay intact for at least decades (Tramoy et al., 2020b) (time will need to tell the
possible extent of this). Also, it seems plastic during floods is limited by supply.
So, perhaps not the flood duration, but the flood severity is crucial for the mobil-
ized/transported amount of plastic. If a flood event has a longer duration, it seems
possible that at some point all plastic in the affected area is mobilized, transport
and deposited, and plastic transport decreases along with the falling limb of the
hydrograph (van Emmerik et al., 2023). Anecdotal evidence from the 2021 flood
along the Meuse shows that macroplastic is deposited on the upstream side at trees
or other large vegetation, especially along riverbanks upstream the Dutch Meuse.
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This could indicate it was pushed along with the flood wave, whereas along the IJs-
sel in January 2024, we saw items entangled in vegetation deposited parallel to the
waterline, which could be in line with rising and falling water levels over a longer
period of time (Schreyers et al., 2025). Roebroek et al. (2026) argue that when river
discharge crosses a certain threshold, plastic transport is no longer determined by
discharge, but by plastic availability. Overall, modeling plastic transport in rivers
is complex and it seems river floods play an important role and should receive
added attention.

6.2.3 | Implications and recommendations for plastic monitoring

The results from this thesis lead to two main implications and following recom-
mendations. First, for ongoing monitoring it seems promising to check the tem-
poral stability of the relative plastic distribution, see Chapter 2. Test whether hot-
spots, coldspots, and above and below average locations can be identified and they
appear steady over time. If this is the case, this can be considered for monitoring
site selection. Of course this depends on the motivation and aim of the monitoring.
Monitoring hotspots for example allows to sample the most litter items and could
be interesting for a better insight on litter composition, and whether mitigation
measurements which target specific plastic litter categories are successful. Includ-
ing hotspots, coldspots, and above and below average riverbanks in the monitoring
can potentially give a good overview of the state of pollution of the entire river.
Second, given that floods play an important role in plastic transport and depos-
ition, I recommend to leave room for (additional) monitoring pre- and post-flood,
to investigate the flood specific impact.

One result in Chapter 2 was that plastic items <2.5 cm were flushed out from
along the Meuse river during the July 2021 flood. After additional fieldwork in
2024 along the IJssel for chapter 5 where we adjusted the sampling method, this
conclusion from Chapter 2 is most likely underestimating the plastic concentration,
and solely due to the sampling method. In 2021 we sampled debris piles only for
what was visible from the surface without ‘digging’ through the debris. This was
done due to time constraints, and the assumption that it was more important to
focus on sampling as much area as possible. In 2024 however, we adjusted the
method and sampled (sub-sections) of debris piles in their entire depth, and there
we found very high concentrations of plastic items <2.5 cm. I would therefore
recommend to always sample debris in their entire depth, and as time is often
limited, rather subsample small areas in their entire depth, than larger areas solely
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at the surface.

6.3 | Reflections

6.3.1 | Reflections on working on this thesis

In hindsight, the different chapters of this thesis vary in how straightforward they
felt to work on them. Chapter 2 originated from taking a step back and asking ‘are
there actually locations that have consistently high and low amounts of plastic?’,
which brought very clear results. There are indeed locations with relatively high
and low amount of plastic. It seems plastic littering in place, but also transport and
deposition of plastic by the river is not random. Plastic is not distributed evenly
along rivers, which is not groundbreaking news, sampling different riverbanks
along a river usually reveals different levels of plastic concentrations on different
riverbanks (e.g. Pinto et al., 2024a; Uogintė et al., 2024; Palmas et al., 2022). In
chapter 2 we found that there are hotspots and coldspots and most locations tend
to stay above or below, or around average over time. This strengthens the hypo-
thesis that there are local factors related to plastic deposition and accumulation.
The other relatively straightforward and seemingly ‘useful’ chapter of this thesis
was chapter 4 about the spilled buttertubs as tracers during a riverine flood. Usu-
ally with plastic pollution in rivers we do not know the point in time and space
where a plastic item was emitted and no longer under human control. We might
be able to estimate a potential source, e.g. a wet tissue probably was emitted due
to sewer overflow, and narrow down the potential time, e.g. due to a printed
‘use-by-date’ on food packaging, however, we can never be completely sure. The
buttertubs during the July 2021 flood presented a unique opportunity with inter-
esting results. Even though the buttertubs are ‘boat’ shaped and of stiff plastic and
probably not prone to entanglement, the vast majority of them was deposited along
the first 100 km from their point of emission. Taking into account the anecdotal
evidence from pictures taken during clean-ups along the first 66 km where we did
not do any measurements, it seems the vast majority of buttertubs was deposited
even closer to the point of emission, along the first few tens of kilometers. Over
the course of the following two years we found buttertubs stayed mostly intact.
While we cannot rule out that individual buttertubs were broken down beyond
recognition, we found a few buttertubs two years after the event which appeared
completely intact. In the case of the buttertubs, they were very uniform in size,
shape, and material, and therefore not representative of the range of macroplastic
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litter we find on riverbanks and floodplains. Of course plastic pollution is a flood
risk and focus should be on prevention, however, if it happens, like in this case,
where the place of emission was not even considered flood risk area, it presents a
valuable opportunity for research.

Chapter 3 however, seems much less straightforward. I assume most researchers
would be absolutely thrilled about a time machine allowing them to go back to
their fieldwork during data analysis and manuscript writing. This chapter was
no exception. One of the findings of this chapter was that it seems small plastic
items are flushed out from the river during a flood. However, 2.5 years later doing
measurements along the IJssel following the winter high water levels, we found
large concentrations of small plastic items embedded in the wrack line and de-
posited organic debris in general. Along the Meuse in 2021 we had only sampled
the surface of debris piles due to time constraints. While this seemed like a reas-
onable choice at the time, it is very likely we missed significant amounts of small
plastic items which had been deposited within the debris along the Meuse. Fur-
ther, is it really relevant and bringing new insights to measure where precisely
plastic is deposited on riverbanks following a flood event? Maybe. Understanding
macroplastic deposition and retention dynamics could eventually lead to ‘predict’
relative plastic concentrations between locations, i.e. where to prioritize clean-up
or plastic mitigation measures for example (see also Schreyers et al., 2025).

6.3.2 | Reflection on the data used in this thesis and citizen science in
plastic research

The data I used in this thesis has two main origins. I conducted fieldwork after
two flood events, with the support of many colleagues, along the Meuse in July
and August 2021, and along the IJssel (in collaboration with Louise Schreyers)
in January and February 2024. And then additional fieldwork in 2023 for the
‘buttertubs’ study. The other main dataset I used in this thesis is the monitoring
data from the Schone Rivieren Project, a citizen science project initiated in 2017 by
the North Sea Foundation, Plastic Soup Foundation, and IVN Nature Education
(now lead by IVN Nature Education). I got access to their monitoring data from bi-
annual measurements over multiple years and hundreds of riverbanks along Dutch
rivers. And they even very kindly kept an eye out for buttertubs specifically for my
study. The resulting dataset was invaluable for my research and the completion
of this thesis. The main focus of the Schone Rivieren project is ‘river clean-ups’,
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‘research on river litter’, ‘exploring the rivers’, and ‘finding solutions’. The data
collection is set up according to these interests, and also ensuring feasibility for
the citizen scientists. Complexity of data and measurement protocols can be a an
issue between citizen science and academic research (Nelms et al., 2022). Based
on the results of this thesis, it might be desirable to have measurements at high
spatial and temporal intervals, and temporal intervals which are partly fixed, e.g.
at a monthly level, and partly flexible, e.g. before and after a high discharge event.
Further, it would be interesting to measure also the mass and size of items, to have
data not only on item count, but also mass. However this might go beyond what
can reasonably asked of citizen scientists who do this voluntarily in their free time.
This does not make this dataset any less valuable, as it gives an extensive overview
of macroplastic pollution on Dutch riverbanks over time and space.

In plastic research there is this paradox, I can only speak for myself and anecdotal
evidence from colleagues, but I think most plastic researchers feel the same. We
don’t like finding plastic, but if we go out and measure, we do want to measure
plastic, because we know it is there and a 0 measurement can be frustrating. I
heard the citizen scientists in the Schone Rivieren project feel similar, and occa-
sionally ask for a different measurement location if they feel ‘their’ riverbank is
‘too clean’ and ‘not worth it’. It is therefore possible that there is some bias in
the data, occasionally citizen scientists stray from the 100 m riverbank the River-
OSPAR protocol calls for, that can have various reasons. In case of high macro-
plastic concentrations they might measure a shorter area, as they are instructed to
stop after two hours of measurement. They might also measure a larger area, due
to enthusiasm, a relatively low plastic concentration and left over time, or because
outside the original 100 m there is a higher plastic concentration which they feel
should be included. As mentioned before, this is an invaluable dataset and due to
the large number of measurements these effects (if present) most likely even out.
The vast majority of measurements showed a length of exactly 100 m, out of 3684

measurements between 2017 and spring 2024 7.3% measured less than 100 m along
the river and only 2.6% of measurements were above 100 m. The citizen scientists
might also have a lower detection rate for some plastic litter categories, Roebroek
et al. (2021b) investigated the influence of citizen scientists vs reference measure-
ments for the Schone Rivieren dataset, and found that the citizen scientists detect
significantly less soft mesoplastic (0.5 – 2.5 cm), probably due to low detectability,
and on average 10% less of plastic cotton buds, wet tissues, and sanitary pads and
packaging, probably due to aversion. Citizen science in plastic pollution research
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can be very valuable, to get insights and knowledge, e.g. where hotspots and cold-
spots might be on riverbanks in a region, or what seem to be the most dominant
issues regarding plastic pollution at a local level.
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6.3.3 | Reflections on ‘solving’ plastic pollution

Wherever we look on this planet, there is plastic. So the question is, how much
resources, time, and energy should we invest in ‘looking’? Is it not time to focus
on prevention? Most likely it will not be possible to remove all plastic emitted
into the environment. That might be me lacking vision and optimism in future
development of technology and understanding how this planet works. However,
it seems especially plastic at the microplastic (<5 mm) size range in water and soil
is there to stay. We might not oversee all potential impacts of trashing our planet.
But should we not follow the precautionary principle and focus on prevention of
further plastic pollution? Focus on ‘turning off the tap’ (Fletcher et al., 2023)? Of
course, in order to test whether new policies and plastic mitigation measures have
an effect, we need a baseline. We need to know how much and what type of
plastic is where in the environment, and how much and what is emitted, to test
whether changes have an impact. Such as the introduction of the ’statiegeld’ (bottle
deposit) in the Netherlands in 2021 and its impact on plastic bottles along Dutch
rivers (Schep et al., 2025). But "when do we know enough" (Horton, 2022)? Should
researchers really fly to a different continent to manually count a few hundred
pieces of plastic on some riverbanks, or floating below a few bridges?

My colleague Louise Schreyers argued in her thesis that there is not a single tap
to turn off but rather plastic pollution as a complex problem requires complex
solutions (Schreyers, 2025). I agree with her that ‘turning off the tap’ oversimplifies
the problem. But what could then be a way to go forward? The United Nations
‘Global Plastics Treaty’ recently failed, mostly due to a few states with strong
petrochemical interests (Dauvergne & Allan, 2025). ‘No treaty rather than a weak
treaty’ in a way can be considered a win and perhaps the two year timeline was
too ambitious (Dauvergne et al., 2025). But there are >400 Mt of plastic produced
annually (Plastics Europe, 2025) and ∼64 Mt of annual mismanaged plastic waste
(not to mention ∼166 Mt going to landfill) (Pottinger et al., 2024). There is no time
to lose.
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Supplementary materials
Supplementary information for Chapter 2

The supplementary data file for chapter 2 will be published as supplementary
material along the publication.
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Supplementary information for Chapter 3

Table B Overview of locations 1 - 16, their distance from location 1 and when they have been
monitored for litter (x), as well as the number of 2mwide sections and the total sampled area
in Q3 2021

Location

Latitude

Longitude

Distance from
location 1 [km]

Q4 2017

Q1 2018

Q4 2018

Q1 2019

Q4 2019

Q1 2020

Q4 2020

Q1 2021

Q3 2021
number of
sections
and total

sampled area
[m²]

Q4 2021
1

50
.7
55
4
5.
68
17

0.
0

-
-

-
x

x
-

x
-

2
[6
0.
0]

-
1*

50
.7
76
7
5.
69
65

-
-

-
-

-
-

-
x

-
x

2
50
.7
95
9
5.
69
53

4.
6

-
x

-
x

x
-

-
-

3
[7
1.
4]

-
2*

50
.8
15
0
5.
69
67

-
-

-
-

-
-

-
-

x
-

x
3

50
.8
74
7
5.
68
60

13
.3

x
-

x
x

x
x

-
x

3
[9
0.
0]

x
4

51
.1
88
0
5.
93
21

75
.2

-
-

x
x

x
x

x
x

3
[7
58
.0
]

x
5

51
.3
42
4
6.
11
92

10
0.
6

-
-

-
x

x
x

x
x

3
[3
60
.0
]

x
6

51
.3
96
3
6.
15
47

10
8.
1

-
-

-
-

-
x

x
x

3
[2
40
.0
]

x
7

51
.6
48
0
5.
97
10

14
4.
7

-
x

x
x

x
x

x
x

3
[3
90
.0
]

x
8

51
.7
55
5
5.
75
07

16
9.
1

-
-

-
-

-
x

x
-

3
[2
60
.0
]

-
9

51
.7
76
3
5.
71
00

17
3.
1

-
x

x
x

x
x

x
x

3
[2
42
.0
]

x
10

51
.7
36
1
5.
29
72

21
2.
9

-
x

-
-

x
x

x
x

3
[1
28
.0
]

x
11

51
.7
38
9
5.
28
17

21
4.
0

-
x

-
-

x
x

-
x

3
[4
44
.0
]

-
12

51
.7
41
1
5.
27
95

21
4.
2

-
x

-
x

x
-

-
-

1
[2
0.
0]

-
12
*
51
.7
42
4
5.
23
07

-
-

-
-

-
-

-
-

x
-

x
13

51
.7
13
9
5.
00
90

23
3.
8

-
x

x
-

-
x

-
x

3
[2
26
.0
]

-
13
*
51
.7
19
1
4.
98
47

-
-

-
-

-
-

-
x

-
x

14
51
.7
17
8
4.
98
04

23
6.
5

-
x

x
x

x
x

x
x

3
[2
56
.0
]

-
15

51
.7
21
6
4.
93
88

23
9.
5

-
x

x
x

x
x

x
x

3
[2
16
.0
]

x
16

51
.7
23
9
4.
93
80

23
9.
5

-
-

-
x

x
x

-
-

2
[2
02
.0
]

x
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Supplementary information for Chapter 4

The supplementary material for chapter 4 has been published under:

Hauk, Rahel; van der Ploeg, Martine; Teuling, Adriaan J.; de Winter, Winnie; van
Emmerik, Tim (2024): Data underlying the publication: Flood induced buttertub
spill reveals riverine plastic transport dynamics. Version 1. 4TU.ResearchData.
dataset. https://doi.org/10.4121/05ba396b-90f7-460e-8f2e-b88752b1b51b.v1
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Table C Overview of transects that include and do not include certain vegetation types.

Transects that include (T) / do not include (F)

All

transects

Only grass/

bare
Herbaceous Shrubs Mixed Trees

Debris

pile

Meuse

T F T F T F T F T F T F

#

transects
69 15 54 13 56 10 59 41 28 8 61 -

Items

[#/m²]
0.74 0.40 0.83 0.73 0.74 0.60 0.76 0.88 0.53 2.27 0.53 -

Mass

[g/m²]
8.73 2.55 10.44 5.12 9.56 4.27 9.48 12.52 3.17 44.05 4.09 -

IJssel

#

transects
51 20 31 26 25 8 43 - 3 48 37 14

Item

[#/m²]
0.49 0.49 0.49 0.59 0.36 0.23 0.64 - 2.50 0.43 0.68 0.14

Mass

[g/m²]
1.72 3.07 1.23 1.57 1.92 0.37 2.50 - 6.60 1.58 1.92 1.36
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Figure C.1 Sampled riverbanks along the upstream section of the Dutch Meuse river. (Pictures
by Rahel Hauk)

Figure C.2 Sampled riverbanksmidstream and downstream along the DutchMeuse river. (Pic-
tures by Rahel Hauk)
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Figure C.3 Sampled riverbanks along the IJssel river. (Pictures by Rahel Hauk)
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Nomenclature
List of abbreviations

ADHD Attention-Deficit/Hyperactivity Disorder

EPS expanded polystyrene

GPS Global Positioning System

IQR inter-quartile range

MPW mismanaged plastic waste

Mt million metric tonnes

OSPAR Comission to protect the marine environment in the
North-East Atlantic, named after the original Oslo and
Paris conventions

PE polyethylene

PET polyethylene terephthalate

PO Hard polyolefins hard

PO Soft polyolefins soft

PP polypropylene

PS polystyrene

PUR polyurethane

PVC polyvinyl chloride

UAV unmanned aerial vehicles

UV-light ultraviolet radiation
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Nomenclature

List of symbols

δrm relative difference between plastic at one specific riverb-
ank and plastic averaged across all riverbanks during one
specific measurement round (-)

δr δrm averaged over time (-)

∆rm difference between plastic at one specific riverbank and
plastic averaged across all riverbanks during one specific
measurement round (#/100 m)

A area of the sampled stretch of riverbank (ha)

d distance between transects (m)

Df indicates how accumulation rates compare between dif-
ferent period (-)

dg ground deposition

do object deposition

I number of plastic items sampled on an individual riverb-
ank during a monitoring round (items)

L length of the sampled area along the river in (km)

ls section length (m)

lt transect length (m)

m measurement round (-)

Q1 Schone Rivieren spring sampling in February/March
’First quarter’

Q3 Sampling in July/August 2021 ’Third quarter’

Q4 Schone Rivieren fall sampling in October/November
’Fourth quarter’
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Nomenclature

r riverbank (-)

RP1 represents the accumulation period Q3 that includes the
flood in July 2021

RP2 represents the accumulation periods leading up to a mea-
surement in Q4 in 2018–2020

RPA Plastic accumulation rate per area (items ha−1 day−1)

RPL plastic accumulation rate per riverbank length
(items km−1 day−1)

Sm is plastic at the specific measurement round averaged
across all riverbanks (#/100 m)

Srm plastic at one specific riverbank during the specific mea-
surement round (#/100 m)

t time interval since the last monitoring (days)

wt Transect width (m)
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