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Abstract  12 

Limited data exists on physical and geometric properties of river litter. To resolve this, we reveal the 13 

physical-structural relationships of river litter, using two of the most comprehensive datasets generated 14 

to date. First, we dissect the properties of river litter using a detailed dataset of over 14,000 riverbank 15 

items, for which their dimensions (longest 𝐿₁, intermediate 𝐿₂, shortest 𝐿₃) and physical characteristics 16 

(mass, volume, density) are determined. These properties were then mapped onto a dataset of nearly 17 

240,000 River-OSPAR items collected from 22 river and riverbank sites across four continents. We then 18 

identify the most persistent River-OSPAR litter categories, together with kernel density estimations of 19 

their principal dimensions and geometries. Results show that only 25 River-OSPAR categories account 20 

for 80% of all river and riverbank litter, with soft plastic pieces/films and candy, snack, and crisps 21 

packaging being the most abundant. Flat, 2D shaped macrolitter are the most persistent litter items, with 22 

48% of the top 25 items sharing similar geometric properties: 𝐿! between 1 - 10 cm, and a flatness ratio 23 

(𝐿" / 𝐿#) of < 0.4. In practice, these are flat objects with two larger dimensions and a third that is at least 24 

one order of magnitude smaller. This large, physically based dataset enables prioritisation of which 25 

shapes, sizes, and densities should be targeted by future plastic transport models, informing what plastics 26 

may be missing in current monitoring protocols, and the design of river clean-up technologies.  27 

Keywords  28 
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Synopsis 31 

This study demonstrates that just 25 River-OSPAR categories account for 80% of river litter, with 48% 32 

of items having the longest dimension of 1–10 cm and geometries that are flat 2D shapes.   33 
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1 Introduction 37 

Plastic pollution is one component of the United Nations’ triple planetary environmental crisis (UNFCC 38 

2022), owing to its environmental persistence and detrimental impacts on biodiversity (MacLeod et al. 39 

2021), human health (Krause et al. 2024), infrastructure (Tearfund 2023), and the economy (Beaumont 40 

et al. 2019). Governments and international organisations are drafting a legally binding resolution in 41 

response to plastic pollution, which includes the development of strategies to monitor, manage, and 42 

remediate existing plastic pollution in the environment (UNEP 2025). River systems are known 43 

conveyors and accumulation zones of litter originating from land-based sources and are increasingly 44 

recognised in monitoring and clean-up efforts (van Emmerik and Schwarz 2020; González-Fernández 45 

et al. 2023). A critical step toward developing such solutions in rivers is pinpointing the most persistent 46 

polluting litter items and quantifying the physical properties that govern their mobilisation, movement 47 

and fate. This, in turn, will assist on identifying which litter properties should be prioritised for the 48 

development of litter transport models, which litter items may be missed by current monitoring 49 

campaigns, or simply to inform the design of clean-up strategies in rivers. 50 

One methodology currently adopted to characterise litter collected from rivers and riverbanks is the 51 

River-OSPAR (Oslo-Paris Convention) litter index, which is an adaptation of the OSPAR Guidelines 52 

originally developed for monitoring marine litter on beaches but modified to include categories common 53 

to riverine environments (van Emmerik et al. 2020c; OSPAR Commission 2020). The River-OSPAR 54 

index comprises 109 unique litter categories and provides a harmonised framework for data collection 55 

across different basins, enabling consistent recording of litter by volunteers, researchers, and 56 

stakeholders. While this approach has enhanced public awareness and, in some cases, influenced policy 57 

decisions, such as the European Union’s directive on single-use plastics (European Commission 2019), 58 

the River-OSPAR classification system primarily provides qualitative information on the types of litter 59 

common in rivers, without their full properties. 60 

By employing the River-OSPAR framework, or through similar methodologies, previous studies have 61 

quantified and catalogued the different types of litter found in both the active channel (the river) 62 

(González-Fernández et al. 2021; Vriend et al. 2023; Oswald et al. 2025) and the adjacent low-lying 63 

floodplains (the riverbank) (Tramoy et al. 2019; van Emmerik et al. 2020b; Ballerini et al. 2022). The 64 



quantitative characteristics of these items – such as their dimensions, shape, flexibility and density – 65 

require intensive efforts and are typically overlooked by many monitoring campaigns. To the knowledge 66 

of the authors, there is no single real-world dataset of individual river litter items, which include their 67 

principal dimensions, as well as their volume, mass and density. These properties are nonetheless 68 

fundamental parameters for determining when litter is mobilised, how they are predominately 69 

transported and where they ultimately end up (Waldschläger et al. 2022; Russell et al. 2023). 70 

Furthermore, simplifying the diversity river litter into their statistical distributions provides useful 71 

information (Kooi and Koelmans 2019), for instance, inputs for population balance models (Shettigar et 72 

al. 2024) that can predict transport in fluvial environments of continuous distributions of litter. 73 

This study conducts a meta-analysis compiling published research that have sampled and categorised 74 

litter items from rivers and riverbanks using the River-OSPAR litter index. This allows us to establish 75 

the top 25 most persistent litter items across global river systems, building on a dataset of 239,290 litter 76 

items from 22 study sites across four continents. Using multivariate statistics, we then map the physical 77 

properties from a more detailed dataset of 14,052 litter items collected from riverbanks (de Lange et al. 78 

2023). Our statistical analysis allows us to characterise the complete geometric and physical properties 79 

of river litter – including their shortest dimension and volume, which are absent from the dataset of de 80 

Lange et al. (2023) and most other studies. This delivers a comprehensive description of the most 81 

persistent types of river litter and helps to prioritise which shapes and sizes should be targeted by future 82 

plastic transport models, monitoring protocols, and clean-up technologies. 83 

2 Methods  84 

2.1 Literature search and meta-analysis 85 

First, we identified and compiled into a database the studies reporting and categorising litter collected 86 

from in-stream sampling of active channels (rivers) and litter collected from adjacent floodplains 87 

(riverbanks) using the River-OSPAR litter index. Using a Scopus-keyword search, a total of 14 research 88 

studies were suitable for meta-analysis: seven studies which focused on sampling litter in rivers and 89 

eight studies that sampled litter from riverbanks. These studies investigated 11 different rivers from 90 



Europe, Central America, Africa and Asia. Table 1 shows the selected studies, the geographical locations 91 

of the river, the study area (river or riverbank) and the total number of River-OSPAR items categorised.  92 

 93 

Table 1. Selected studies for meta-analysis, river location, study area (river or riverbank) and total number of 94 

plastics collected in the study.  95 

Study Rivers sampled Location Study area 
Total number of 

categorised River-
OSPAR items 

van Emmerik et al. 
2020b 

Meuse, Waal and 
Rhine Rivers The Netherlands Riverbank 152,415 

Ballerini et al. 
2022 Durance River France Riverbank 25,423 

Tramoy et al. 2019 Seine River France Riverbank 20,259 

de Lange et al. 
2023 

Rhine, IJssel, and 
Meuse The Netherlands Riverbank 16,488 

Oswald et al. 2023 Waal River The Netherlands 
River (surface, 

suspended and near-
bed load) 

12,832 

Oswald et al. 2025 Rhine, Waal and 
IJssel Rivers The Netherlands 

River (surface, 
suspended and near-

bed load) 
11,153 

Vriend et al. 2023 Rhine River The Netherlands 
River (surface, 

suspended and near-
bed load) 

6,684 

Pinto et al. 2024 Odaw River Ghana River (surface) and 
riverbank 3,802 

Tramoy et al. 2022 Huveaune River France River (surface load) 3,147 

Silburn et al. 2023 Belize River Belize Riverbank 2,505 

Tasseron et al. 
2024 

Rhine, IJssel, and 
Meuse Rivers The Netherlands Riverbank 1,865 

Nguyen and Bui 
2023 Saigon River Vietnam Riverbank 713 

van Emmerik et al. 
2018) Saigon River Vietnam River (surface load) 614 

Bardenas et al. 
2023 Mahiga Creek Philippines River (suspended 

load) 124 

 96 

2.2 Identifying prevalent litter items in rivers and on riverbanks 97 

From the studies selected, we extracted data on either the total count or the percentage of each River-98 

OSPAR item identified in the selected rivers or riverbanks and compiled into a database (see Lofty 2025) 99 



Some investigations reported only the top 10 or 20 River-OSPAR litter items found in the sampled river, 100 

therefore the total amount of each litter items was sometimes not available, resulting in a total of 239,290 101 

litter items from the selected studies. In order to remove bias towards studies with larger samples, we 102 

first compute the relative occurrence of each river-OSPAR litter category. We then calculate the average 103 

relative occurrence, considering the 14 studies selected (Table 1), allowing us to establish a global rank 104 

of most prevalent litter. 105 

We classified each River-OSPAR category based on their material composition, as in van Emmerik et 106 

al. (2020a): soft polyolefin (PO soft), hard polyolefin (PO hard), polystyrene (PS), expanded polystyrene 107 

(EPS), polyethylene terephthalate (PET), multilayer, other plastic, glass, metal, paper, wood, rubber and 108 

textiles. Table 2 displays the materials assigned to each River-OSPAR item collected from rivers and on 109 

riverbank with their common usage and density (𝜌) range. We further flag each River-OSPAR category 110 

by whether the item is flexible and will deform under typical river hydrodynamics or will remain rigid 111 

in structure (Table 2). This classification is of interest since the dimensions and geometry of flexible 112 

elements can change during river transport, which may influence how they are mobilised, deposited, or 113 

retained. 114 

Table 2. Material classifications assigned to each River-OSPAR litter item, their typical polymer type, common 115 

usage, density range (from Kooi & Koelmans, (2019) and Russell et al., (2023)) and flexibility. 116 

Material category Common usage Density range (𝜌) 
(g/cm3) Rigid/flexible 

Soft polyolefin (PO soft) Plastic bags, films, foils, wrappings and 
flexible plastics 0.89 – 0.98 Flexible 

Hard polyolefin (PO 
hard) 

Bottle caps, lighters, hard containers and 
rigid plastics. 0.83 – 0.92 Rigid 

Polystyrene (PS) Plastic cutlery, food containers, straws and 
cups 1.04 – 1.10 Rigid 

Expanded polystyrene 
(EPS) Foams, packaging, takeaway containers 0.01 – 0.04 Rigid 

Polyethylene 
terephthalate (PET) Plastic bottles 1.35 – 1.45 Rigid 

Multilayer Cigarettes, crisp packets, candy bar 
wrapper, juice or milk cartons 0.89 – 1.45 Rigid/Flexible 

Other plastics Plastic items not described in the River-
OSPAR litter index 0.89 – 1.45 Rigid/Flexible 

Glass Glass bottles and jars 2.20 – 2.80 Rigid 

Metal Beverage cans, glass bottle caps, scrap 
metal 2.70 – 8.00 Rigid 

Rubber Tyres, balloons and condoms 1.10 – 1.20 Rigid/Flexible 



Paper Cardboard packaging, toilet paper, 
newspaper and cups 0.60 – 1.20 Rigid/Flexible 

Textiles Clothing, carpets, fabrics 1.30 – 1.80 Flexible 

Wood Pallets, corks, ice cream sticks 0.30 – 1.00 Rigid 

 117 

2.3 Shape and size statistical description  118 

To characterise the dimensions and shapes of litter in rivers and on riverbanks, we start by dissecting 119 

the dataset of de Lange et al., (2023), which reports the mass (𝑀), the two largest dimensions (𝐿₁ and 120 

𝐿₂), and the River-OSPAR ID for 14,052 litter items collected from riverbanks along the Dutch Rhine, 121 

IJssel, and Meuse rivers. 122 

We first computed the Pearson coefficient for the de Lange et al. (2023) dataset (Figure S1), which 123 

showed positive correlations, indicating that larger values in one variable are generally associated with 124 

larger values in the others, which aligns with the expectations (i.e. larger dimensions typically contribute 125 

to a greater particle mass). Correlations were non-negligible, suggesting that the statistical dependence 126 

among mass and size variables must be explicitly accounted for in the statistical modelling process. 127 

For each River-OSPAR category, we next model the joint probability distribution using empirical 128 

copulas (Salvadori and De Michele 2007), a tool which enables the separate modelling of the 129 

dependence (correlation) structure among multiple random variables. 130 

We generated a synthetic dataset by aggregating item counts reported from each of the 14 investigations 131 

in Table 1. In these studies, the authors provide the total number of litter and River-OSPAR ID of each 132 

item. For each site, we created a dataset of 𝑁 = 10$; which is large enough to be statistically meaningful. 133 

Take Nguyen and Bui (2023) as an example: the study found that 12.34% of litter in the Saigon River 134 

consisted of Plastic bags (e.g., shopping bags) (River-OSPAR ID = 2). Accordingly, this study 135 

contributes 1,234 synthetic items with River-OSPAR ID = 2. For each of these 1,234 synthetic elements, 136 

we assign 𝑀, 𝐿! and 𝐿# by randomly drawing from the corresponding category from de Lange et al. 137 

(2023), following the observed distribution. For certain River-OSPAR categories, no objects were found 138 

in the de Lange dataset. In these cases, it was not possible to apply this category-based procedure. Then, 139 

we use the all-categories distribution. 140 



2.4 Completing volume and shortest dimension  141 

The mass of an object is related to the density and the volume by 𝑀 = 𝜌𝑉(𝐿!, 𝐿#, 𝐿"). We nonetheless 142 

lack prior information on the density of individual plastic litter items from the original studies. To 143 

address this, we adopted a statistical modelling approach. We first treat density as a random variable by 144 

assigning a triangular symmetric distribution using the ranges of Table 2 for each River-OSPAR ID, 145 

based on Kooi & Koelmans, (2019) and Russell et al., (2023). This is transferred to the volume through 146 

𝑉 = 𝑀/𝜌 . 147 

However, in some cases, the measured volume of the item does not correspond directly to the polymer 148 

material volume. A typical example is beverage bottles > 0.5 L (River-OSPAR ID = 4.1), where the PET 149 

polymer makes up only about 2% of the object’s total volume. For such categories, the volume of the 150 

object would be incorrect. To address this, we instead calculated effective density ranges (defined as the 151 

mass of the item divided by its total measured volume, which includes voids). This adjustment was 152 

applied to categories where the polymer density does not represent the bulk density of the object, which 153 

included plastic bottles, metal beverage cans, glass bottles, plastic cups and straws. 154 

We next modelled the volume term 𝑉 = 𝑘𝐿!𝐿#𝐿", as a random function where 𝑘 is an unknown 155 

parameter, based on the shape. As litter items can be found in a large diversity of shapes, we assigned a 156 

shape selected at random from a set of common geometric approximation: cuboid (𝑘 = 1), ellipsoid 157 

(𝑘 = 𝜋/6	), elliptical cylinder (𝑘 = 𝜋/4	),  triangular prism (𝑘 = 1/2),  elliptical cone (𝑘 = 𝜋/12	),  158 

tetrahedron (𝑘 = 1/6),  rectangular pyramid (𝑘 = 1/3), elliptical pyramid (𝑘 = 𝜋/12	), and wedge 159 

(𝑘 = 1/2). Under these assumptions, it is possible to estimate the unmeasured third dimension, 𝐿" =160 

𝑉/𝑘𝐿!𝐿#.  161 

By estimating the shortest dimension (𝐿") of each litter item, we can infer key shape parameters. For 162 

every litter item in the synthetic dataset, the elongation (𝐸𝐿 = 𝐿#/𝐿!) and flatness (𝐹𝐿 = 𝐿"/𝐿#) ratios 163 

were calculated, as well as Corey shape factor (Corey et al. 1949) (𝐶𝑆𝐹 = 	𝐿"/;𝐿!𝐿#). These shape 164 

descriptors enable a detailed characterisation of the size and shape of litter items based on their 165 

dimensions and geometric approximations and have been used previously to define sediment (Corey et 166 



al. 1949; Dietrich 1982; Cattapan et al. 2024) and plastic transport formulae (Waldschläger and 167 

Schüttrumpf 2019; Yu et al. 2022; Dittmar et al. 2024).  168 

3 Results 169 

3.1 The most persistent litter items in river environments 170 

The meta-analysis covers a total of 34,296 and 204,994 litter items in rivers and riverbanks, respectively. 171 

Figure 1 shows the top 25 most persistent River-OSPAR items, separated by their study area (river or 172 

riverbank), and coloured by their material composition.  173 

  174 

Figure 1. Top 25 most persistent River-OSPAR items in A) rivers (𝑁	= 34,296 items) and B) on riverbanks (𝑁 = 175 

204,994 items), separated by their study area (river or riverbank) and coloured by their material composition.    176 

 177 

The top 25 items shown in Figure 1 represent 80% of the most persistent litter items found in riverine 178 

systems. The data reveals distinct differences in the composition of litter found between rivers and 179 



riverbanks. In rivers, soft plastic pieces/films 0.5–2.5 cm (River-OSPAR ID 117.2) (23%), soft plastic 180 

pieces/films 2.5–50 cm (River-OSPAR ID 46.2) (15%) and candy, snack and crisps packaging (River-181 

OSPAR ID 19) (8%) were the most commonly identified items. Over half the litter items identified in 182 

rivers were composed of PO soft plastic (54%), with a material density close to that of water 183 

(𝜌 = 0.89 – 0.98 g/cm³). In contrast, on riverbanks the most common items were foam plastic pieces 184 

2.5–50 cm (River-OSPAR ID 46.3) (9%) and foam plastic pieces 0.5–2.5 cm (River-OSPAR ID 117.3) 185 

(8%). These materials are composed of highly-buoyant EPS (𝜌 = 0.01 – 0.04 g/cm³) and were 186 

predominantly found on riverbanks and less frequently in water samples. Similarly, very dense litter 187 

such as glass and metal items (𝜌 > 2 g/cm³), were commonly collected from riverbanks but almost absent 188 

from river water samples. 189 

Differences in litter composition between river and riverbanks can be attributed to differences in 190 

hydrodynamic between river compartments. In rivers, litter is transported from upstream sources, while 191 

on riverbanks, litter is introduced either through direct human activity or via overbank flooding events 192 

that occur a few times each year. Unlike in rivers, where continuous transport likely occurs, litter 193 

deposited on a riverbank, typically remains stationary until it is re-mobilised by another high-flow event. 194 

The likelihood of different types of litter being deposited on riverbanks during high-flow events depends 195 

largely on their buoyancy. Highly buoyant items, such as EPS, which float on the water surface are more 196 

likely to be deposited on the banks and retained by vegetation as water levels recede. In contrast, litter 197 

with a density closer to that of water, such as PO soft litter, are more likely to be submerged and mix 198 

within the active channel, making them less likely to be deposited on riverbanks. 199 

Alternatively, differences in litter composition can arise from the sampling methodology. Most in-stream 200 

river litter collections from the meta-analysis (Table 1) have focused on sampling the surface or 201 

suspended layers of the river. For instance, six studies sampling the surface layer, which hold a bias for 202 

buoyant items or items that are hydrophobic, stabilised by surface tension (Valero et al. 2022). Four 203 

studies sampled the suspended layer, capturing items whose transport is governed by turbulence, and 204 

only three studies targeted the near-bed region (5 – 10 cm above the riverbed). Notably, none of the 205 

studies in this meta-analysis employing the River-OSPAR litter categories conducted direct sampling of 206 

the riverbed or sediments, where dense materials such as glass and metal would be transported as 207 



bedload or deposited in the riverbed. Consequently, reported riverine litter compositions may be biased 208 

toward floating and suspended materials, underestimating the contribution of high-density items 209 

deposited in sediments or transported as bedload. 210 

3.2 Size distributions of litter in rivers 211 

Figure 2A-C presents Kernel Density Estimation (KDE) plots of the longest (𝐿!), intermediate (𝐿#), and 212 

shortest (𝐿") dimensions, of the top 25 River-OSPAR items, ranked by their prevalence in rivers. 213 

Figure 2D shows the predicted transport modes of each litter item in rivers (bed, suspended and surface 214 

load) based on their intrinsic material density, presented in Table 2. Data presented in Figure 2 and from 215 

this point onwards, correspond to the dataset described in Section 2.3 and 2.4, which is available at Lofty 216 

(2025). KDE plots of each River-OSPAR litter category’s volume, mass and density are available in 217 

Figure S2. 218 

 219 



Figure 2. KDE plots for the top 25 most common River-OSPAR litter A) longest (𝐿!), B) intermediate (𝐿") and C) shortest 220 

(𝐿#) dimensions, as well as each item’s predicted transport modes in rivers - bed load (𝑏𝑒𝑑), suspended load (𝑠𝑢𝑠) or surface 221 

load (𝑠𝑢𝑟𝑓) - based on their intrinsic density (Table 2). Litter items are ranked by their prevalence in rivers (Figure 1) and 222 

coloured by their material composition. 223 

We begin with a qualitative inspection of the results obtained from the built dataset to support the validity 224 

of the proposed approach. Consider, for example, a River-OSPAR category with which we are familiar 225 

— candy, snack, and crisp packaging. The median values of 𝐿!	and 𝐿# are on the order of 10 cm, while 226 

𝐿" is on the order of 0.01 mm, aligning with our expectations of such category and consistent with the 227 

typical thickness of food wrapping materials (approximately 0.05 - 0.12 mm). For completeness, CDF’s 228 

and statistical comparisons of the 𝐿! dimensions of the top 25 litter items between the full dataset and 229 

measured litter items reported by de Lange et al., (2023) are available in Figure S3. 230 

Across the top 25 River-OSPAR litter categories, the longest dimension (𝐿!) typically ranges from 1 to 231 

50 cm, with 60 % of all items measuring between 1 and 5 cm. The intermediate dimension (𝐿#) is 232 

generally one order of magnitude smaller, ranging from approximately 0.1 to 10 cm, with exceptions 233 

observed for small and large plastic bags. While the long and intermediate dimensions generally span 234 

two orders of magnitude, the shortest dimension exhibits the greatest variability—spanning up to three 235 

orders of magnitude and typically ranging from 0.01 to 10 cm. 98% of top 25 River-OSPAR litter items 236 

have longest dimension > 1 cm suggesting that the majority can be classed as macrolitter, as defined by 237 

Hartmann et al. (2019). 238 

The variability in object sizes differs significantly across River-OSPAR categories. Litter items with a 239 

highly standardized geometry and size, such as cigarette filters and plastic bottles, exhibit a very narrow 240 

size distribution, while litter items with a consistent geometry, but a range of possible sizes, such as 241 

plastic cups, present a broader distribution with a clear peak around the median value. On the other hand, 242 

some categories group together less well-defined items—such as those labelled “other plastics.” In these 243 

cases, the variability is much higher, and the resulting distribution is considerably broader, reflecting the 244 

heterogeneity of the objects within the category. 245 

3.3 Shape distribution of litter in rivers 246 



Figure 3 plots the average elongation (𝐸𝐿) and flatness (𝐹𝐿) ratios of the top 25 litter items found in 247 

rivers and on riverbanks. Figure 3 represents the bivariate KDE map for the plastic frequency based on 248 

elongation and flatness across the synthetic dataset, while marginal KDE plots for elongation and 249 

flatness are shown above and to the right of the main plot. Dashed lines in Figure 3 delineate the 250 

boundaries between different shape categories: spheres (EL > 0.66, FL > 0.66), rods (EL < 0.66, FL > 251 

0.66), disks (EL > 0.66, FL < 0.66), and blades (EL < 0.66, FL < 0.66) - following the shape 252 

classifications proposed by Zingg (1935) and adapted by Russell et al. (2025) for litter items. Spherically 253 

shaped particles have all three axes of similar length (i.e. 𝐿! =	𝐿# = 𝐿"). Disk-shaped particles have 254 

two equal longer axes and one shorter axis (i.e. 𝐿! = 𝐿# ≠ 𝐿"). Rod-shaped particles have one longer 255 

axis with the other two equal shorter axes (i.e. 𝐿! ≠ 𝐿# = 𝐿"). Blade-shaped particles have all three axes 256 

of different lengths (i.e. 𝐿! ≠ 𝐿# ≠ 𝐿"). KDE distributions for	𝐸𝐿, 𝐹𝐿 and the CSF each River-OSPAR 257 

category is available in Figure S4, while bivariate KDE maps each River-OSPAR category are available 258 

in Figure S5. 259 

 260 

  261 



Figure 3. Geometric elongation (𝐸𝐿) and flatness (𝐹𝐿) ratio for the top 25 litter items found in rivers and on 262 

riverbanks. Markers indicate the average geometrical parameter, with horizontal and vertical lines representing 263 

the interquartile range (25th – 75th percentiles). The face colour of each marker indicates the material composition 264 

(Table 2), while the edge colour indicates whether the item is flexible (red) or rigid (blue). The colormap shows 265 

the bivariate KDE map for the synthetic dataset, with colour intensity indicating low (light) to high (dark) 266 

occurrences. Marginal KDE are also included for 𝐸𝑙 and 𝐹𝑙 ratios 267 

From Figure 3, it is evident that the majority of litter items found in rivers and on riverbanks are flat 2D 268 

objects, with a longest dimension (𝐿!) that is approximately double the size of the intermediate 269 

dimension (𝐿#), with significantly smaller third dimension (𝐿"). This is indicated by a high-density 270 

region at 𝐹𝐿 < 0.2, and at 𝐸𝐿 between 0.4 – 0.8. Specifically, 50% of the top 25 River-OSPAR items 271 

have a 𝐹𝐿 value of < 0.2. The marginal 𝐹𝐿 KDE peaks at 𝐹𝐿 ≈ 0.05, while the KDE of 𝐸𝐿 appears 272 

approximately uniform, suggesting that the ratio between the 𝐿# and 𝐿! is distributed evenly. 70% of 273 

litter items appear to be rigid, while the majority of flexible litter items tend to be flat in shape with a 274 

𝐹𝐿 value < 0.1.  275 

Most OSPAR items can be classified as either blade- (𝐸𝐿 < 0.66, 𝐹𝐿 < 0.66) or disk-shaped items (𝐸𝐿 276 

> 0.66, 𝐹𝐿 < 0.66). Notably, no River-OSPAR items within the top 25 have geometries that are spherical- 277 

(EL > 0.66, FL > 0.66) or rod- shaped (EL < 0.66, FL > 0.66). Five distinct regions can be identified in 278 

Figure 3 (delineated as boxes), in which litter items cluster in similar geometries. Some items exhibit a 279 

more three-dimensional rigid geometry (3D), with 𝐸𝐿	≈ 0.6 and 𝐹𝐿	≈ 0.5, meaning that the intermediate 280 

dimension is half the length of the longest, and the shortest is half of the intermediate. Within this 281 

category includes polystyrene foam pieces, polystyrene food packaging, metal beverage cans, and 282 

plastic cups. 283 

Other items exhibit a more two-dimensional geometry – where their long and intermediate axes are 284 

approximately half the size as each other (𝐸𝐿 ≈ 0.6), while the shortest axis is significantly smaller. 285 

These items can be further subdivided into two groups: thick two-dimensional rigid objects (2D thick), 286 

such as plastic bottle caps, with 𝐹𝐿 ratio between 0.1 – 0.4, and thin, flexible, two-dimensional objects 287 

(2D thin) with 𝐹𝐿 < 0.1, such as candy, snack and crisp packaging. 288 



Finally, some litter items present a one-dimensional geometry, where the shortest dimension is about 289 

half the size as the intermediate dimension (𝐹𝐿 ≈ 0.6), while the long dimension is significantly larger. 290 

Similarly, these objects can be subdivided into two groups: short, rigid one-dimensional items (1D 291 

short), with 𝐸𝐿 ≈ 0.4, such as cigarette filters and long one-dimensional items (1D long), with 𝐸𝐿 < 0.1, 292 

such as plastic straws. Other examples for 1D short items include beverage bottles, while examples for 293 

1D long items include ropes, chord and cotton swabs. 294 

4 Discussion 295 

The identification of the top 25 most persistent River-OSPAR litter items, along with their dimensions 296 

and geometry distributions, offers a clear and empirically grounded basis for prioritising what litter items 297 

needs to be monitored effectively. The dominance of flat, 2D shaped macrolitter, highlights the need for 298 

protocols that are capable of effectively quantifying these plastics in rivers. Current, visual based 299 

monitoring of surface litter items using volunteers counting from bridges (González-Fernández and 300 

Hanke 2017; van Emmerik et al. 2018), UAVs (Geraeds et al. 2019) or cameras (Kataoka and Nihei 301 

2020; Pinson and Vollering 2025) state they have a reliable detection limit for items between 2.5 and 5 302 

cm. Based on this analysis, 34 % of litter items have an 𝐿! < 2.5 cm, meaning that potentially more than 303 

a third of litter may go undetected using these visual-based protocols. Therefore, water column 304 

monitoring methods capable of detecting small plastics (< 2.5 cm) such as net-based sampling 305 

(Liedermann et al. 2018; Oswald et al. 2023; Vriend et al. 2023; Oswald et al. 2025) or emerging 306 

techniques such as sonar (Flores et al., 2022) and echo sounding (Broere et al. 2021), may be more 307 

favoured for quantifying the litter items identified in this study. 308 

The new completed dataset presented in this study (Lofty 2025) may also be used as an input for the 309 

numerical modelling of plastic transport in aquatic environments, for instance, into population balance 310 

models introduced by (Shettigar et al. 2024). The results indicate that plastic transport models should 311 

largely prioritise the dynamics of flat-shaped litter items, rather than adapting traditional sediment 312 

transport frameworks, which are typically calibrated for near-spherical particles. For such plastics, their 313 

drag coefficient may vary significantly even at equivalent Reynolds numbers (Kramer et al. 2021).  314 



To date, many laboratory and field experiments have focused on litter items represented by 3D 315 

geometries—such cups (Valero et al. 2022; Lofty et al. 2024a), bottles (Liro et al. 2024; Liro et al. 2025) 316 

and rigid items (Russell et al. 2023; Lofty et al. 2024b; Przyborowski et al. 2024). However, these 317 

geometries are not commonly observed in river systems (Figure 4). Therefore, future experimental work 318 

should refocus on realistic particle geometries, which is essential for the development of representative 319 

transport processes and for the calibration and validation of hydrodynamic models. 320 

Finally, knowledge of the physical characteristics of dominant litter items should also inform the design 321 

and optimisation of clean-up technologies, such as floating booms (Blettler et al. 2023), barriers (Pinson 322 

and Vollering 2025), interceptors (The Ocean Cleanup 2025; Toe et al. 2025), racks (Honingh et al. 323 

2020) and traps (Gasperi et al. 2014). These technologies should be designed with suitable grid or mesh 324 

sizes or positioned in the river to target these most frequently observed items. 325 

5 Conclusions 326 

In this work, we present the top 25 most persistent River-OSPAR indexed litter items found in river and 327 

on riverbanks and generate distributions of their principal dimensions and geometries. This is conducted 328 

by employing a meta-analysis of the relative occurrence of 239,290 litter items from rivers and 329 

riverbanks across Europe, Central America, Africa and Asia, as well as a dataset from de Lange et al., 330 

(2023), which provides mass, and longest and intermediate dimensions for 14,052 litter items collected 331 

from riverbanks. Applying copula-based statistical modelling, we are able to complete a large dataset 332 

with key physical properties capturing the joint distribution of mass and principal dimensions for each 333 

River-OSPAR item. This approach enabled us to estimate the unmeasured third dimension of each item 334 

and derive shape descriptors, such as elongation, flatness and CSF, enabling insight into the geometries 335 

of the most common river litter. 336 

The results reveal that only 25 River-OSPAR litter categories cover 80% of all litter items in rivers and 337 

riverbanks, with the most prominent being soft plastic pieces/films (River-OSPAR ID 117.2 & 46.2) and 338 

candy, snack and crisps packaging (River-OSPAR ID 19). Buoyant, flat-shaped macrolitter items 339 

dominate the physical properties of the top 25 litter items. Specifically, 48% of the top 25 litter items 340 

share similar geometric properties; they have a longest dimension of between 1 and 10 cm, a flatness 341 



ratio of < 0.4 and an elongation ratio of any value between 0 and 1. In practice, these are flat objects 342 

with two larger dimensions and a third that is at least one order of magnitude smaller. These shapes are 343 

distinct from those of natural sediments or microplastics and may have significant implications for their 344 

transport and fate in rivers. The generated dataset provides a physically realistic and statistically robust 345 

foundation for prioritising litter types, geometries, and dimensions that should be targeted to improve 346 

plastic monitoring strategies, enhance physics-based transport models, and guide the design of clean-up 347 

technologies – shifting the focus towards more realistic geometries and materials to better replicate real-348 

world river litter 349 

Funding 350 

JL – Alexander von Humboldt Foundation Research Fellowship  351 

DR – Deutsche Forschungsgemeinschaft (DFG) - Project number 544497445 (InMoBed: Inception of 352 
Movement and Bedload in MacroPlastics) 353 

References 354 

Ballerini, T., Chaudon, N., Fournier, M., Coulomb, J.P., Dumontet, B., Matuszak, E. and 355 
Poncet, J. 2022. Plastic pollution on Durance riverbank: First quantification and possible 356 
environmental measures to reduce it. Frontiers in Sustainability 3, p. 866982. Available at: 357 
https://www.fleuve-sans-plastique.fr/. 358 

Bardenas, V., Dy, M.N., Ondap, S.L. and Fornis, R. 2023. Exploring factors driving 359 
macroplastic emissions of Mahiga Creek, Cebu, Philippines to the estuary. Marine Pollution 360 
Bulletin 193, p. 115197. Available at: 361 
https://linkinghub.elsevier.com/retrieve/pii/S0025326X23006306. 362 

Beaumont, N.J. et al. 2019. Global ecological, social and economic impacts of marine plastic. 363 
Marine Pollution Bulletin 142, pp. 189–195. Available at: 364 
https://www.sciencedirect.com/science/article/pii/S0025326X19302061. 365 

Blettler, M.C.M. et al. 2023. The challenge of reducing macroplastic pollution: Testing the 366 
effectiveness of a river boom under real environmental conditions. Science of the Total 367 
Environment 870. doi: 10.1016/j.scitotenv.2023.161941. 368 

Broere, S., van Emmerik, T., González-Fernández, D., Luxemburg, W., de Schipper, M., 369 
Cózar, A. and van de Giesen, N. 2021. Towards Underwater Macroplastic Monitoring Using 370 
Echo Sounding. Frontiers in Earth Science 9, p. 628704. Available at: www.frontiersin.org. 371 

Cattapan, A., Gurini, A., Paron, P., Ballio, F. and Franca, M.J. 2024. A method for 372 
segmentation of pebble images in the presence of shadows. Earth Surface Processes and 373 
Landforms 49(15), pp. 5202–5212. Available at: /doi/pdf/10.1002/esp.6027. 374 



Corey, A.T., Albertson, M.L., Fults, J.L., Rollins, R.L., Gardner, R.A., Klinger, B. and Bock, 375 
R.O. 1949. Influence of shape on the fall velocity of sand grains. Available at: 376 
https://mountainscholar.org/handle/10217/195976. 377 

Dietrich, W.E. 1982. Settling velocity of natural particles. Water Resources Research 18(6), 378 
pp. 1615–1626. Available at: 379 
https://onlinelibrary.wiley.com/doi/full/10.1029/WR018i006p01615. 380 

Dittmar, S., Ruhl, A.S., Altmann, K. and Jekel, M. 2024. Settling Velocities of Small 381 
Microplastic Fragments and Fibers. Environmental Science and Technology 58(14), pp. 6359–382 
6369. Available at: /doi/pdf/10.1021/acs.est.3c09602?ref=article_openPDF. 383 

van Emmerik, T. et al. 2018. A Methodology to Characterize Riverine Macroplastic Emission 384 
Into the Ocean. Frontiers in Marine Science 5. Available at: 385 
https://www.frontiersin.org/article/10.3389/fmars.2018.00372/full. 386 

van Emmerik, T. et al. 2020a. Crowd-Based Observations of Riverine Macroplastic Pollution. 387 
Frontiers in Earth Science 8, p. 534420. Available at: www.frontiersin.org. 388 

van Emmerik, T., Roebroek, C., de Winter, W., Vriend, P., Boonstra, M. and Hougee, M. 389 
2020b. Riverbank macrolitter in the Dutch Rhine–Meuse delta. Environmental Research 390 
Letters 15(10), p. 104087. Available at: https://iopscience.iop.org/article/10.1088/1748-391 
9326/abb2c6. 392 

van Emmerik, T. and Schwarz, A. 2020. Plastic debris in rivers. WIREs Water 7(1). Available 393 
at: https://wires.onlinelibrary.wiley.com/doi/10.1002/wat2.1398. 394 

van Emmerik, T., Vriend, P. and Roebroek, J. 2020c. An evaluation of the River-OSPAR 395 
method for quantifying macrolitter on Dutch riverbanks. Available at: 396 
https://research.wur.nl/en/publications/c6b4572c-f38b-4a41-9728-f75e47b86492. 397 

European Commission 2019. Single-use plastics - European Commission. Available at: 398 
https://environment.ec.europa.eu/topics/plastics/single-use-plastics_en. 399 

Flores, N.Y., Oswald, S.B., Leuven, R.S.E.W. and Collas, F.P.L. 2022. Underwater 400 
Macroplastic Detection Using Imaging Sonars. Frontiers in Environmental Science 10, p. 401 
875917. Available at: www.frontiersin.org. 402 

Gasperi, J., Dris, R., Bonin, T., Rocher, V. and Tassin, B. 2014. Assessment of floating plastic 403 
debris in surface water along the Seine River. Environmental Pollution 195, pp. 163–166. 404 
Available at: 405 
https://www.sciencedirect.com/science/article/pii/S0269749114003807?casa_token=q0Afp1V406 
rYQgAAAAA:79XZ3NrGx4hJnyKwj88ci1Cqx4MYyFgzxLQWMAMA8kzGAeBvCTJLBb407 
GKpT8R2YisyAu4t99qNg. 408 

Geraeds, M., van Emmerik, T., de Vries, R. and bin Ab Razak, M.S. 2019. Riverine Plastic 409 
Litter Monitoring Using Unmanned Aerial Vehicles (UAVs). Remote Sensing 2019, Vol. 11, 410 
Page 2045 11(17), p. 2045. Available at: https://www.mdpi.com/2072-4292/11/17/2045/htm. 411 



González-Fernández, D. et al. 2021. Floating macrolitter leaked from Europe into the ocean. 412 
Nature Sustainability 4, pp. 474–483. doi: 10.1038/s41893-021-00722-6. 413 

González-Fernández, D. and Hanke, G. 2017. Toward a harmonized approach for monitoring 414 
of riverine floating macro litter inputs to the marine environment. Frontiers in Marine Science 415 
4(MAR), p. 245955. doi: 10.3389/FMARS.2017.00086/BIBTEX. 416 

González-Fernández, D., Roebroek, C.T.J., Laufkötter, C., Cózar, A. and van Emmerik, 417 
T.H.M. 2023. Diverging estimates of river plastic input to the ocean. Nature Reviews Earth & 418 
Environment 2023 4:7 4(7), pp. 424–426. Available at: 419 
https://www.nature.com/articles/s43017-023-00448-3. 420 

Hartmann, N.B. et al. 2019. Are We Speaking the Same Language? Recommendations for a 421 
Definition and Categorization Framework for Plastic Debris. Environmental Science & 422 
Technology 53(3), pp. 1039–1047. Available at: 423 
https://pubs.acs.org/doi/10.1021/acs.est.8b05297. 424 

Honingh, D., van Emmerik, T., Uijttewaal, W., Kardhana, H., Hoes, O. and van de Giesen, N. 425 
2020. Urban River Water Level Increase Through Plastic Waste Accumulation at a Rack 426 
Structure. Frontiers in Earth Science 8. doi: 10.3389/feart.2020.00028. 427 

Kataoka, T. and Nihei, Y. 2020. Quantification of floating riverine macro-debris transport 428 
using an image processing approach. Scientific Reports 2020 10:1 10(1), pp. 1–11. Available 429 
at: https://www.nature.com/articles/s41598-020-59201-1. 430 

Kooi, M. and Koelmans, A.A. 2019. Simplifying Microplastic via Continuous Probability 431 
Distributions for Size, Shape, and Density. Environmental Science & Technology Letters 6(9), 432 
pp. 551–557. Available at: https://doi.org/10.1021/acs.estlett.9b00379. 433 

Kramer, O.J.I. et al. 2021. Can terminal settling velocity and drag of natural particles in water 434 
ever be predicted accurately? Drinking Water Engineering and Science 14(1), pp. 53–71. doi: 435 
10.5194/DWES-14-53-2021,. 436 

Krause, S. et al. 2024. The potential of micro- and nanoplastics to exacerbate the health 437 
impacts and global burden of non-communicable diseases. Cell Reports Medicine , p. 101581. 438 
Available at: https://doi.org/10.1016/j.xcrm.2024.101581. 439 

de Lange, S.I. et al. 2023. Sample size requirements for riverbank macrolitter 440 
characterization. Frontiers in Water 4. Available at: 441 
https://www.frontiersin.org/articles/10.3389/frwa.2022.1085285/full. 442 

Liedermann, M., Gmeiner, P., Pessenlehner, S., Haimann, M., Hohenblum, P. and Habersack, 443 
H. 2018. A Methodology for Measuring Microplastic Transport in Large or Medium Rivers. 444 
Water 10(4), p. 414. Available at: https://www.mdpi.com/2073-4441/10/4/414. 445 

Liro, M., Mikuś, P. and Zielonka, A. 2025. Field experiment confirms high macroplastic 446 
trapping efficiency of wood jams in a mountain river channel. Scientific Reports 15(1). doi: 447 
10.1038/S41598-025-87147-9. 448 



Liro, M., Zielonka, A. and Mikuś, P. 2024. First attempt to measure macroplastic 449 
fragmentation in rivers. Environment International 191, p. 108935. Available at: 450 
https://www.sciencedirect.com/science/article/pii/S016041202400521X. 451 

Lofty, J. 2025. JamesLofty/River_OSPAR_Plastics_Dataset: version 2. Available at: 452 
https://zenodo.org/records/17140993. 453 

Lofty, J., Valero, D., Moreno-Rodenas, A., Belay, B.S., Wilson, C., Ouro, P. and Franca, M.J. 454 
2024a. On the vertical structure of non-buoyant plastics in turbulent transport. Water Research 455 
254, p. 121306. doi: 10.1016/J.WATRES.2024.121306. 456 

Lofty, J., Wilson, C. and Ouro, P. 2024b. Biofouling changes the settling dynamics of 457 
macroplastic plates. Communications Earth & Environment 5(1), p. 750. doi: 458 
10.1038/s43247-024-01922-6. 459 

MacLeod, M., Arp, H.P.H., Tekman, M.B. and Jahnke, A. 2021. The global threat from plastic 460 
pollution. Science 373(6550), pp. 61–65. Available at: 461 
https://www.science.org/doi/10.1126/science.abg5433. 462 

Nguyen, K.L.P. and Bui, T.-K.L. 2023. Riverbank macro-litters monitoring in downstream of 463 
Saigon river, Ho Chi Minh City. Case Studies in Chemical and Environmental Engineering 7, 464 
p. 100306. Available at: https://linkinghub.elsevier.com/retrieve/pii/S2666016423000117. 465 

OSPAR Commission 2020. Guideline for monitoring marine litter on the beaches in the 466 
OSPAR maritime area. London. 467 

Oswald, S.B., Ragas, A.M.J., Schoor, M.M. and Collas, F.P.L. 2023. Quantification and 468 
characterization of macro- and mesoplastic items in the water column of the river Waal. 469 
Science of The Total Environment 877, p. 162827. Available at: 470 
https://linkinghub.elsevier.com/retrieve/pii/S0048969723014432. 471 

Oswald, S.B., Ragas, A.M.J., Schoor, M.M. and Collas, F.P.L. 2025. Plastic transport in 472 
rivers: Bridging the gap between surface and water column. Water Research 269, p. 122768. 473 
Available at: https://linkinghub.elsevier.com/retrieve/pii/S0043135424016671. 474 

Pinson, S. and Vollering, A. 2025. Proof of concept for a global semi-autonomous river plastic 475 
monitoring system. Available at: https://www.researchsquare.com/article/rs-7263232/v1. 476 

Pinto, R.B., Bogerd, L., van der Ploeg, M., Duah, K., Uijlenhoet, R. and van Emmerik, 477 
T.H.M. 2024. Catchment scale assessment of macroplastic pollution in the Odaw river, 478 
Ghana. Marine Pollution Bulletin 198, p. 115813. doi: 479 
10.1016/J.MARPOLBUL.2023.115813. 480 

Przyborowski, Ł., Cuban, Z., Łoboda, A., Robakiewicz, M., Biegowski, S. and Kolerski, T. 481 
2024. The effect of groyne field on trapping macroplastic. Preliminary results from laboratory 482 
experiments. Science of The Total Environment 921, p. 171184. Available at: 483 
https://www.sciencedirect.com/science/article/pii/S0048969724013238. 484 

Russell, C.E., Fernández, R., Parsons, D.R. and Gabbott, S.E. 2023. Plastic pollution in 485 
riverbeds fundamentally affects natural sand transport processes. Communications Earth & 486 



Environment 2023 4:1 4(1), pp. 1–10. Available at: https://www.nature.com/articles/s43247-487 
023-00820-7. 488 

Russell, C.E., Pohl, F. and Fernández, R. 2025. Plastic as a Sediment – A universal and 489 
objective practical solution to growing ambiguity in plastic litter classification schemes. 490 
Earth-Science Reviews 261, p. 104994. Available at: 491 
https://linkinghub.elsevier.com/retrieve/pii/S0012825224003222. 492 

Salvadori, G. and De Michele, C. 2007. On the Use of Copulas in Hydrology: Theory and 493 
Practice. Journal of Hydrologic Engineering 12(4), pp. 369–380. Available at: 494 
/doi/pdf/10.1061/%28ASCE%291084-495 
0699%282007%2912%3A4%28369%29?download=true. 496 

Shettigar, N.A., Bi, Q. and Toorman, E. 2024. Assimilating Size Diversity: Population 497 
Balance Equations Applied to the Modeling of Microplastic Transport. Environmental Science 498 
& Technology 58(36), pp. 16112–16120. Available at: 499 
https://pubs.acs.org/doi/abs/10.1021/acs.est.4c02223. 500 

Silburn, B. et al. 2023. A baseline study of macro, meso and micro litter in the Belize River 501 
basin, from catchment to coast. Bellas, J. ed. ICES Journal of Marine Science 80(8), pp. 502 
2183–2196. Available at: https://academic.oup.com/icesjms/article/80/8/2183/6514214. 503 

Tasseron, P.F., van Emmerik, T.H.M., de Winter, W., Vriend, P. and van der Ploeg, M. 2024. 504 
Riverbank plastic distributions and how to sample them. Microplastics and Nanoplastics 4(1), 505 
p. 22. Available at: https://microplastics.springeropen.com/articles/10.1186/s43591-024-506 
00100-x. 507 

Tearfund 2023. The impact of plastic pollution on urban flooding events: Estimating the 508 
number of people impacted globally Tearfund Title Senior Consultant Signed Version control 509 
File name The impact of plastic pollution on flooding events Version Final Report. 510 

The Ocean Cleanup 2025. Donate • Help Fund the Cleanup • The Ocean Cleanup. Available 511 
at: 512 
https://theoceancleanup.com/donate/?utm_source=google&utm_medium=cpc&utm_campaig513 
n=PMax&utm_content=&utm_term=&gad_source=1&gad_campaignid=21932106423&gbrai514 
d=0AAAAADn-W3qEjZRbRvCexhfVbgGo-515 
lYlW&gclid=Cj0KCQjw4qHEBhCDARIsALYKFNO4CqFY1VD-516 
3pPGttCgBmQrc3NVPyB_1wqGUQLq0LMFA_OPx08koGwaAjEfEALw_wcB. 517 

Toe, C.Y., Uijttewaal, W. and Wüthrich, D. 2025. Stability of an Idealized Floating Carpet of 518 
Plastic Spheres in an Open Channel Flow. Journal of Hydraulic Engineering 151(4), p. 519 
04025010. Available at: /doi/pdf/10.1061/JHEND8.HYENG-14233?download=true. 520 

Tramoy, R., Blin, E., Poitou, I., Noûs, C., Tassin, B. and Gasperi, J. 2022. Riverine litter in a 521 
small urban river in Marseille, France: Plastic load and management challenges. Waste 522 
Management 140, pp. 154–163. Available at: 523 
https://linkinghub.elsevier.com/retrieve/pii/S0956053X22000162. 524 



Tramoy, R., Colasse, L., Gasperi, J. and Tassin, B. 2019. Plastic debris dataset on the Seine 525 
river banks: Plastic pellets, unidentified plastic fragments and plastic sticks are the Top 3 526 
items in a historical accumulation of plastics. Data in Brief 23, p. 103697. Available at: 527 
https://linkinghub.elsevier.com/retrieve/pii/S2352340919300460. 528 

UNEP 2025. Draft report of the intergovernmental negotiating committee to develop an 529 
international legally binding instrument on plastic pollution, including in the marine 530 
environment, on the work of its resumed fifth session. Geneva, Switzerland. Available at: 531 
https://resolutions.unep.org/incres/uploads/inc_5.2_report.pdf. 532 

UNFCC 2022. What is the Triple Planetary Crisis? | UNFCCC. Available at: 533 
https://unfccc.int/news/what-is-the-triple-planetary-crisis. 534 

Valero, D., Belay, B.S., Moreno-Rodenas, A., Kramer, M. and Franca, M.J. 2022. The key 535 
role of surface tension in the transport and quantification of plastic pollution in rivers. Water 536 
Research 226, p. 119078. Available at: https://doi.org/10.1016/j.watres.2022.119078. 537 

Vriend, P., Schoor, M., Rus, M., Oswald, S.B. and Collas, F.P.L. 2023. Macroplastic 538 
concentrations in the water column of the river Rhine increase with higher discharge. Science 539 
of The Total Environment 900, p. 165716. doi: 10.1016/J.SCITOTENV.2023.165716. 540 

Waldschläger, K. et al. 2022. Learning from natural sediments to tackle microplastics 541 
challenges: A multidisciplinary perspective. Earth-Science Reviews 228, p. 104021. Available 542 
at: https://linkinghub.elsevier.com/retrieve/pii/S0012825222001052. 543 

Waldschläger, K. and Schüttrumpf, H. 2019. Effects of Particle Properties on the Settling and 544 
Rise Velocities of Microplastics in Freshwater under Laboratory Conditions. Environmental 545 
Science and Technology 53(4), pp. 1958–1966. Available at: 546 
https://pubs.acs.org/doi/full/10.1021/acs.est.8b06794. 547 

Yu, Z., Yang, G. and Zhang, W. 2022. A new model for the terminal settling velocity of 548 
microplastics. Marine Pollution Bulletin 176, p. 113449. Available at: 549 
https://www.sciencedirect.com/science/article/pii/S0025326X2200131X. 550 

Zingg, T. 1935. Beitrag zur Schotteranalyse. 551 

  552 

 553 

 554 

 555 


