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A B S T R A C T

The relationship between river hydrology and microplastic (MP) pollution is complex: increased discharge does 
not always mobilize more MPs, but floods can effectively flush out MPs from river catchments. Climate change 
and water resource management further influence MP pollution and its fate by altering river hydro-sedimentary 
regimes. This review investigates the interconnected impacts of these factors from a comprehensive perspective, 
focusing on how they affect MP concentration in freshwater ecosystems, particularly in regulated rivers and 
associated reservoirs. Our review reveals a scarcity of studies that jointly analyze the interrelated issues of MP 
pollution, water resource management, and climate change. Key findings indicate that variations in river 
discharge significantly influence MP mobilization, mainly depending on catchment land use, channel 
morphology, position within the catchment, and MP characteristics. Reservoirs function as both sinks and 
sources of MPs, underscoring their complex role in MP dynamics and the need for sustainable sediment man
agement strategies. The increasing frequency of extreme weather events, driven by climate change, along with 
prolonged droughts intensified by water management practices, exacerbates MP pollution. These changes 
contribute to the local concentration of MPs, posing direct physical threats to aquatic organisms, particularly 
benthic species, through pollution and habitat alterations. Current policies on plastic pollution, water resources 
and climate change are underdeveloped, as these topics have been treated separately so far. In conclusion, this 
review provides perspectives on future research and policy directions to address challenges posed by MPs and to 
preserve rivers against multiple stressors.

1. Introduction

Freshwater ecosystems and their biodiversity are increasingly 
threatened by anthropogenic activities, particularly by water diversion 
and microplastic (MP, i.e., plastics with a dimention below 5 mm) 
pollution, which disrupt natural hydrological processes and introduce 
harmful contaminants into aquatic environments (Dudgeon, 2019).

Rivers play a pivotal role in the dynamics of plastic pollution, being 
the primary pathways for the 70–80% of the plastics found in marine 
ecosystems (Meijer et al., 2021; Wang et al., 2021). Lebreton et al. 
(2017) estimated that between 1.15 and 2.41 million tons of plastic 
waste enter the ocean from rivers each year. This estimate accounts for 
factors such as population density, rates of mismanaged plastic waste 

production per inhabitant, monthly catchment runoff, and presence of 
artificial barriers like dams and weirs. Despite this warning data, the 
impacts of MP pollution on riverine ecosystems remain understudied if 
compared to marine ecosystems (Bellasi et al., 2020; Cera et al., 2020). 
MPs in rivers mainly derive from sewage treatment plants, agricultural 
pollution, industrial wastewater, and personal care products (Galafassi 
et al., 2019; Windsor et al., 2019). The transport of MPs is significantly 
influenced by hydrological characteristics, storm events, and hydraulic 
conditions, in addition to their physical properties (Eo et al., 2019; 
Nizzetto et al., 2016). Moreover, reservoirs are prone to serve as either 
key vectors for MP transport or long-term MP storage, intercepting 65% 
of plastic waste before it reaches the ocean (Lebreton et al., 2017).

Humans have altered river hydro-sedimentary regimes and 
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connectivity through the construction of dams, reservoirs, and water- 
diversion schemes, leading to only 23% of the world’s 12 million kilo
meters of rivers longer than 1,000 km remaining free-flowing (Belletti 
et al., 2020; Lehner et al., 2011). Densely populated areas like Europe 
are significantly impacted by dams and reservoirs (Grill et al., 2019). 
Most of the 58,000 large dams (higher than 15 m) have been built in the 
last 60 years, storing one-sixth of the annual river flow into the ocean 
(ICOLD, 2023; Mulligan et al., 2020). Additionally, over 16 million 
smaller impoundments have increased the Earth’s freshwater surface by 
more than 7% (Lehner et al., 2011). Demand for food and energy is 
estimated to rise by 56% by 2040 and by 70% by 2050 and to address 
this, more dams will be necessary, particularly in low-income countries 
(Crist et al., 2017; Zarfl et al., 2015). This water overexploitation will 
further impact freshwater ecosystems and biodiversity (Grill et al., 
2019).

MP pollution has garnered considerable attention in recent years due 
to its pervasive presence in freshwater ecosystems. Previous reviews 
have tackled this issue from different perspectives: Alfonso et al. (2021)
discussed the role of hydrological processes in the transport and accu
mulation of MPs; other reviews have emphasized the interaction be
tween MP pollution and climate change, outlining how increasing 
temperatures and altered precipitation patterns exacerbate plastic 
transport and accumulation in aquatic environments (Haque and Fan, 
2023). However, most existing reviews did not comprehensively address 
the integrated roles of water management practices and climate changes 
in determining MP dynamics in freshwater ecosystems. While previous 
studies have focused on isolated aspects such as runoff or artificial 
barriers (Lebreton et al., 2017), there remains a significant gap in un
derstanding how reservoirs—often overlooked—serve as either sinks or 
sources of MPs. Furthermore, little has been done to examine the po
tential harmful effects of MP pollution on organisms living in rivers and 
reservoirs (i.e., biocoenosis) in the context of changing 
hydro-sedimentary regimes.

This review aims to shed light on these themes, focusing on the 
interrelated roles played by the current water management practices 
and climate changes on MP pollution in rivers and their biocoenoses. 
Understanding MP dynamics in freshwater ecosystems is essential for 
managing this pollution along with water resources and climate change.

2. Methodology

Bibliographic analysis was conducted from May 2023 to July 2024 
by searching the Web of Science (WoS) core database without temporal 
limitation. For each chapter the keywords listed in Table 1 were used.

From the pool of retrieved articles, those deemed most representa
tive and pertinent for each topic were considered. Moreover, relevant 
literature that is within the authors’ existing knowledge base has been 
incorporated in this review. We critically analyzed all the selected pa
pers to evaluate and discuss the topic of each chapter.

3. Relationship between microplastic pollution and river 
hydrology

The transport of plastics released in freshwater environments de
pends on several factors such as weather conditions and river hydrology. 
However, the expected positive relationship between precipitations, 
discharges, and plastic concentrations is not consistently observed. As 
reviewed in van Emmerik and Schwarz (2020), available studies on 
plastic transport mechanisms show contradictory results. Increased 
discharge may not always mobilize additional plastics, as seen in areas 
with aquatic vegetation. In other cases, higher discharge raises water 
level and flow velocity, which can either i) remobilize settled or accu
mulated plastics on riverbanks and hydraulic infrastructure, increasing 
plastic concentration, or ii) dilute plastic concentration in a specific 
location due to the increased water volume (van Emmerik et al., 2019). 
The complexity of the relationship between MP pollution and river hy
drology is further illustrated in Table 2, where study results show 
negative, positive, or no correlation depending on factors such as the 
geographical context, catchment land use and other factors discussed 
below.

3.1. Catchment land use

The significance of floods for plastic transport is highlighted by 
Hurley et al. (2018), who observed a 70% decrease in MPs in river 
sediments across the United Kingdom after heavy floods, concluding 
that MP contamination is effectively flushed from river catchments 
during flooding events. Accordingly, de Carvalho et al. (2021) reported 
that, regardless of the global flux of MPs, the level of MP pollution on the 
water surface decreases under high discharge conditions. By sampling 
14 sites across the Garonne River catchment (France), they found higher 
MP concentrations and smaller particle size during warm seasons with 
low discharge.

On the contrary, in the Ofanto River (Italy), MP concentrations were 
higher during wet periods and were positively correlated to water level 
and flow velocity. This indicates a land-based source, likely linked to 
waste from the surrounding agricultural areas (Campanale et al., 2020). 
Similarly, in rivers draining in the Los Angeles urban area (USA), micro 
and macroplastic densities were highest in samples collected in the wet 
season, in the middle of the channels and near the surface rather than in 
samples from the dry season and taken in the middle of the water col
umn, near the river bottom or the riverbank (Moore et al., 2011). 
Likewise, Faure et al. (2015) showed that rain events lead to an increase 
in plastic concentration from five (Venoge River, Switzerland) up to 150 
times (Vuachère River, Switzerland), with this latter being mainly fed by 
street runoff water. A common factor to all these studies is the presence 
of anthropized areas which act as plastic source during rainy events, 
making positive the relationship between river flow and plastic con
centration (Cesarini et al., 2023a, Fig. 1). Numerous studies found 
positive correlations between MP abundance and the size of industrial, 
residential and/or traffic areas in river catchments, and negative cor
relation with natural areas (Dendievel et al., 2023; He et al., 2020; Kunz 
et al., 2023). However, in certain cases, also non-point sources (i.e., 
agricultural areas or forested areas affected by atmospheric MP trans
port) can substantially influence MP concentration in freshwater sys
tems, especially if combined with point sources (Kabir et al., 2021).

3.2. Plastic features

To fully understand how MP pollution is linked to hydrology, it is 
important to consider MP characteristics (such as shape, size, and 
polymer composition), as their behavior under different hydrological 
conditions strictly depends on these factors (Fig. 1).

Baldwin et al. (2016) found in Great Lakes tributaries greater con
centrations of litter-related plastics (fragments, films, foams) and pel
lets/beads during runoff events while no association between fibers and 

Table 1 
List of keywords used for the bibliographic analysis in each chapter (from 3 to 7), 
and the amount of papers found and critically analyzed.

Chapter 
number

Keywords Paper 
amount

3 “microplastics” AND (“river hydrology” OR “river 
flow” OR “river discharge”)

63

4 “microplastics” AND “river” AND “reservoir” 136
5 “microplastics” AND “river” AND (“climate change” 

OR “extreme event”) OR (“microplastics” AND “river” 
AND “water management”)

27

6 “microplastics” AND “impact” AND (“river” OR 
“reservoir”) AND (“biota” OR “organism”)

44

7 “policy” AND “plastic” AND “water” AND “climate 
change”

32
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Table 2 
Examples of studies in which the relationship between plastic concentration and river discharge was investigated. Details on the characteristics of the studied river system and the connection with the four main factors 
affecting the relationship (see Fig. 1) are reported. Plastic type: PE = polyethylene, PP = polypropylene, PS = polystyrene, PO = polyolefin, PET = polyethylene terephthalate, PVC = poly vinyl chloride, TDI-PUR =
toluene diisocyanate - polyurethane, PAN = polyacrylonitrile, PA = polyamide, SIL = silicone; NA = not assessed.

River River morphology/ 
Order

Anthropization/Land use Basin 
area 
(km2)

Plastic size 
(μm)

Plastic 
Type

Plastic 
concentration (CP) 
(p/m3)

Discharge (Q) 
(m3/s)

Relationship CP-Q Reference

Garonne River and 
tributaries 
(France)

Largely canalised and 
regulated; sixth to 
eighth order river 
according to the 
section

From moderate to high 53,536 700–5000 PE, PP, PS, and others 0–3.4 0.5–480 Negative de Carvalho et al. 
(2021)

Saigon (Vietnam) Largely canalised and 
regulated

Very high (agriculture, 
urban and industrial 
areas)

4,717 mainly 
>5000

PS, PO, PET, and others 0–90 30–1450 Negative van Emmerik et al. 
(2018)

Ofanto (Italy) Meandering (lower 
part)

Moderate (50% 
agricultural, 8% natural 
and 3% urban areas)

2,790 <500- 
5000

PE (76%), PS (12%), PP (10%), PVC 
(0.7%) and TDI-PUR (0.35%)

0.9 ± 0.4 to 13 ± 5 0.5–11 Positive Campanale et al. 
(2020)

Venoge 
(Switzerland)

Meandering Low (forested area) to 
moderate (rural- 
agricultural area)

236 >5000 Mostly fragments and foams 0.034 ± 0.06 (dry 
season); 2.1 ± 2.9 
(wet season)

NA Positive (indirect: wet 
season/dry season)

Faure et al. (2015)

Venoge 
(Switzerland)

Meandering Low (forested area) to 
moderate (rural- 
agricultural area)

237 <5000 Mostly fragments and foams 6.5 ± 5.3 (dry 
season); 12 ± 0.92 
(wet season)

NA Positive (indirect: wet 
season/dry season)

Faure et al. (2015)

Ems (Germany) Largely canalised and 
fragmented/regulated

Moderate (rural- 
agricultural area)

17,934 <5000 Flakes, fibres, and films (flakes & films 
were PET)

0–5.28 NA Positive (indirect: 
lower discharge due to 
weirs and 
impoundments)

Eibes and Gabel 
(2022)

Snake and lower 
Columbia (USA)

Both braided and 
meandering

From low (national park) 
to high (agricultural and 
industrial areas)

240,765 100–5000 Fibers (45–60%), Fragments 
(20–25%), films (5–25%), beads 
(5–10%)

0–13.7 (<0.2–0.735 
m/s)

Negative (flow 
velocity)

Kapp and Yeatman 
(2018)

Weser (Germany) Largely canalised From moderate (mainly 
agriculture and forestry) 
to high (industrial and 
urban areas)

49,000 300–5000 94% fibres (PET 61%, PAN 17%, PP 
11%, PA 10%) and 6% fragments

0–2.05 70–900 No significant 
relationship

Moses et al. (2023)

Weser (Germany) Largely canalised From moderate (mainly 
agriculture and forestry) 
to high (industrial and 
urban areas)

49,000 10–500 98.2% fragments (PP 68%, PE 13%, PS 
5%, PVC 4%, SIL 3%, and PET 3%), 
1.2% fibres, and 0.6% spheres

57-14,536 70–900 Positive Moses et al. (2023)

Aare (Switzerland) Largely canalised and 
fragmented/regulated

High (urban and 
industrial areas)

17,779 300–5000 Variable but dominated by fragments 
(both hard and foam) predominantly 
constituted by PET followed by PP for 
hard fragments and PS for foams

0.17–0.81 138–430 No significant 
relationship

Mani and 
Burkhardt-Holm 
(2020)

Limmat 
(Switzerland)

Largely canalised and 
fragmented

High (urban and 
industrial areas)

2,416 300–5000 Variable but dominated by fragments 
(both hard and foam) predominantly 
constituted by PET followed by PP for 
hard fragments and PS for foams

0.07–0.56 57–70 No significant 
relationship

Mani and 
Burkhardt-Holm 
(2020)

Lower Rhine (Rees, 
Germany/The 
Netherlands 
border)

Numerous 
straightening and 
canalisations

High (urban, industrial 
and navigation areas)

190,000 300–5000 Variable but dominated by hard 
fragments followed by foams and 
opaque spherules predominantly 
constituted by PET followed by PP for 
hard fragments and PS for foams and 
opaque spherules

292–543 1343–2733 No significant 
relationship

Mani and 
Burkhardt-Holm 
(2020)

Parthe River (Rural 
subcatchment; 
Germany)

Numerous 
straightening and 
canalisations; first 
order

Moderate (rural- 
agricultural area)

245 >500 Finest particles a mixture of PS, PET, 
and PP whilst coarse dominated by PS

66,000 ± 41,000 0.20–0.83 No significant 
relationship

Wagner et al. 
(2019)

Parthe River (Urban 
subcatchment; 
Germany)

Numerous 
straightening and 
canalisations; first 
order

High (54% urban area) 150 >500 Finest particles a mixture of PS, PET, 
and PP whilst coarse dominated by PS

74,000 ± 67,000 0.47–1.92 Positive Wagner et al. 
(2019)

Gallatin River and 
tributaries (USA)

Mainstream and 
tributaries

Low (forested and 
natural areas) to 
moderate (rural and 
urban areas)

28,489 100–9600 Microfibers (80%), fragments (19.7%), 
microbeads (0.3%); fibres were 30% 
semi-synthetic cellulose, 20% PS, 13% 
PET and other

0-67,500 10–118 Negative Barrows et al. 
(2018)
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hydrologic conditions was observed. Similar results were obtained by 
Moses et al. (2023) who additionally found that the relationship be
tween river discharge and MP concentration was significant only for the 
smallest MP fraction (10–500 μm). Generally, MPs smaller than 0.2 mm 
were not retained in the sediment, regardless of their density, while 
larger MPs with densities slightly higher than water could instead be 
retained and remobilized during high-flow periods (Mani et al., 2019; 
Nizzetto et al., 2016).

In a study by Lu et al. (2023), the application of particle tracking in 
conjunction with hydrodynamic modelling of the Hanjiang River 
(China) indicated that MP particles with high density have worse 
mobility in water and are more prone to deposition: polyethylene tere
phthalate (PET) is likely to be transported for a relatively shorter dis
tance, while polypropylene (PP) has higher mobility and takes less time 
to reach the same point. Besides this, they found a general pattern of 
higher MP concentration in suspension and lower MP concentration in 
the sediment during high-flow periods. High water velocity allows MP 
particles to migrate for a longer distance, while high flow rates facilitate 
the transport of more MPs from source areas. Moreover, different 
polymers are colonized by microorganisms at varying rates, which 
directly affects MP transport dynamics. Polymer-specific biofilm can 
alter the MP sinking behavior: Vercauteren et al. (2024) found that 
sinking velocity is more likely to be modified in larger polystyrene (PS) 
than PET particles.

3.3. Position in the catchment and channel morphology

The relationship between atmospheric precipitations, hydrological 
conditions and MP concentrations can be modulated by the position 
within the catchment (Fig. 1) but how this occurs remains almost un
clear. Mani and Burkhardt-Holm (2020) found that MP concentrations 
positively correlate with the long-term average water discharge and 
catchment size of the evaluated stream locations (Rhine basin, 
Switzerland-Germany). Moreover, MP concentrations were significantly 
higher at downstream pluvial sites compared to upstream nival ones. 
However, these concentrations showed no correlation with precipitation 
or water discharge in the preceding 72 h, nor did they exhibit consistent 
seasonal patterns. This suggests that temporal variations in MP fluxes to 
the sea are also shaped by varying plastic emission sources along rivers 
and catchments.

On the contrary, a positive relationship between precipitation and 

MP concentration was observed in Tamsui catchment (Taiwan, China) 
even if the strength of the correlation varied between rivers depending 
on the position from where the samples were taken (Wong et al., 2020). 
The increase of MPs in rivers during or shortly after precipitation can be 
due to the local reactivation of particles that have been previously 
deposited in areas of impeded river flow (riverbanks, floodplain, chan
nel bars, riverbed; Hurley et al., 2018; Wagner et al., 2019). Channel 
morphology and plastic source location thus represent the fourth factor 
influencing the relationship between river hydrology and MP pollution 
(Fig. 1). Another factor is the presence of hydraulic infrastructure such 
as dams and reservoirs, as detailed in Chapter 4.

4. The role of reservoirs as microplastic sinks and sources

By utilizing hydrodynamic modeling of sediment transport, He et al. 
(2021) concluded that river sediments are more likely to serve as a sink 
for MPs rather than acting as carriers into the ocean. As mentioned in 
Chapter 3, highly dense MPs (e.g., PET and polyvinyl chloride, PVC) can 
quickly sink through the water column and mix with the sediments 
(Waldschläger et al., 2022). In contrast, less dense MPs (e.g., PP and 
polyethylene, PE) may be deposited after biofilm formation on their 
surfaces, which increases their density (Crawford and Quinn, 2017). 
Hydrodynamic conditions mainly influence the transport mechanisms of 
MPs in sediments, along with the physical properties of both the plastic 
materials and sediments (Yang et al., 2021). These factors affect the 
movement of MP particles and determine their retention period in the 
sediments. Some authors pointed out that the behavior of small plastic 
materials can be similar to that of sediment particles with hydraulically 
identical physical properties (Harris, 2020; Ockelford et al., 2020). 
Therefore, just as dams trap sediments, they can also effectively trap 
MPs.

The study by Watkins et al. (2019) provides evidence that MPs 
accumulate in the sediment behind dams. In surface water samples from 
six reservoirs in Ithaca (New York, USA), MP concentrations were 
significantly lower than in upstream rivers, while concentrations were 
higher in sediment samples. This suggests that MPs settle from surface 
waters in the slower-moving reservoir water, and this phenomenon 
depends on plastic shape: although plastic fibers were dominant in the 
studied rivers, less abundant shapes like fragments were found in higher 
proportions in the reservoir sediment. Liu et al. (2022) further 
confirmed that MPs in reservoir impoundments tend to accumulate in 

Fig. 1. Main factors influencing the relationship between microplastic (MP) concentration and river hydrology.
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the front section of the reservoir and along the shoreline water. Addi
tionally, the accumulation of free-floating plant residues in these res
ervoirs leads to the sinking of MPs, further affecting their distribution 
within the water body.

Dhivert et al. (2022) demonstrated the significant role of 
fine-grained sediments in trapping MPs. They found that MP levels and 
diversity were an order of magnitude higher in fine-grained deposits of 
transitional and lacustrine-like zones under controlled water levels, 
compared to coarser sediments in lotic zones. This suggests the existence 
of important MP stocks within fine-grained deposits favored by the 
water level regulation. Lower MP abundance in water has previously 
been associated with weak hydrodynamic conditions in a reservoir and 
was explained by the reduction in the vertical mixing of MPs in the water 
column, which leads to the deposition of suspended particles (Zhang 
et al., 2017).

However, studies on MPs in reservoirs have only emerged since 2015 
(Zhang et al., 2015). A recent global meta-analysis summarized the re
sults of 30 studies about the occurrence, and the temporal or spatial 
distribution of MPs in 43 reservoirs worldwide, almost half of which 
were in Asia and only six in Europe (Guo et al., 2021). MP abundance 
varies greatly in these reservoirs ranging over 2-6 orders of magnitude 
(from 0.28 to 181,928 p/m3 in water and from 1.79 to 9,677 p/kg in 
sediment). By accumulating and fostering the MP settling, reservoirs can 
host important quantities of plastics even at substantial distances from 
their sources. Small-sized MPs (<1 mm) account for more than 60% of 
the total MPs found in reservoirs worldwide (Guo et al., 2021). The most 
frequently detected colors, shapes, and polymer types are transparent, 
fibers, and PP, respectively. Besides analytical methods, geographic 
location, seasonal variation, and land-use type (i.e., urbanization) are 
the main factors influencing MP abundance in reservoirs. Specifically, 
during the rainy season, reservoirs typically intercept small-sized MPs, 
with sediments acting as storage sites for terrestrial-sourced MPs. 
However, the relationship between season and MP concentration in 
reservoirs also depends on population density. In densely populated 
areas, MP levels are higher in the dry season, likely due to continuous 
input from anthropogenic sources and reduced water storage. In 
sparsely populated areas, MP concentrations increase during the rainy 
season, possibly due to wet deposition or MP resuspension caused by 
rainfall (Guo et al., 2021).

Gao et al. (2023) found a gradual increase in MP abundance over 
time (from 2008 to 2020) in the Three Gorges Dam (China) reservoir 
sediments, with preferential retention of small-sized (<300 μm) PE 
particles. Moreover, they estimated that the Three Gorges Dam retains 
47 ± 44% (8,048 ± 7,494 tons/year) of the MP flux from the Yangtze 
River to the ocean. Rather than efficiently flushing out MP particles from 
the reservoir sediments, the catchment-wide flooding released from the 
Three Gorges Dam in 2020 significantly enhanced the accumulation of 
MPs behind the dam. The MP concentration in 2020 was approximately 
1.7 times higher than in 2019, surpassing even the decade-long in
crements in accumulation. The elevated scouring force and increased 
water level during a flooding event could potentially result in the sig
nificant flushing of substantial amounts of MPs from both the upper 
reaches and the zone affected by water-level fluctuations into the 
reservoir bed. Specifically, the hydro-fluctuation belt can be an impor
tant MP sink when the water level is low, and the belt can turn into a 
potential source when the water level is high (Chen et al., 2022; Zhang 
et al., 2019). The MP enrichment can also be attributed to the enhanced 
downward transport of MPs by an intensive hydraulic disturbance in the 
reservoir bed. Although flood disturbances initially cause an endoge
nous release of sedimentary MPs, the dam further blocks the transport of 
MPs in the water, which intensifies their mixing, sinking, and vertical 
transport (Chen et al., 2022).

However, MPs can be released in large quantities from the reservoirs 
to downstream aquatic environments during sediment management 
operations. In recent decades, sediment accumulation emerged as a 
sustainability issue for many reservoirs, requiring such operations to 

recover reservoir capacity (George et al., 2016; Hauer et al., 2018; 
Kondolf et al., 2014). Among these operations, sediment flushing can 
help mitigate the storage loss due to siltation while simultaneously 
preserving downstream sediment flux through dams (Kondolf et al., 
2014). Particularly, in the European Alps, where most of the dam 
buildings took place during the 1940–1970s, controlled sediment 
flushing operations are routinely performed moving thousands of tons of 
sediment from the reservoirs to the downstream rivers (Cattanéo et al., 
2021; Espa et al., 2019). Although they allow rivers to recover from 
armoring, they can have a non-negligible ecological impact, including a 
possible increase of MP pollution (Espa et al., 2016) (Fig. 2). Currently, 
contamination risks for downstream sections are weakly evaluated, even 
if important MP release can be expected during management operations 
(at least downstream of substantial sources) (Song et al., 2020). Even 
river restoration programs such as dam removal can raise similar issues, 
hence there is an urgent need to consider MP pollution in sediment 
management operations.

5. Effects of climate change and water resource management on 
microplastic pollution

Despite being treated separately, plastic pollution and climate 
change are two fundamentally linked issues (Fig. 3): plastics contribute 
to greenhouse gas emissions from the beginning to the end of their life 
cycle, and climate changes exacerbate the spread of plastics in the nat
ural environment (Ford et al., 2022). In addition to human activities, 
global warming is altering the water cycle by increasing the frequency of 
extreme weather events (Best and Darby, 2020; Coumou and Rahmstorf, 
2012). Specifically, changes in temperature and rainfall patterns are 
modifying river flow regimes leading to severe droughts and large floods 
in many areas of the Earth (Messager et al., 2021), which subsequently 
affect the biodiversity and functioning of river ecosystems (Sabater 
et al., 2023), besides the water availability for humans (Ledger and 
Milner, 2015). Climate changes also trigger other catastrophic events 
such as landslides, storms, and tsunamis, which, along with floods, may 
transport additional plastic debris to rivers and oceans. This is caused by 
the increased initial mobilization of plastic waste, the remobilization of 
accumulated plastic debris, and the introduction of non-waste plastic 
items into aquatic ecosystems (van Emmerik and Schwarz, 2020).

Several studies have demonstrated a significant increase in the 
abundance of beach MP debris after heavy rainfall and flash floods 
(Cheung et al., 2016; Rech et al., 2014; Yonkos et al., 2014). Tropical 
storms can disperse mismanaged waste between terrestrial, freshwater, 
and marine environments: after a typhoon, the abundance of MPs 
increased within seawater and sediments by as much as 40% in the 
Sanggou Bay (China) (Wang et al., 2019). Roebroek et al. (2021) showed 
a tenfold worldwide potential plastic mobilization increase, compared 
to non-flood conditions, even during low-severity floods (10-year return 
period). Similar results were obtained by Gündoğdu et al. (2018) who 
found a 14-fold increase of MP concentrations in the Mersin Bay 
(Turkey) after multiple floods. Moreover, increased rainfall, associated 
with monsoons, is estimated to increase monthly river plastic inputs into 
the ocean: MPs entering the Bay of Bengal (India) from the Ganges are 
approximately 1 billion per day during the pre-monsoon season and 3 
billion per day during the post-monsoon season (Napper et al., 2021). 
Extreme events often co-occur leading to additional significant impacts 
(Zscheischler et al., 2018). For instance, a storm event associated with 
flooding in the Cooks River estuary (Australia) caused an increase of the 
MP abundance from 400 up to 17,383 p/m3 (Hitchcock, 2020). The 
sequence of extreme events (such as droughts followed by floods) also 
impacts the magnitude and drivers of river water quality responses (van 
Vliet et al., 2023).

As mentioned in the Introduction (Chapter 1), water demand for 
multiple purposes is increasing under the pression of the human popu
lation growth, leading to an increasing regulation and impoundment of 
rivers, which often translates into large streamflow reduction (Quadroni 
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et al., 2017). Along with climate change, the increasing water abstrac
tion is contributing to the current change of the hydrological regime of 
several rivers, from perennial to temporary, with detrimental effects on 
stream biodiversity and functionality (Piano et al., 2019; Skoulikidis 
et al., 2017). Unlike naturally intermittent rivers, where the drying 
phase is a part of the annual flow regime, water scarcity in perennial 
rivers, such as those present in the European Alps, represents a relatively 
recent phenomenon and poses a significant threat to their biodiversity 
(Doretto et al., 2020). Drought or low flow conditions could result in MP 
stranding, whose incidence is increased by obstructions in the river 
channel, which either directly trap litter (e.g., overhanging vegetation) 
or transfer the particles out of the main channel flow (e.g., bankside 
eddies) (Hurley et al., 2020). In the case of extreme drought, MPs would 
stay in the riverbed pores and aggregate similarly to what has been 
observed in soil (Haque and Fan, 2023), potentially increasing the 
negative effects of MP exposure on freshwater organisms (see Chapter 6) 
which are already under pressure from the other factors related to this 
environmental shift (Fig. 3). Moreover, the discharge of untreated 
wastewater during drought or low flow conditions may not only increase 
MP concentrations in rivers but may also influence the partitioning of 
MPs between the sediment and water phase, potentially creating hot
spots of MP contamination (Nel et al., 2018; Woodward et al., 2021). 
The potential significance of MP pollution is thus greatly influenced by 
local climate changes (Schell et al., 2021): regions that experience 
drying trends due to both climate change and water abstraction for 
socio-economic uses such as the Mediterranean area (Montaldo and 

Sarigu, 2017; Skoulikidis et al., 2017), may be characterized by a sig
nificant reduction in MP inputs (i.e., from precipitation and runoff) and 
greater interannual variability of MP concentrations.

Both climate change and anthropic activities are also contributing to 
increased sediment pulses to river systems (East and Sankey, 2020; 
Juracek and Fitzpatrick, 2022; Maruffi et al., 2022). These events can 
have natural (e.g., landslides, Clapuyt et al., 2019) or anthropogenic 
sources (e.g., sediment flushing - Espa et al., 2019, or dam removal - 
Major et al., 2017) or a combination of both (Salmaso et al., 2020). 
Specifically, in alpine areas, extreme precipitation events, which are by 
far the most important drivers of soil erosion, and landslides, will likely 
increase especially in the fall (Gobiet and Kotlarski, 2020). They could 
be key moments for MP contamination in rivers (Fig. 3) since MPs can be 
found at non-negligible concentrations (in the order of 100 p/m2) even 
in remote areas (Allen et al., 2019; Bilal et al., 2023; Liu et al., 2023; 
Yang et al., 2021).

Given that the recorded number of natural disasters has more than 
doubled since 1980 (Cutter et al., 2015) and is expected to increase, 
strategies to manage these events and minimize the MP input into 
aquatic ecosystems are becoming increasingly important. Further 
research is thus needed to determine the mechanistic links between 
plastic pollution and climate change, and how both may interact to 
negatively impact ecosystems (Ford et al., 2022): for instance, Tong 
et al. (2021) recently found that the effects of climate change and 
increasing plastic usage would aggravate plastic pollution and accel
erate its transport in tropical coastal waters.

Fig. 2. Sediment flushing operations may cause relevant microplastic (MP) mobilization from reservoirs.

Fig. 3. Scheme on the interconnections between plastic pollution, climate change and water resource management, and their synergistic impacts on freshwater 
ecosystems and biodiversity. Red arrows mean “increases”. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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6. Impacts of microplastic pollution on river and reservoir 
biocoenoses in a changing climate

MPs pose a significant threat to riverine communities, exerting a 
range of detrimental impacts on the delicate balance of aquatic eco
systems. All the different levels of biological organization are affected by 
MP pollution (Fig. 4). The most extensively observed and studied impact 
caused by MPs is their ingestion by aquatic organisms (de Sá et al., 2018; 
Galafassi et al., 2021). Plastic intake is governed by the 
particle-to-mouth size ratio, hence smaller items can generally interact 
with a wider range of organisms (Horton et al., 2017; Setälä et al., 2014). 
An allometric relationship between plastic consumption and animal size 
was highlighted by Jâms et al. (2020), suggesting a proportional ratio of 
approximately 20:1 between an animal’s body length and the largest 
size of plastic it might ingest.

Besides the particle size, the possibility of ingesting MPs by organ
isms depends on their abundance, shape, density, and how these factors 
interact, as they influence MP positioning in the water column and/or 
sediments, ultimately affecting their bioavailability along with local 
hydraulic conditions (Almeida et al., 2023; Franzellitti et al., 2019). As 
sediments are considered sinks for MPs, benthic organisms are generally 
exposed to higher concentrations compared to pelagic and planktonic 
ones (Cera et al., 2020). In this context, bivalves, given their benthic 
nature and filter-feeding behavior, are considered excellent bio
indicators of MPs, highlighting the extent of plastic pollution within 
aquatic systems (Cesarini et al., 2023b; Su et al., 2018).

6.1. Impacts from subcellular to individual level

Ingested MPs can cause physical harm, leading to blockages, internal 
injuries, and malnutrition as highlighted by diverse laboratory experi
ments on different organisms (Fu et al., 2020; Jemec et al., 2016; Lei 
et al., 2018; Shang et al., 2020). For example, exposures of Chironomus 
tepperi carried out at relevant environmental concentrations of PE MPs 
(500 p/kg sediment) revealed detrimental effects on its survival and 
growth (Ziajahromi et al., 2018). Similarly, at the concentration of 0.1 
μg/L of PS copolymer, an increase in teratological frequency in the 
diatom Cocconeis placentula and a decrease in the regeneration rate in 
the cnidarian Hydra vulgaris were observed (Cesarini et al., 2023c).

MPs can also induce harmful effects on aquatic organisms through 
oxidative stress, leading to cellular damage, disruption of metabolic 
processes, and alterations in gene expression (Geremia et al., 2023). In 
fish and invertebrates, MPs can enter the circulatory system and disrupt 

haematological properties, altering blood physiology. MPs also induce 
an imbalance between the production of reactive oxygen species and the 
body’s antioxidant defences, leading to oxidative damage. Additionally, 
MPs impact immune responses through both physical and chemical 
toxicity and can cause neurotoxicity by altering acetylcholinesterase 
activity (Kim et al., 2021). Furthermore, in microalgae, MPs may 
interfere with nutrient uptake and photosynthetic efficiency, which may 
also affect biological processes such as carbon fixation, lipid meta
bolism, and nucleic acid metabolism (Li et al., 2023).

6.2. Impacts from population to ecosystem level

The accumulation of MPs in riverbeds alters habitat structures, 
potentially disturbing nutrient cycles and the ecosystem balance 
(Sridharan et al., 2022). Moreover, MPs discharged into rivers and 
deposited on the bottom can cause habitat alteration for various species, 
affecting their breeding grounds, food sources, or shelter. Directly 
applied to the case of riverine environments, the case stability of cad
disfly can be reduced by the presence of MP items (Ehlers et al., 2020; 
Gallitelli et al., 2021). As a result, the protective function of the cases can 
be diminished, making the larvae more vulnerable to predation, while 
the reduced weight of cases, partially or completely composed of MPs, 
increases the likelihood of being washed away and affects their drifting 
behavior (Ehlers et al., 2020). Similarly, the presence of MPs in the 
bottom can affect other benthic organisms’ shelter and increase drift; for 
instance, mayflies burrow into substrates made of MPs, which are lighter 
than natural ones (Gallitelli et al., 2021). All the observed effects in the 
alteration of riverine habitats can reduce the population fitness of 
freshwater organisms and potentially trigger cascade effects on the 
entire riverine food web, ultimately altering the ecosystem functioning, 
albeit these aspects are seldom evaluated (Kong and Koelmans, 2019).

6.3. Potential biomagnification and carrier role

Once ingested, MPs can enter the riverine food web and be trans
ferred across different trophic levels through predator-prey interactions. 
This transfer can potentially lead to biomagnification, where MP con
centration increase from one trophic level to the next. Although in 
limited number, some studies have demonstrated the occurrence of 
trophic transfer of MPs in wild populations (e.g., Provencher et al., 
2019) and in experimental set up (e.g., Mariani et al., 2023). Contrast
ingly, biomagnification remains unexplored, particularly in natural 
freshwater ecosystems (Provencher et al., 2019; Gallitelli et al., 2022; 

Fig. 4. Summary of the impacts of MPs and MP-related pollution from subcellular to ecosystem level. POPs = persistent organic pollutants, PAH = polycyclic ar
omatic hydrocarbons.

S. Quadroni et al.                                                                                                                                                                                                                               Journal of Environmental Management 372 (2024) 123363 

7 



Bhatt and Chauhan, 2023); furthermore, O’Connor et al. (2022), 
applying a food web bioaccumulation model, did not find support for 
biomagnification processes in the river food web they modelled.

MPs can also act as carriers for environmental pollutants and path
ogenic microorganisms, accumulating them from the surrounding 
environment and magnifying their toxicity along the food web 
(Amaral-Zettler et al., 2020; Nava et al., 2024; Wang et al., 2021; Bocci 
et al., 2024, Fig. 4). MPs can also act as carriers for alien species, such as 
eggs of invertebrates and other species, that can pose a serious ecolog
ical threat to the recipient system (Tumwesigye et al., 2023, Fig. 4). In 
freshwater ecosystems, the MP role of carrier is complicated by the 
simultaneous presence of several pollutants, ranging from chemical 
residues to heavy metals, leading to synergistic effects which can cause 
unpredictable consequences for the ecosystem’s health 
(Menéndez-Pedriza and Jaumot, 2020; Sun et al., 2022).

6.4. Impact exacerbation in reservoirs

Reservoirs can exacerbate the negative effects of MP pollution on 
aquatic life through both direct exposure and indirect ecological 
changes. The hydrological modifications caused by reservoirs can result 
in increased MP concentrations, as the restricted water movement in 
reservoirs limits the natural dispersion and dilution processes (Chen 
et al., 2022). Consequently, aquatic organisms in these environments are 
exposed to higher levels of MPs for prolonged periods, which can lead to 
greater ingestion and accumulation of these pollutants (Hurt et al., 
2020). Indeed, high concentrations of MPs were detected during the 
cool-dry season in both sediments (mean 224 vs. 189 p/kg dry weight) 
and Cladocera taxa (0.3 particles per individual) in a subtropical Austral 
reservoir (Themba et al., 2024). These findings highlight the role of 
reservoirs in retaining MPs, their potential uptake, and transfer through 
lower trophic levels. Moreover, the decrease in flow velocity in reser
voirs promotes the precipitation of debris, including MPs, which interact 
mainly with benthic organisms (Cai et al., 2021). Therefore, organisms 
within the reservoir are likely to be exposed to higher MP concentration 
and consequently be at greater risk. Dam-induced changes in the food 
web structure affect the intensity of species interactions, which in turn 
alter the efficiency of MP transfer, further increasing MP concentration 
within reservoirs (Shen et al., 2023). Additionally, the lentic conditions 
in reservoirs foster warmer temperatures and lower oxygen levels, 
creating an environment that supports a higher and more diverse pop
ulation of microorganisms, introducing potentially harmful microbial 
species that thrive in such altered habitats (Leiser et al., 2020).

6.5. Synergistic effects with other stressors

Combined effects of plastic pollution and other stressors, like climate 
change, can also exacerbate the detrimental effects creating a complex 
web of challenges: plastics not only pose direct threats to habitats and 
wildlife but could also interact synergistically with climate-related 
stressors, potentially magnifying their ecological impacts (Chowdhury 
et al., 2022; Sharma et al., 2023). This linkage has been until now only 
hypothesized for marine environments (Ford et al., 2022), remaining 
almost neglected for fresh waters (but see Parker et al., 2024). The 
increased temperature and the prolonged period of drought exacerbate 
the effects of MP pollution on freshwater organisms, leading to higher 
exposure concentrations and more frequent anoxia events (Cabral et al., 
2019). Thus, addressing these combined effects becomes imperative in 
devising comprehensive strategies to safeguard aquatic ecosystems and 
mitigate the compounding risks posed by plastic pollution and climate 
change.

7. Current policies on plastic pollution, water resources and 
climate change

Policies matching the management of plastics, water resources and 

climate changes are currently underdeveloped, as these topics have 
mostly been treated separately (Fig. 5).

It was estimated that countries belonging to the Group of Twenty 
(G20), representing almost 75% of the world’s population and 85% of 
global gross domestic product, generated over 261 million tons of plastic 
waste in 2019, with projections suggesting this could nearly double to 
416 million tons by 2050 (Back to Blue Initiative, 2023). The G20 has 
taken steps towards transitioning manufacturing systems to circular 
processes, adopting the G20 Action Plan on Marine Litter in 2017 and its 
implementation framework in 2019. While these instruments have 
driven the conversation around existing production patterns and the 
need to create a sustainable consumption ecosystem, further action is 
mandatory. Notably, as the 2017 Action Plan title suggests, the focus has 
largely been on ocean and marine pollution, overlooking the critical role 
of rivers in plastic circulation. Despite river-dominated coasts account 
for only 0.87% of the global coast, they receive 52% of plastic pollution 
delivered by fluvial systems (Harris et al., 2021).

In addition to G20 actions on plastics, other actions have been 
planned at the global scale to counteract climate change. The 28th 
Conference of the Parties (i.e., an annual conference organized by the 
United Nations to agree on policies to limit global temperature rises and 
adapt to impacts associated with climate change) recently delivered an 
agreement that calls on nations for a transition away from fossil fuels in 
energy systems to achieve net zero by 2050. Meanwhile, delegates 
agreed to triple global renewable energy production by 2030 (Morton 
et al., 2023). This will lead to an increase of hydropower that still 
maintains a strategic role as a low CO2 emission electricity generation 
process worldwide even if it strongly affects free-flowing rivers. It sup
plied around 16% of global power in 2019 – roughly three times the 
generation of wind power and six times that of solar power. Global 
electricity production from hydropower has increased by around 
two-thirds since 2000. At least 3,700 major dams, each with a capacity 
of more than 1 MW, are either planned or under construction, primarily 
in countries with emerging economies (Zarfl et al., 2015). In developed 
countries, investments are substantially favoring the construction of 
small hydropower plants (Lange et al., 2019), which are supposed to 
have fewer adverse ecological impacts than large hydropower plants 
without an adequate number of references (Scotti et al., 2022). Thus, 
hydropower challenges the world’s efforts to meet climate targets while 
simultaneously achieving other Sustainable Development Goals. Stra
tegies to achieve the needed renewable energy expansion while sus
taining the diverse social and environmental benefits of rivers should be 
implemented (Opperman et al., 2023), also accounting for plastic 

Fig. 5. Representation of the current lack of connectivity and shared goals 
between policies on plastic pollution, water resources and climate change at 
both global and regional scale.
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pollution.
Even policies on water resources completely ignore plastic pollution. 

Taking the European Union (EU) as an example, to date, two different 
directives have been set up to manage these issues. The EU Water 
Framework Directive 2000/60/EC (WFD) states that an ecological flow 
(e-flow), i.e., a hydrological regime consistent with the achievement of 
the environmental objectives of the WFD in natural surface water 
bodies, should be released downstream of water diversions (European 
Commission, 2015a). The WFD’s environmental objectives include 
achieving good ecological status (GES) of water bodies, preventing the 
deterioration of their status, and ensuring compliance with standards 
and objectives for protected areas (e.g., Natura 2000 sites within Birds 
79/409/EEC and Habitats 92/43/EEC Directives). Each EU Member 
State is required to implement and integrate into the River Basin Man
agement Plans a methodology for the determination of e-flows, ensuring 
that rivers can achieve and maintain the GES. However, in most cases, 
the general methodology adopted is still based on simple hydrological 
approaches (Moccia et al., 2020). In many regulated rivers, for most of 
the year, the discharge is 10% (or even less) of the mean annual natural 
flow (Quadroni et al., 2017, 2021; Salmaso et al., 2018, 2021). More
over, less than 50% of the classified EU rivers (approximately two thirds 
of the total) currently meet the GES (European Environment Agency, 
2018), with alteration of the hydrological regime being one of the main 
causes of the deterioration of the hydrographic networks (WWF Italia, 
2022).

In addition to hydrological pressure, the alteration of the sediment 
regime is receiving growing attention, primarily due to the need to 
recover reservoir capacity as water-storage infrastructures age (George 
et al., 2016; Hauer et al., 2018), and secondarily because of the growing 
expectation for environmental improvement (Gabbud and Lane, 2016; 
Wohl et al., 2015). Nevertheless, specific policies at EU scale have not 
yet been set up, while local regulations aimed at limiting the ecological 
impact of sediment management operations (i.e., the non-deterioration 
of the ecological status of rivers in the long term) have been developed 
(Espa et al., 2019; Folegot et al., 2021).

Finally, neither plastic pollution is considered in the assessment of 
the ecological status of water bodies nor MPs are listed as priority sub
stances in the assessment of chemical status. The first calls for an EU 
strategy for plastics were made in 2015 within the Circular Economy 
Action Plan (European Commission, 2015b) but only in 2018 the Eu
ropean Strategy for Plastics in the Circular Economy was published 
(European Commission, 2018). Within the transition plan to a circular 
economy, the European Commission aims at a state in which all plastic 
packaging will be recyclable by 2030. The Single-Use Plastics (SUP) 
Directive 2019/904/EU on the reduction of the impact of SUP products 
on the environment, is a first step towards the creation of this new 
economy (Kasznik and Łapniewska, 2023). Since an estimated 40% of 
global plastic products are SUPs designed to be discarded after one use 
and are a major contributor to global solid waste (Walker et al., 2021), 
their ban should guarantee the improvement of ecosystem health. 
However, this policy alone can be insufficient to address the leakage of 
SUPs into the environment (Baxter et al., 2022), and controversy has 
already risen among environmental organizations (e.g., Greenpeace) on 
its adequate implementation and thus its efficacy for achieving the scope 
(Azzurro, 2021).

In recent years, various treatment and management strategies have 
been developed to reduce MP pollution, including mechanical, chemi
cal, and biological techniques. While these techniques are promising, 
their scalability and efficiency in diverse environments are still under 
active research. For a more comprehensive overview of these methods, 
see recent reviews and research on the topic (Zhang et al., 2021a, 
2021b).

8. Conclusions

This review summarizes the state of the art about MP pollution in 

rivers, considering the influence of current water management practices 
and climate change. The complex interplay between river hydrology and 
MP pollution has been analyzed, highlighting that it is mainly governed 
by four factors: catchment land use, position in the catchment, channel 
morphology and plastic features. Besides these factors, ecological fea
tures such as vegetation cover and structure along the riverbanks and 
the colonization of MPs by micro-organisms may significantly influence 
this relationship, underscoring the complexity of studying and under
standing MP pollution.

Furthermore, the crucial role played by reservoirs in MP transport 
dynamics within river catchments was examined. Reservoirs primarily 
act as sinks, slowing down MP movements towards the ocean even if 
sediment management strategies may cause the massive release of MPs 
into the downstream aquatic ecosystems. The investigation into the ef
fects of climate change and water resource management on MP pollution 
revealed that both the increased frequency of catastrophic events and 
the prolonged droughts caused by their combined action severely impact 
MP distribution, exacerbating pollution levels. Higher concentrations of 
MPs increase exposure for aquatic organisms capable of ingesting them, 
causing significant harm that ranges from subcellular effects to impacts 
on community dynamics, potentially impairing overall ecosystem 
functioning. The biological and ecological impacts of MPs are more se
vere for benthic species inhabiting rivers and reservoirs, especially if MP 
pollution interacts synergistically with climate-related stressors. Finally, 
the review of the current policies on plastic pollution, water resources 
and climate change highlight a substantial lack of integration among 
these issues, which contributes to the inefficacy of single topic-oriented 
mitigation measures.

9. Perspectives

The scarce number of studies on most of the topics addressed in this 
review (see Table 1) highlights the urgent need for further research on 
plastic pollution in river ecosystems. MP pollution is highly dynamic 
across watershed, from headwater tributaries to lowland rivers. Future 
research should focus on how extreme weather events and anthropo
genic changes in hydro-sedimentary regimes impact MP dynamics. 
Addressing these knowledge gaps is crucial to enhance our predictive 
capabilities regarding MP pollution across various watershed conditions 
and climate change scenarios. Given the rapid global changes affecting 
these ecosystems, interdisciplinary research that combines hydrology, 
ecology, and social sciences will be crucial for identifying sustainable 
solutions and garnering public support for local, national and interna
tional policies. For instance, if a succession of drought and flood periods 
will become the norm in the river catchments of temperate regions, 
ecological (water and sediment) flows should also guarantee the respect 
of MP thresholds specifically set to mitigate detrimental effects on 
aquatic biocoenoses. Additionally, effective mitigation of MP pollution 
in freshwater ecosystems will require a catchment-scale approach to 
plastic waste management, aimed at reducing plastic inputs into river 
channels. Sustainable sediment management in reservoirs is essential to 
prevent downstream release of accumulated plastic waste. If plastic 
sources at catchment scale will be reduced, water management practices 
should preserve rivers mainly during dry periods avoiding prolonged 
droughts and thus the effects of local high MP concentrations affecting 
aquatic biota. Conservation efforts should prioritize sensitive species, 
with a particular focus on benthic organisms, whose habitats are heavily 
impacted by high MP concentrations and dry periods. Although existing 
protection policies are insufficient to address the freshwater and biodi
versity crises facing the world’s rivers, they provide valuable frame
works for guiding the development and expansion of protective 
measures (Hödl, 2018; Perry et al., 2021). Strengthening policy 
collaboration among pollution control, water management, and climate 
adaptation sectors could unlock more adaptive, ecosystem-centered 
solutions that would ultimately create more resilient riverine 
environments.
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Lázaro, G., Lucas, M.C., Marcello, L., Martin, P., McGinnity, P., O’Hanley, J., Olivo 
del Amo, R., Parasiewicz, P., Pusch, M., Rincon, G., Rodriguez, C., Royte, J., 
Schneider, C.T., Tummers, J.S., Vallesi, S., Vowles, A., Verspoor, E., Wanningen, H., 
Wantzen, K.M., Wildman, L., Zalewski, M., 2020. More than one million barriers 
fragment Europe’s rivers. Nature 588, 436–441. https://doi.org/10.1038/s41586- 
020-3005-2.

Best, J., Darby, S.E., 2020. The pace of human-induced change inbilal large rivers: 
stresses, resilience, and vulnerability to extreme events. One Earth 2, 510–514. 
https://doi.org/10.1016/j.oneear.2020.05.021.

Bilal, M., Qadir, A., Yaqub, A., Hassan, H.U., Irfan, M., Aslam, M., 2023. Microplastics in 
water, sediments, and fish at Alpine River, originating from the Hindu Kush 
Mountain, Pakistan: implications for conservation. Environ. Sci. Pollut. Res. 30, 
727–738. https://doi.org/10.1007/S11356-022-22212-8/FIGURES/5.

Bocci, V., Galafassi, S., Levantesi, C., Crognale, S., Amalfitano, S., Congestri, R., 
Matturro, B., Rossetti, S., Di Pippo, F., 2024. Freshwater plastisphere: a review on 
biodiversity, risks, and biodegradation potential with implications for the aquatic 
ecosystem health. Front. Microbiol. 15, 1395401. https://doi.org/10.3389/ 
fmicb.2024.1395401.

Cabral, H., Fonseca, V., Sousa, T., Leal, M.C., 2019. Synergistic effects of climate change 
and marine pollution: an overlooked interaction in coastal and estuarine areas. 
International Journal of Environ. Res. Public Health 16, 2737. https://doi.org/ 
10.3390/ijerph16152737.

Campanale, C., Stock, F., Massarelli, C., Kochleus, C., Bagnuolo, G., Reifferscheid, G., 
Uricchio, V.F., 2020. Microplastics and their possible sources: the example of Ofanto 
river in southeast Italy. Environmental Pollution 258, 113284. https://doi.org/ 
10.1016/j.envpol.2019.113284.

Cai, Y., Li, C., Zhao, Y., 2021. A review of the migration and transformation of 
microplastics in inland water systems. International journal of Environ. Res. Public 
Health 19, 148. https://doi.org/10.3390/ijerph19010148.
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Jâms, I.B., Windsor, F.M., Poudevigne-Durance, T., Ormerod, S.J., Durance, I., 2020. 
Estimating the size distribution of plastics ingested by animals. Nat. Commun. 11, 
1–7. https://doi.org/10.1038/s41467-020-15406-6.

Jemec, A., Horvat, P., Kunej, U., Bele, M., Kržan, A., 2016. Uptake and effects of 
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Wagner, S., Klöckner, P., Stier, B., Römer, M., Seiwert, B., Reemtsma, T., Schmidt, C., 
2019. Relationship between discharge and river plastic concentrations in a rural and 
an urban catchment. Environ. Sci. Technol. 53, 10082–10091. https://doi.org/ 
10.1021/ACS.EST.9B03048/SUPPL_FILE/ES9B03048_SI_001.PDF.
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