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e We developed a harmonized protocol
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e We proposed vegetation tridimensional
structure index (3DVI) related to
plastics.

e We emphasize to use “Plastics Plants”
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e 3DVI correlated with the number of
total and river plastics.

e The most dense and diverse community
block more plastics.

ARTICLE INFO

Editor: Damia Barcel

Keywords:

Riparian macrolitter
Harmonized protocol
Ecological threat
Riparian habitats
Vegetation structure
Standardization

* Corresponding author.

GRAPHICAL ABSTRACT

e spl types A\

o8 1.
B ly o e L N é

&\ @ Tot.sp.—» Jindex

]

Plas;in (#)
1

above ot cup-shape
water level, - not muddy

- cup-shape
- muddy S

q

ABSTRACT

Many studies highlighted that rivers transported land-based plastics to the sea. However, most of the litter re-
mains stuck in the fluvial ecosystem, also blocked by vegetation. To date, research on riverine macrolitter
focused on floating and riverbank monitoring, thus methods to sample riverbank and floating litter have been
developed. Concerning rivers, few recent studies highlighted the role of riparian vegetation in entrapping
plastics. Given that vegetation represents a large part of riverine ecosystems and that the dynamics of plastics
entrapped by vegetation are neglected, it appears pivotal to study in more detail how vegetation contributes to
plastic retention. However, as current protocols and guidelines considered only floating and riverbank plastics
without providing standardized and updated strategies to monitor litter in vegetation, here we aimed to develop
a new standardized protocol and tools to assess plastics in vegetation. Specifically, we focused on unveiling the
three-tridimensional structure of vegetation in relation to plastic occurrence, while considering seasonal and
hydromorphological aspects. To investigate the trapping effect of vegetation, we developed a three-dimensional
vegetation structure index (3DVI) related to plastics. The 3DVI index considers plant structure (i.e., number of
branches) and diversity (i.e., species). To test the 3DVI, we conducted an in-situ case study in central Italy. We
found that both primary and secondary riparian vegetation blocked plastic litter. In detail, 3DVI correlated with
the number of plastics, highlighting that the densest and most diverse communities trap more plastics.
Furthermore, we provided for the first time the assessment of seasonality for the macroplastic entrapment by
riparian vegetation and a preliminary quantification of wind-blown plastics. Our results should be of interest to
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promote the development of standardized and harmonized monitoring strategies for riparian habitat manage-

ment and conservation.

1. Introduction

Plastics are widespread contaminants, ubiquitous in the environment
and widespread from air to land systems passing through aquatic ones
(Barboza et al., 2019; Pic6 and Barceld, 2022; Hurley et al., 2020; Bat-
tisti et al., 2023; Liro et al., 2023a). To date, most plastics are supposed
to be accumulated in the aquatic environment (Meijer et al., 2021). The
global plastics production increased to 390.7 million tonnes in 2021
(Plastics Europe, 2022). Given that plastics are highly produced every
year and tend to double their production to more than one billion tonnes
per year by 2050 (Thompson, 2022), a greater amount of consumed
plastic will be discarded in the environment increasing plastic pollution
(Thompson, 2022). Most of these plastics reach rivers and streams that
will transport them to the sea (Meijer et al., 2021; Gallitelli and Scalici,
2022; Gonzalez-Fernandez et al., 2023). To date, studies on riverine
plastic transport focused on floating macroplastic litter flowing down-
stream along rivers (Gonzalez-Fernandez et al., 2021). In this transport,
hydrology is the main driver of floating river plastic transport (Van
Emmerik et al., 2022a, b), which usually shows a seasonality (Van
Emmerik et al.,, 2019). Moreover, floods and extreme events are
responsible for carrying plastics on riverbanks (Roebroek et al., 2021; De
Lange et al., 2022). Here, plastic litter can be stuck by sediments,
organic wrack, and riparian vegetation (Van Emmerik et al., 2022a, b;
Liro et al., 2023a; Gallitelli and Scalici, 2023). After being trapped in
riverbank and vegetation, plastics can be remobilized by floods and
extreme events (Van Emmerik et al., 2022a, b; Liro et al., 2023a). In this
way, plastics will reach the sea contributing to enlarging the accumu-
lation of litter in the marine environment (e.g., the “Ocean Garbage
Patch” Lebreton et al., 2018 and coastal areas in Morales-Caselles et al.,
2021).

Although guidelines and monitoring methods have been established
for marine litter under the Marine Strategy Framework Directive
implementation (MSFD, 2008/56/EC, Galgani et al., 2013), the moni-
toring of plastics in riverine systems is still under development, and
research on certain aspects, such as accumulation of plastics in riparian
vegetation is very scarce (Williams and Simmons, 1996; Cesarini and
Scalici, 2022; Gallitelli and Scalici, 2023). According to these protocols,
beach litter monitoring is achieved by sampling 100 m or for floating
litter at sea. Then, the collected litter is classified considering size,
shape, and type.

Compared to the marine environment, the understanding of river
plastics is limited. Strategies and protocols should consider cost-
effective tools with standardized and harmonized methods to mitigate
plastic pollution. Although litter monitoring in riverine and riparian
habitats has started recently, the research provided the first attempts to
quantify sources and sinks of riverine litter in the River Taff in England
(Williams and Simmons, 1996). In this case, litter on riverbanks and
riparian vegetation has been described for the first time, also with the
Christmas Tree effect (Williams and Simmons, 1996; Cesarini and Sca-
lici, 2022; Gallitelli et al., 2022). However, protocols and guidelines for
freshwater ecosystems have been adapted from the ones already existing
for marine habitats. To our knowledge, standardized methods to sample
riverine plastics are lacking and only a few have been developed — and
adapted from marine systems (see Marine Framework Strategy, Galgani
et al., 2013; OSPAR Beach litter, OSPAR, 2010). While marine litter
data, although more numerous, is still limited and spotted, in time and
space, there is a lack of data and harmonization of those for riverine
plastics. The monitoring required for river litter should include meth-
odological protocols and categories of items to be used for the assess-
ment of litter on the surface water, water column, riverbank, riverbed
sediment, biota (macroinvertebrates, fish, aquatic plants as

macrophytes, riparian vegetation). In particular, floating plastic moni-
toring is based on the visual counting method (developed by Gonzalez-
Fernandez and Hanke, 2017). Although drones and litter collection can
be useful methods, the most effective still remains the visual counting
one (Vriend et al., 2020).

Concerning the riverbank measurement, protocols were developed
considering observations of plastic on riverbanks, beaches, and lake
shores, based on the existing OSPAR Beach Litter (OSPAR, 2010), River-
OSPAR (Schone Rivieren, 2017) and Plastic Pirates methods (Kiessling
et al., 2019). Also, for CrowdWater, by using citizen science, data on
riverbank plastics were collected (van Emmerik et al., 2020). Recently,
monitoring strategies for riverbank plastic have been designed (Vriend
et al., 2020). Particularly, Vriend et al. (2020) compared different pro-
tocols to sample and compare riverbank plastics, highlighting that
methods to measure riverbank plastic vary greatly. Getting into details,
both the OSPAR Beach Litter (OSPAR, 2010) and River-OSPAR (Schone
Rivieren, 2017) studies sampled litter within a 100 m transect and then
classified litter items into about 100 categories. Instead, the Plastic Pi-
rates protocol by Kiessling et al. (2019) has been set to collect data by
school children, spanning large areas and time scales along the Rhine,
Danube, Weser and Elbe rivers in Germany.

To date, methods for sampling macrolitter in riverbanks neglected
the role of vegetation in entrapping plastics (Gallitelli and Scalici, 2022).
In fact, given that plants block litter, riverbank monitoring strategies
should consider the contribution of riparian vegetation when the
riverbank is vegetated. Although guidelines for monitoring plastics
along rivers have been developed only recently (see United Nations
Environment Programme, 2020), the monitoring of aquatic and riparian
vegetation is still neglected. Consequently, protocols and guidelinesto
monitor plastics in vegetation lack. Thus, we aim to provide a more
comprehensive understanding of litter in riparian vegetation. To do so,
we developed methods to sample litter in riparian vegetation by
adapting parts from previously published methodology (Kiessling et al.,
2019; United Nations Environment Programme, 2020; Vriend et al.,
2020; Gallitelli and Scalici, 2023). Then, we also adapted the applica-
bility of OSPAR and UNEP Methods for litter data collection in riparian
vegetation during riverbank monitoring.

We aimed to develop new plastic monitoring tools for riverine
macrolitter in view of riparian habitats management. To monitor plas-
tics in vegetation, we set a novel protocol, considering the width of river
and riparian areas as well as vegetation’s tridimensional structure. Also,
given that hydrology is the main driver in riverine plastics transport
(Van Emmerik et al., 2022b), we split the plastics carried by rivers on
vegetation from the ones carried by wind. Finally, we considered sea-
sonality as plants undergo changes showing different habits according to
the season. Considering seasonality, hydromorphological aspects, and
tridimensionality of vegetation in relation to plastic entrapment in
vegetation, we emphasize setting and promoting the development of a
new standardized protocol to assess riverine plastics in vegetation
related to plant tridimensionality. We also emphasized a new way of
recollecting data through apps and tools (see “Plastic Plants™) to propose
a standardization for rivers, streams, and watercourses.

2. Methods

2.1. Selection of methodological elements used to develop the new method
Regarding monitoring plastics in vegetation (see Fig. 1), as there is

no standardized protocol for field sampling design, here we developed a

new one considering the most common and important research design
developed until now. To sample litter in riparian vegetation, we
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developed a new sampling design following the protocols by River
OSPAR to adapt some parts (see van Emmerik et al., 2020). For obser-
vations of plastic on riverbanks, the existing OSPAR Beach Litter
(OSPAR, 2010) has been used to standardize samplings by developing
the River-OSPAR (Schone Rivieren, 2017) and Plastic Pirates methods
(Kiessling et al., 2019). For the CrowdWater method, riverbank plastic is
counted for a sampling stretch that is 1, 5, or 10 m long. The width
extends from the water line to the high-water line or riparian vegetation
(van Emmerik et al., 2020). Following these previous methods on
riverine macrolitter, plastics in vegetation can be sampled in natural and
urban areas, considering different land uses. To access vegetation,
bridges and riverbank can be used to spot plastic in vegetation. To make
the protocol more rapid, data can be collected by smartphone by using
the “Plastics Plant” application (see QR Code in Fig. 2).

2.2. Design to select the study area for plastic monitoring in vegetation

Following the River-OSPAR (Schone Rivieren, 2017) and Plastic Pi-
rates (Kiessling et al., 2019) protocols, we sampled vegetation in a 100
m river stretch. Also, different methods can be used to sample plastics in
riverbanks and vegetation. As for mangroves, litter sampling was con-
ducted by using a belt transect perpendicular to the shoreline as well as
circular and quadrat plots (see Luo et al., 2021; Kesavan et al., 2021; De
et al., 2023), we propose to use transect lines, circular plots, and nested
plots. While transect lines and circular plots have been largely used until
now (see Schone Rivieren, 2017; Kiessling et al., 2019; Cesarini and
Scalici, 2022; Gallitelli et al., 2022), the nested plot approach is a new
method that considers the circular plots as well as a larger plot based on
the river and riparian area widths. This allows researchers to compare
the results of plastic concentration in vegetation from a standardized
method. In this regard, OSPAR methods sampled along the 100 m
transect, with the width extending from the water line to riparian
vegetation (van Emmerik et al., 2020) however this width can widely
change due to local factors (i.e., in larger rivers vegetation strips might
be narrow, agriculture crops might be widely extended in the riparian
area). Thus, standardizing for the riparian area width and river width
might be a trade-off that considers all those reasons (Fig. 1). In this way,
the plot area can be calculated to sample litter in the vegetation plot
(Fig. 1). To allow comparisons among rivers, we sampled riparian
vegetation with standardized plots with a minimum area of 5 m? ac-
cording to previous studies (Cesarini and Scalici, 2022; Gallitelli and
Scalici, 2023). We developed this nested plot considering river width
and riparian zone width for calculating the plot area and a 5 m? plot
within the larger plot (see Fig. 1 and Table S2, according to the protocol
in Gallitelli et al., 2022; Gallitelli and Scalici, 2023). River and riparian
width can be calculated by using Google Earth or Google Maps. To
calculate the plot area considering the riparian area, we divided the
riparian width (rip) by the river width (riv) and then multiplied by 15
m? to obtain a minimum area of 5 m? - according to literature as (i) area
used to sample plastics in vegetation (Gallitelli and Scalici, 2023) and
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(ii) common plot area used for sampling vegetation (Chytry and
Otypkova, 2003). So, the plot area is expressed as:

(1) A = rip/riv * 15 (m?)

This equation is valid also in urban or agricultural tract, where
vegetation strip might be totally reduced, thus the area value results in
<5 m?2. Thus, with the previous motivations, we keep a minimum of 5
m?. In this regard, the sampling area ranges has been calculated with the
riparian and river widths from other European rivers (i.e., such as
Danube and Rhine) using Google Maps. The minimum-maximum values
(i.e., 5-50 m?) remain valid for Mediterranean and European rivers.

2.3. General approach to define sampling procedure
A summing up of the sampling procedure (Fig. 1) is here reported:

1. We might sample during two different periods. The first one is before
the floods and the second one is after the floods (i.e., the end of
spring for Mediterranean rivers, while the end of autumn for Alpine
and Northern European rivers, see Bloschl et al., 2020). The period
before the floods can be the initial period of flooding (i.e., winter
season for Mediterranean rivers, while summer for Alpine and
Northern European rivers, when ice melts).

2. To sample plastics in vegetation, the nested plot should be set where
vegetation occurs.

3. Then, you calculate the sampling area. River and riparian width can
be calculated by using Google Earth or Google Maps.

4. Adapt the area according to vegetation width, choosing the shape of
a square or rectangle. If the riparian area has 2 m width and we need
to sample 10 m?, we will adapt a 2x5m rectangle to the area.

5. After calculating the vegetation sampling area, use this plot area to
survey into 3 plots (i.e., replicates R1, R2, and R3, Fig. 1) and sample
in each of those. The area of each plot is a minimum 5 m2.

6. At the end sample in a 5 m? circle plot in the center of the nested plot
(i.e., one circle per replica).

Vegetation and plastics were sampled both in each the nested plot (i.
e., R sections) and in the circles. In detail, the area sampled for vege-
tation is given by riparian and river widths (eq. 1) and in this area plastic
sampling are conducted. Precisely, the nested plots allow researchers to
sample most rapidly and efficiently, to date, providing the plastic
entrapment at species detail, however, the vegetation type is more
generic but quicker to be used in the field as species identification is not
needed. To bypass it and calculate the 3DVI index, we should use the
vegetation type and note the number of species in the plot. To achieve
the result comparability of plastics in riverine and riparian habitats, we
encouraged them to follow those standardized methods.

The workflow of our new method design for plastics in vegetation is
shown in Fig. 2. As citizen science allows scientists to have more data
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Fig. 1. Overview of riverine areas according to the NOAA beach litter protocol (Lippiatt et al., 2013) and Vriend et al. (2020). Sampling plots in the riparian area are
shown in “This study”, with green spots representing vegetation. Plot area was calculated considering river width and riparian vegetation width. The plot is divided
into three replicates and the results were shown as average. This figure has been adapted by Vriend et al. (2020).
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Fig. 2. Workflow for sampling plastics in riparian vegetation by visual and device census. The 3DVI index for the structure of vegetation is obtained by the collected
data in the plot. The J index represents the evenness calculated on the total number of species (Tot. sp.) and the richness of species (Sp. 1, Sp. 2, etc.). The QR Code

provides access to the “Plastics Plant” application.

and to engage people (being aware of the problem), the use of the
“Plastics Plant” (https://eu.jotform.com/app/231882401150345) app
could be used as potential tool to improve the sampling rapidity (QR
Code in Fig. 2). This has recently been used with similar aims in riverine
habitats (see Liro et al., 2023b).

2.3.1. Vegetation sampling design

According to the precise riparian vegetation occurring in your study
area, in each plot dominant species are investigated for evaluating their
suitability as mechanical traps for plastics. In doing this, we considered
the minimum of 5 % coverage in a plot to define the presence of a species
adapting it from phytosociological methods (see Braun-Blanquet, 1932)
and contributing to the dominance or evenness indexes. To perform a
large-scale and more affordable and feasible protocol, we propose to
adapt from the phytosociological approach, choosing only the dominant
species allowing researchers to be more smart, precise, and quick with
fieldwork. To investigate whether the spatial occupation by vegetation
(i.e., vegetation structure) is pivotal in the plastic entrapment process,
vegetation cover and density in the surveyed area were sampled. To
report the results with vegetation types and species, we suggest indi-
cating the vegetation type with the dominant species, i.e., trees with
Salix sp. dominance, and shrubs with Rubus sp. dominance. Only species
with >5 % cover in the plot were considered.

2.3.2. A new developed index to detect vegetation structure

In each plot, we detected the coverage of vegetated and unvegetated
parts. Then, for the vegetated part, we assessed the cover of each plant
type (i.e., trees, shrubs, grasses, reeds) and species. For each species, we
counted the number of individuals and branches. This allows to have a
proxy for the structure of riparian vegetation. To investigate the struc-
ture of riparian vegetation in entrapping plastics, we analysed the
habitus - or ‘spatial organization’ — of the riparian local communities. In
detail, data on plant structures (i.e., the number of individuals and the
number and height of branches per species) was sampled and then used
to develop the 3D vegetation index (i.e., 3D Vegetation Index, 3DVI, see
Fig. 2) considering tridimensionality and diversity index. Concerning
the three-dimensionality index of vegetation (i.e., 3D Vegetation Index,
3DVI) about the community structure, we calculated considering tridi-
mensionality (3D) and diversity index (i.e., Shannon and Evenness
indices based on the number of species). The 3D value was calculated by
considering (i) the number of basal branches counted for each individual
and (ii) the area of the plot. The diversity is given by the number of
species and their occurrence considering all the total species occurring
within the surveyed plot. Given that (i) plastics are mostly carried by
river currents, depending on flood events, and (ii) plastics have been
observed to be blocked on vegetation branches and different species
possess several structures to block plastics (Gallitelli and Scalici, 2023),
we selected the number of species and the number of branches as criteria
for the 3DVI related to plastic occurrence. To explain the role of the

plant structure in entrapping plastics, the obtained 3D index (3DVI) is
correlated with the number of plastics entrapped by vegetation — to be
used as a tool to sample and detect plastics in vegetation in relation to
the plant structure.

To consider the structure for each individual, the area has been
addressed by modifying the previous calculations. The 3D value is given
by adding the sum of branches for all the species per site area.

Thus, the 3D index now results as:

(2) 3D = n° of total branches/plot area (mz)

The number of branches ranges between 1 and 300. Although the
branch number may widely vary among individuals and species, reeds
(Phragmites australis) and grass (Poaceae) have only 1 main branch,
while shrubs (Rubus ulmifolius) have 20-50 branches per plant and trees
(Alnus glutinosa, Platanus sp., Salix sp.) have 100-300 branches (Galli-
telli L., pers. obs., 2021; Gallitelli and Scalici, 2023). The plot area
ranges between 5 m? and 50 m?, according to eq. (1). This formula has
been tested also with riparian and river widths by other European rivers
(i.e., Danube and Rhine rivers). Given that, 3D index gets maximized
with a high branch number and a small area, while 3D gets minimized
with low branch number and big area. Thus, 3D ranges between 0.02
and 60.

Then, to consider the role of each species in a community, the
Evenness index (J) has been used rather than the number of species. In
order to determine species diversity - important measure of community
structure - species evenness is combined with the number of species in
the community. In this index, the number of plant species and in-
dividuals for each species in the plot is also considered. The Evenness
index (Pielou, 1966) indicates which species are more abundant than
others. Now, given that the J index is:

3) J:H,/Hmax:H,/lnSy

where H' is the Shannon Index (Shannon, 1948) and S is the number of
species. The maximum evenness is obtained in a community in which all
species have the same number of individuals. If J = 0, it means that there
are some dominant species in the community, while if J = 1, each spe-
cies has an equal role. The Shannon Index ranges between 1 and H’ax,
potentially the number of maximum species. The standardized structure
index (i.e., 3DVI) results to be:

(4) 3DVI = 3D/J,

where 3D is given at (2) and J at (3).

The 3DVI ranges between 0 and 600. The 3DVI is zero if J = 0, while
it gets minimized when J = 1 (i.e., species with equal role) and maxi-
mized when J = 0.1, and so there are some very dominant species.
Considering the same diversity (i.e., the same J’ index and so number of
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species), a multi-species assemblage or a community may show different
values of branch number (i.e., 3D index). Thus, the higher the branch
number, the lower the J’ index and the higher is the 3DVI value. This
results in a more complex structure of vegetation, that could trap more
plastics, so plastic entrapment might be higher. Regarding the correla-
tion of 3DVI and plastics, a higher value of 3DVI can result in (i) a high
quantity of plastics blocked by the community with many species
entrapping litter, and (ii) few quantities of plastics efficiently blocked by
only few species. Given that, we expected that bigger concentration of
plastics could be found where 3DVI has a higher value.

2.4. Plastic sampling in vegetation

To investigate further macroplastic distribution along rivers in
relation to the riparian vegetation structure in entrapping macroplastic
litter, surveys of riverine macroplastic litter entrapped in riparian
vegetation may be carried out in summer for two main reasons. The first
is to consider the low water level after flood time and thus have the
maximum number of plastics on vegetation (Cesarini et al., 2023), and
the second is given by the presence of the densest vegetation canopy in
summer in which species can be better identified (Gallitelli and Scalici,
2023). Considering that floods are the most important driver of plastic
transport and distribution in rivers (Van Emmerik et al., 2023), those
events are considered for our samplings. Furthermore, extreme events (i.
e., unexpected floods) could be of large interest to be studied in relation
to the plastic entrapment in vegetation.

2.4.1. Plastics screening in vegetation: wind and river plastics

After calculating the 3DVI, this index is correlated with the total
number of plastics found in vegetation. Given that plastics entrapped by
vegetation are carried both by river current and wind, we distinguished
the contribution of wind plastics (i.e., plastics carried by the wind on
vegetation) from river plastics (i.e., floating plastics carried by the river)
following a two-step verification process (Fig. 3).

First, all the plastics above the water level were selected as plastics
carried by the wind. The water level value depends on the previous flood
and the height reached by the water. To have a proxy of the water level,
we detected the maximum level of flood after intense rains. In this case,
we noted the maximum level height during the fieldwork, by using the
discharge taken by staff gauges (Seibert et al., 2019) or the noticeable
sign of increased flow by river current on the riverbanks as a proxy for
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water level. Moreover, the leaves, organic and plastic on leaves and
branches are used as a proxy of the maximum level with the flood. After
choosing this criterium to collect data on the water lever, we noted the
maximum height to which plastic was deposited due to water contrib-
uting accounting also the wind role. Above the maximum height of river
water level, plastics are carried by the wind. All the plastics entrapped in
plants over the line of the floods were considered to calculate the effort
of the wind in transporting plastics (Fig. 4). In general, for the European
contexts with smaller or greater rivers, the height of the water level
should be adapted as 2.0 m and 5.0 m, respectively. Secondly, the other
step is to check plastics below water level considering their shape and
the presence of organic. The presence of sandy-muddy substrate on the
litter as well as its not cup-shaped form (e.g., a plastic bottle) was used as
screening to discard these plastics from riverine transport and entrap-
ment in plants (Fig. 3). Thus, river-transported plastics presented the
cup-shape form modelled by river current and/or were dirty with river
sediment and mud showing plant and organic encrustations on it. Wind-
blown plastics, on the other hand, are plastics like bags and soft plastics.
These plastics are lighter fitting with the right shape to get trapped in the
vegetation, as opposed to bottles and glasses that can be carried by the
wind but then do not fit in vegetation (Fig. 4).

About the seasonal dynamics of litter on plants, in winter with floods
and high water level, litter approach plants as well as it can remobilise
litter. In summer, during the dry season, the water level decreases
leaving litter on plants. Our hypothesis as a first attempt to evaluate
wind plastics is that with the high discharge, rivers might carry more
plastics (Roebroek et al., 2021), and thus vegetation could block more
macrolitter. Then, during spring, the river water level decreases and
macrolitter carried by the river remains on vegetation (Fig. 4).

Considering that floods increased water levels in winter in temperate
rivers (see Rood et al., 2007; Hayes et al., 2018), more river plastics were
transported (see Roebroek et al., 2021) with all plastics without a cup
shape and placed in a high part of the tree above flood levels to be
considered carried by the wind. In summer, all the classic river-
transported plastics until the winter flood line were counted as plastic
transported by the current, while the non-cup-shaped plastics are car-
ried by the wind. In winter, on the other hand, the water is high and
(Fig. 3; Fig. 4).

To obtain the number of plastics carried by the river, we subtracted
the number of plastics above the maximum water level due to flood and
that are not cup-shaped, as follows:

above =
water level

not cup-shape

‘Vegetation

Plastics’(#)

below
water level

- cup-shape
- muddy

- not muddy > 4

Fig. 3. Workflow for screening plastics in vegetation. Screening of plastics follows the two-step verification process considering water level and cup-shaped/muddy
elements on plastics. The visual staff gauges (water level) are taken from Seibert et al. (2019).
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«river
plastics»

Fig. 4. The high water level is represented in this picture. The contribution of wind is considered above the ordinary high water level (blue line). Below this line,
most plastics are carried by water current (i.e., “river plastics™), while above ordinary water level, there are “wind plastics”.

(5) P, = Ptot - Pw;

where P; is plastics carried by the river, Py is the total amount of
plastics blocked by riparian vegetation, and Py, is the plastics carried by
the wind.

2.4.2. Riparian plastic classification

To quantify the trap efficiency of macroplastics by riparian plants,
we performed fieldwork along rivers sampling MA in each river in ri-
parian habitats considering the number of items, litter type (plastic,
paper, etc.), item type (bottles, cups, etc.), polymer (e.g., polystyrene,
polyethylene, etc., Table S1), size (2.5-5 cm, etc) and colour (white,
transparent, etc). Plastic litter has been removed from plants and riv-
erbanks to then be disposed of properly. For more information on litter
and item type, we followed Galgani et al. (2013) and Gonzalez-
Fernandez et al. (2021), while for the specific sampling and plastic
standardization see van Emmerik et al. (2020) and Gallitelli and Scalici
(2022). We tried to harmonize our data according to the OSPAR beach
litter protocols (Van Emmerik et al., 2020a) and the relative identity-
based classification by Schone Rivieren, 2017 and the RIMMEL project
(Gonzalez-Fernandez et al., 2018). To have faster and more precise re-
sults, reducing the number of categories will avoid misclassification and
biases by observers (Gonzalez-Fernandez et al., 2018; Kiessling et al.,
2019; van Emmerik et al., 2020). Then, to check for a harmonized
comparison with studies in the literature, we compared results from
identity-based categorization (Gonzalez-Fernandez et al., 2018) and 7
polymer categories (van Emmerik et al., 2020; Gallitelli and Scalici,
2022), as the most common classification used in the literature (see
Table S1).

Then, we collected macroplastic litter and we counted and classified
it for type, size, colours, and polymers. Then, the macrolitter present in
each of the species was scored considering the main characteristics
following the classifications by Galgani et al. (2013) and Gonzalez-
Fernandez et al. (2021). After that, we analysed the plastic trap effi-
ciency by vegetation (i) type (trees, shrubs, grass, reeds, according to

Raunkiaer, 1934 and Lavorel et al., 2007) and (ii) species. The value of
the plastic trap efficiency was calculated considering the number of
plastic items occurring in the plant plot (P) and the area occupied by the
plants (Ap) as follows:

(6) Plastic trap efficiency by a certain species = P (#) /A, (m?)

2.5. Application of the general approach to our case study

2.5.1. Study area

To achieve our aims, we selected the Tiber and Aniene Rivers as our
study area. The Tiber River represents the 2nd longest river in Italy, with
the Aniene River as the main tributary of the Tiber River, so their plastic
output to the sea might be fundamental (Gonzalez-Fernandez et al.,
2021; Cesarini et al., 2023). To investigate plastics in vegetation
following our new methodology, we sampled three sites for two rivers in
summer 2021 and winter 2022. In each river, we performed three rep-
licates per site for both seasons, sampling 405 m? for plots on the Tiber
River and in Aniene River.

Regarding hydromorphology features, we selected the water level
and the river width as proxies for the hydromorphological features.
Indeed, the wider the river, the more it takes on characteristics typical of
a lowland watercourse (according to Vannote et al., 1980). Because of
how riparian vegetation is structured in southern European latitudes
with particular hydromorphology and Mediterranean river flow regimes
(Stella et al., 2013), we set 2 m as a water level measure relative to our
study area. Above that water level, plastics are carried by wind, and the
number of plastics decreases during spring when the river carries fewer
plastics due to fewer floods and seasonality (Van Emmerik et al., 2019;
Roebroek et al., 2021).

2.5.2. Vegetation sampling

To assess which type and species of vegetation most efficiently retain
plastics, vegetation type and dominant species were sampled in the
plots. In our study area, the riverbank is mainly inhabited by riparian



L. Gallitelli et al.

vegetation with mixtures of riparian trees dominated by elder (Acer
spp.), willow (Salix spp.) and poplar (Populus spp.). Practically, ac-
cording to Siligardi et al. (2007) definition of vegetation, we indicated
when riparian vegetation is primary or secondary (i.e., takes root on a
natural or artificialized bank, respectively). The former is characterized
by vegetation that has evolved naturally, preserving conditions of
permeability to flows between the riverbed and the surrounding area.
On the other hand, the latter is the strip formed within an artificial
riverbed (i.e., embankments, bank defences, or other anthropogenic
buildings). Those cause an evident interruption of the link between the
riverbed and the surrounding area (Siligardi et al., 2007).

For the phytosociological analysis in the Rome area, more informa-
tion is provided by Fanelli (2002), Celesti-Grapow et al. (2013) and
Fratarcangeli et al. (2022). To understand the role of occurring alien
species, we divided species into native and alien species, according to
Cao Pinna et al. (2021). Native species contains also plants naturalised
before 1500 CE (i.e., archeophytes). To assess if a species was alien we
checked on The Euro+Med Plantbase Project (http://ww2.bgbm. org/
EuroPlusMed/query.asp).

Considering that floods increased water levels in winter in temperate
rivers (see Rood et al., 2007; Hayes et al., 2018) transporting more
plastics (see Roebroek et al., 2021), then in summer all the classic river-
transported plastics until the winter flood line were counted as plastic
transported by the current. Given these reasons, to better understand the
seasonality of litter in vegetation, we sampled during both seasons (i.e.,
summer 2021 and winter 2022). For the Tiber River, the mean value for
wind was 4.2 m/s and 4.6 m/s in summer 2021 and winter 2022,
respectively. In the Aniene river, the mean value for wind was 2.9 m/s
and 6.2 m/s in summer 2021 and winter 2022, respectively. In general,
wind speed never exceeds the speed of 9 m/s in our study areas (Windy.
app, 2023).

We sampled riverine macroplastic litter entrapped in riparian vege-
tation in summer 2021 and winter 2022. Although flood intensities and
flood-rich periods were found higher in other Italian and European
Rivers (Bloschl et al., 2020), the hydrology in the Tiber River as well as
the Mediterranean Rivers remains unaltered. Thus, we considered
summer and winter periods to sample plastics in vegetation.

2.6. Data analysis

To unveil the relationship between the structure of vegetation (i.e.,
3DVI) related to wind and river plastics occurring in vegetation, we
carried out a regression analysis. Wind and precipitation data can be
requested by National and Regional agencies and downloaded by
administrative websites. To obtain data on precipitation in the Tiber and
Aniene Rivers in Rome, we used https://meteonetwork.eu/. Moreover,
imageries and datasets available on worldClim can be used through GIS
software (see Fick and Hijmans, 2017; Harris et al., 2020). Furthermore,
to consider a possible influence of environmental constraints on plastic
occurrence in riparian vegetation, correlations with precipitation and
wind speed were performed (see here with zoom to Italy for European
Drought Observatory and Monthly Precipitation: https://edo.jrc.ec.eur
opa.eu/edov2/php/index.php?id=1145).

To investigate the difference between the found different polymers
and types of plastics, we performed a Kruskal-Wallis test (H'). If the
results were significant, a pairwise post-hoc was conducted.

To understand the seasonality of litter in vegetation, we found that
higher precipitation data showed high plastic occurrence in vegetation
(i.e., winter vs. summer seasons). The role of wind on plastic transport
has been assessed by comparing data in two seasons. In the linear
regression 3DVI has been considered as independent variable.

On comparing two different ways of sampling plastic in vegetation,
nested plots better consider the study area (i.e., river and riparian
widths) while single circular or quadrat plots are most prone to be under
representative of the surrounding area. The linear transect considered is
the same as reported in the Crowdwater procotol (van Emmerik et al.,
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2020) and United Nations Environment Programme (2020), in our
protocol also considering river and riparian widths. Although that, the
number of plastic categories in both 5 m? circle and nested plot was
quite similar. Considering our findings, we suggested that nested plots
could be used for any kind of vegetation, while the circular plot could be
more useful to sample secondary vegetation as this vegetation is usually
characterized by a narrow strip. All data analyses were performed by
using GraphPad software. The alpha test level was set at <0.05 for the
statistical analyses.

3. Results
3.1. Plastic occurrence and vegetation structure (3DVI)

The total 3DVI was 285.7 ranging between 7.2 and 45.3 per site
(mean: 23.8) on a sampled total area of 405 m2. Primary vegetation
shows a better structured vegetation than secondary vegetation (3DVI:
167.0 vs 118.7, respectively). Also, primary vegetation blocked more
plastics than secondary one (509 items vs 414 items, respectively, see
Fig. 5 and Fig. 6). Overall, plastics blocked by vegetation ranged be-
tween 12 and 178 MA items with the plastic concentration (i.e.,
entrapping efficiency by plants) between 1.2 MA/m? and 21.7 MA/m?.
In detail, trees showed higher plastic trap efficiency than grasses, shrubs,
and reeds (37.4 MA/m?, 6.9 MA/m?, 3.8 MA/m?, and 1.5 MA/m?, in %:
75.4 %, 13.9 %, 7.6 %, and 3.1 %, respectively, see Table S4). Overall,
the top-3 plants blocking most MA were: (i) Acer negundo (21.1 MA/mZ),
(ii) Populus alba (6.3 MA/mz), and (iii) Robinia pseudoacacia (6.2 MA/
m?, Fig. 5, Fig. 6). Standardized to the area covered in the plots, the tree
Acer negundo blocked most of plastics with the higher value of plastic
trap efficiency than other species (Fig. 6, Table S4). Regarding the
Aniene River, trees entrapped most plastics than other plant types in
both seasons (Fig. 6A). For the Tiber River (Fig. 5B), in summer, grasses
(i.e., Erigeron karvinskianus and Urtica dioica, 3.1 MA/m?) blocked more
than trees (i.e., Alnus glutinosa, Platanus hybrida, Robinia pseudoacacia,
and Ficus carica, 1.8 MA/rnz), while in winter trees blocked more than
grasses (1.8 MA/m? vs 0.9 MA/m?). Regarding native and alien species,
riparian vegetation along the Aniene and Tiber areas was characterized
by higher plastic trap efficiency in alien species than native ones (i.e.,
29.5 MA/m? vs. 20.1 MA/m?, respectively). On 13 species occurring in
the plots, 4 species (30.8 %) were exotic and alien species (i.e., Robinia
pseudoacacia, Acer negundo, Platanus hybrida, Erigeron karvinskianus).
These alien species covered about the same as the native (208.7 m? vs
196.3 m?).

Overall, the most entrapped items were soft, PS, and multilayer el-
ements, such as plastic bags and sanitary/hygienic towels (see Fig. 7).

3.2. Plastic entrapment, vegetation structure, and environmental
constraints

Concerning the structure of vegetation related to plastic occurrence,
plastics occurring in vegetation were significantly related to vegetation
structure. In detail, the number of total and river plastics correlated with
the 3DVI value (r = 0.72, p = 0.007 and R? = 0.51, p = 0.0088, Y =
5.497*X — 56.92). Thus, the most dense and diverse community blocks
more plastics. Also, we found that the wind plastic amount and con-
centration were not related to the 3DVI (r = 0.52; p = 0.08 and r = 0.51,
p = 0.09).

Regarding river plastics (Fig. 8, Fig. 9A), we found different poly-
mers of plastics (Fig. 8A), with a maximum in the Aniene River (H (4,
48) = 33.93, p < 0.0001). Among the pairwise, EPS/PS and PO soft
resulted significantly different (p = 0.0001), as well as EPS/PS and other
(p = 0.01), PO soft and multilayer (p < 0.0001), and multilayer and
other (p = 0.001).

For wind plastics (Fig. 8 B,D), we found mainly PO soft and other
items without a significant difference (H (4, 48) = 6.451, p = 0.09, see
Fig. 9B). Concerning the wind contribution, we provided a preliminary
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Fig. 5. Topmost occurring plastic items in the Tiber and Aniene River’s riparian vegetation. (A) An Alnus glutinosa tree blocked hygienic towel and COVID face mask.
(B) Robinia pseudoacacia blocked sanitary towels. (C) Populus spp. entrapped a plastic cup. (D) Scan the QR code to access to all the pictures and videos of plastics

entrapped by vegetation. The link is here: Plastics in riparian vegetation.
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Fig. 6. Plastic trap efficiency (MA/m?) in summer and winter seasons for each species sampled in the Aniene (A) and Tiber (B) Rivers. MA = macroplastics.

assessment of wind role (Fig. 3). For the first time, we characterized the
riverine macrolitter transported by river current (i.e., cup-shape mac-
roplastics) and the wind transported macroplastic items (Fig. 4). The
wind showed a minor role in transporting plastics, accounting for 3.8 %
of total litter, while most of the litter was transported by water (96.2 %,
see Fig. 9B).

For both the rivers, plastic bags (28.3 %) were the most occurring
plastic types (Fig. 8B), together with plastic pieces (22.5 %), and hy-
gienic towels (21.7 %) (H (11) = 76.47, p < 0.0001). Precisely, in the
Tiber River, plastic pieces (33.8 %) were the most dominant plastic types
with plastic bags (24.6 %), hygienic towels (15.1 %), while in the Aniene
River, while plastic bags (31.1 %), followed by hygienic towels (26.9 %),
and sanitary towels (16.9 %). From the correlation matrix, the r

coefficient for significant pairwise ranges between 0.61 and 0.80. In
detail, we found that plastic cups are highly related to hygienic towels (r
= 0.80, p = 0.003) and plastic bags (r = 0.78, p = 0.004). Plastic pieces
were highly correlated with plastic bags (r = 0.61, p = 0.04), face masks
(r = 0.68, p = 0.02), and plastic packaging (r = 0.62, p = 0.03).
Following seasonality, plastic trap efficiency in plants changes accord-
ing to different seasons (Fig. 10), with plastic bags, hygienic towels, and
plastic pieces as the most occurring items. Across seasons, although
wind speed and precipitations were not significantly correlated to the
plastic amount and concentration (r = 0.43, p = 0.18; r = 0.44, p =
0.19), we found that higher precipitation data showed high plastic
occurrence in vegetation (i.e., winter vs. summer seasons).
Considering vegetation height, plants blocked macroplastics mostly
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Fig. 7. Plastic occurrence (#) in primary and secondary vegetations (ANI and TIB, respectively). Plastic polymers (A) and types (B) are shown in the legend.
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season, ANIS = Aniene river sampled in the summer season. In both the panels the same colours highlighted the same plastic polymers and types.

below water level (i.e., <2 m, Fig. 11).

4. Discussion

In our research, we emphasize setting the development of a new
standardized protocol to assess plastics in vegetation related to plant

tridimensionality. Particularly, we investigated that primary and sec-
ondary riparian vegetations blocked plastics. Particularly, trees showed
higher plastic trap efficiency than grasses, shrubs, and reeds. We also
emphasized the role of native and alien species in entrapping plastic

litter. For the first time, we provided an index to consider the structure
of riparian vegetation (i.e., 3DVI). Then, we assessed the trapping of
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Fig. 10. Seasonality of plastics in vegetation. From left to right, summer, autumn, winter, and spring seasons. The plastic trap efficiency changes according to
different seasons. Moreover, vegetation foliage and metabolisms change according to seasons. The image was adapted by Shutterstock (https://www.shutterstock.
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plastics in relation to the index values obtained finding that more
plastics were trapped by the most dense and diverse community. Also,
we provided a preliminary assessment of the wind role characterising
the riverine macrolitter transported by the river current (i.e., cup-shape
macroplastics) and the wind-transported macroplastic items. Finally,
considering different vegetation heights, plants blocked macroplastics
mostly below water level (i.e., water level < 2 m).

4.1. Plastic occurrence and vegetation structure (3DVI)

To date, the first attempts and protocols to monitor river plastics
have been developed, but they need to be highly implemented. Given
that plastic pollution is part of the “Sustainable Development Goals”
(SDGs) in the 2030 Agenda for Sustainable Development (https://sdgs.
un.org/goals), however, plastics are not yet introduced in national and
international directives, such as the Water Framework Directive (WFD
2000/60).

As studies used different protocols to sample different kinds of
vegetation (e.g., mangroves, dune plants, seagrass, macrophytes, ripar-
ian plants, check Williams and Simmons, 1996; Cozzolino et al., 2020;
Luo et al., 2021; Gallitelli et al., 2021; Schreyers et al., 2021; Cesarini
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and Scalici, 2022; Gallitelli and Scalici, 2023), a unified protocol is a
need to sample plastics in plants with standardized methods. This would
increase result comparison to drive data to policy-making decisions for
plastic mitigation. Here we put our emphasis on the tridimensional
structure of vegetation, creating a new index to address it and then relate
the structure to plastic occurrences. We adapted from River OSPAR
protocols following van Emmerik et al., 2020, and Vriend et al., 2020.

On comparing two different ways of sampling plastic in vegetation,
nested plots better consider the study area (i.e., river and riparian
widths) while single circular or quadrat plots are most prone to be under
representative of the surrounding area. The linear transect considered
was the same as reported in the Crowdwater procotol (van Emmerik
et al., 2020) and United Nations Environment Programme (2020), in our
protocol also considering river and riparian widths. We found that the
number of plastic categories in both 5 m? circle with nested plots was
quite similar. Considering our findings, we suggested that nested plots
could be used for any kind of vegetation, while the circular plot could be
more useful to sample secondary vegetation as this vegetation is usually
characterized by a narrow strip (Ricotta et al., 2001; Gallitelli and
Scalici, 2023). Also, this method could fit the secondary vegetation as it
is difficult to measure the vegetation width given the distribution of this
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Fig. 11. Occurrence of river and wind plastics at two different vegetation heights considering the low water level (i.e., 2 m). For other contexts with smaller or
greater rivers, the height (m) should be revised (i.e., about 2.0 m and 5.0 m, respectively, for instance).

vegetation in urban areas (see Badino et al., 2004; Fratarcangeli et al.,
2022; Gallitelli and Scalici, 2023). Although literature used different
transects and quadrats (e.g., 50x2m or 20x2m transects and 5x5m,
10x10m, or 0.5 x 0.5 m plots) to sample plastics in vegetation (see
Kesavan et al., 2021), for rivers the length of the riparian areas should be
taken into account as it can be narrow as a strip due to agriculture or
wide in more natural site (Gallitelli and Scalici, 2023).

Concerning the vegetation tridimensionality and structure (i.e.,
3DVI), we developed for the first time a vegetation index to describe the
structure and diversity of the plant community — and then relate it to the
plastic entrapment process. The higher the 3DVI value, the more com-
plex the vegetation (i.e., characterized by a lot of individuals, species,
and branches). From the index, we should consider that, with the same
value of diversity (J° index), a multi-species assemblage may have a
higher number of branches (i.e., 3D). Furthermore, the most dense (i.e.,
branched) and diverse communities (or multi-species assemblage) block
more plastics. This could be due to the different traits occurring in ri-
parian plants from trees to shrubs, reeds, and grasses (Raunkiaer, 1934).
To date, literature has not focused deeply on unveiling vegetation
structure in relation to plastic entrapment. In this way, research only
reported the type of vegetation with specific organs that blocked plas-
tics. For instance, Martin et al. (2019) and Kesavan et al. (2021) pointed
out that pneumatophores are key in entrapping plastics in mangroves,
while vegetation traits (i.e., spines, pollons, see Lavorel et al., 2007)
were reported to be pivotal in plastic entrapment by riparian vegetation
(Cesarini and Scalici, 2022; Gallitelli et al., 2022). Furthermore, we
found that alien species contribute to blocking plastics. In highly
disturbed urban environments (i.e., our study area), the dominance of
exotic and alien species (i.e., Robinia, Acer negundo, Platanus hybrida,
Erygeron) is expected as these are species that might tolerate distur-
bance. Although alien species distribution has increased also in riparian
areas (Praleskouskaya and Venanzoni, 2021), due to warming and
eutrophication, these species could also benefit us with the new
ecosystem service of trapping plastics (see also Gallitelli et al., 2021). In
this case, the presence of alien species could make the structure of the
vegetation community more intricate, resulting in a higher 3DVI index.
Given the spread of alien species in Mediterranean areas as well as in
other parts of the world (see Cao Pinna et al., 2021), their use as
“ecosystem services” to block plastic and then mitigate plastic pollution
could be an interesting trade-off as if we remove alien vegetation then
we also could remove plastic stuck on them. However, to better do it,
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appropriate protocols and management plans should be developed and
applied.

4.2. Plastic entrapment, vegetation structure, and environmental
constraints

Concerning the structure of vegetation related to plastic occurrence,
plastics occurring in vegetation were significantly related to vegetation
structure with the number of total and river plastics related to the 3DVI,
however wind plastics amount and concentration were not related to the
3DVI. This explains how hydrology is key for river plastic transport (Van
Emmerik et al., 2022b), and for carrying plastics on riverbanks and
vegetation. In all this process of carrying plastics, wind has a small and
neglected role in our study area. Concerning the wind contribution, we
provided a preliminary assessment of the wind role, considering that the
wind never exceeds the 9 m/s speed in our study area during samplings
(Windy.app, 2023). For the first time, we characterized the riverine
macrolitter transported by river current (i.e., cup-shape macroplastics)
and the wind transported macroplastic items (Fig. 3 and Fig. 4). The
wind showed a minor role in transporting plastics, indeed most of the
litter was transported by water. The contribution by wind could be
higher in bigger rivers (i.e., Tiber River) as they are wider while small
rivers (i.e., Aniene River) are narrower and so vegetation here close the
environment and river is less subject to wind and plastics carried by the
wind. Few studies investigate the role of wind in literature. In particular,
the role of plastic transport by wind is minimal as provided by Garello
et al. (2021) for the Parana River (Argentina). Moreover, extreme wind
speeds do not necessarily result in transporting waste (Mellink et al.,
2022). Thus, splitting the contribution of plastics carried by the river
current from the one due to the wind is fundamental to better under-
standing the role of vegetation in entrapping riverine plastics. We should
consider that plastics in vegetation are mainly due to (i) plastics trans-
ported by the river as floating plastics, (ii) plastics coming from the
metropolis, and (iii) dumping or tourism activities. Also, litter input by
citizens in riverbank can be a local input as well as the wind could play
an important role (see Garello et al., 2021; Roebroek et al., 2021; Mel-
link et al., 2022). Although a clear link between trapping litter in
vegetation and floating plastics has not been studied, hydrology is the
most important factor in carrying plastics to riverbanks and, conse-
quently, to riparian vegetation (Gallitelli and Scalici, 202.3).

In the optic of climate change, sampling plastics should consider
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collecting data on environmental hydrologic factors (see Van Emmerik
et al., 2022b). As climate change could alter the water cycle (Zaitchik
et al.,, 2023), river plastic transport could be influenced as well by
extreme events (Roebroek et al., 2021). Because of how riparian vege-
tation is structured in southern European latitudes with particular
hydromorphology and river flow regimes of our latitudes, we have that
most plastics are under 2 m in our study area. This also depends on the
slope of the riverbank and the variation of water level during floods.
Hydrology acts as the main driver of floating plastics in the river (Van
Emmerik et al., 2022b), being a source for plastics on riverbanks and
riparian vegetation. Small rivers with low discharge and water levels
could have a limited output of plastics to the vegetation, although
Gonzalez-Fernandez et al. (2021) identified small and medium-sized
rivers as the major carriers of plastics. Furthermore, seasonality could
be another important factor that should be considered in river plastic
transport as well as for plastic in vegetation. First, vegetation undergoes
to a seasonal pattern due to the habitat in which occurs. For instance, in
the temperate climate, we usually have a cold and hot season, while in
tropical areas there are wet and dry seasons (Whittaker, 1970). Due to
this seasonal pattern, plants change their foliage and morphology during
the year (Janzen, 1975). From our findings, if we match vegetation
seasonality with hydrology seasonality, river plastics are most prone to
be blocked by vegetation during high water levels. Then, plastics
entrapped by vegetation could be remobilised by floods (see Gallitelli
et al., 2022) and flow downstream with river current. In detail, river
plastics (i.e., plastics carried by water on vegetation) are more active
during winter with floods, while in the summer and dry season river
plastics are less active, so there could be an increase in the wind plastic
transport (Gallitelli et al., 2022). Although the plastic entrapment by
plants could be affected by flash floods after summer storms - that are
sudden events in Mediterranean areas (see Gaume et al., 2009), in our
study areas these were absent when sampling, however these events
should be considered.

Regarding plastic polymers and types, we mostly found that vege-
tation blocked plastic bags, hygienic towels, and packaging. Considering
the polymers, vegetation entrapped mostly PO soft items. Given that the
results regarding plastic entrapment by vegetation are similar if showing
polymers or litter types, we might recommend using the classification of
plastic polymers (i.e., PS/EPS, PO soft, PO hard, multilayer, and other as
described in Methods) to have smart and rapid fieldwork.

4.3. Methodology application to other context

Some limitations should also be highlighted in this study. We should
keep in mind that this is the first study to perform this kind of analysis
and findings, so we do not have a large dataset to be used as it is for
marine litter or riverine plastic transport (see Roebroek et al., 2022). In
detail, the reasons for the neglect of monitoring aquatic and riparian
vegetation could be due to the focus to microplastics in marine ecosys-
tems by researchers (see Gallitelli and Scalici, 2022). However, as
recently researchers understood that freshwaters are highly polluted by
plastics and that most plastics remain in the fluvial ecosystems (Van
Emmerik et al., 2022a; Gallitelli and Scalici, 2022), the focus and efforts
moved to river transport of plastics to prevent the plastic outflow to the
sea. As future perspectives, we encourage the expansion of the datasets,
from a (i) spatial and (ii) temporal point of view. (i) Firstly, this pre-
liminary dataset were collected in a restricted small area as these results
were used to set and apply the protocol. Indeed, although we considered
environmental drivers (i.e., hydrological, seasonality, and vegetation
factors) to better understand the plastic entrapment by vegetation,
however our study wants to set a protocol to provide with data stan-
dardization for plastics entrapped in vegetation. This would allow to
compare results from different rivers in the world and understand issues
related to biota (i.e., see plastics on vegetation hindering buds and
flower emission and also pollination in Gallitelli and Scalici, 2023). To
date, monitoring of litter in vegetation has been neglected and not
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considered in standardized guidelines. Thus, when applied interna-
tionally across the whole of European rivers, our methods should chal-
lenge the river ecosystem heterogeneity and different vegetation types.
Indeed, European rivers vary significantly in terms of their size, flow
dynamics, and ecosystems. A standardized method may account for
these variations by considering regional differences and seasonality in
river ecosystems. Moreover, riparian vegetation along European rivers
includes a wide range of plant species and habitats, thus a standardized
method might integrate it in order to consider the diversity of these
ecosystems and perform valuable plastic data collection. To tackle
plastic pollution (United Nations Environment Programme, 2020), we
need good estimates by field and modelling data to then drive decisions
for plastic mitigation, so we should promote method standardization
and harmonization. Proposing riverine and riparian clean-up initiatives
for the removal of macroplastics along these habitats might be the first
effort to reduce their occurrence in these environments. By addressing
these limitations, European countries might monitor more effectively
plastics in riverine habitats, facilitating joint efforts to combat plastic
pollution in their rivers. Given the importance of vegetated areas in
influencing plastic transport to the sea, future research should consider
studying this topic — benefitting from our findings. In this way, more
data will be available to understand where plastics accumulate in rivers
—as only 2 % is predicted to reach the ocean (see Meijer et al., 2021). (ii)
Secondly, in view of long-term monitoring, the large dataset could use
remote sensing and high technologies to detect macroplastic litter in
riparian and riverine habitats (Geraeds et al., 2019; Broere et al., 2021;
Tasseron et al., 2022). In this regard, only recently riparian habitats
started to be studied by remote sensing (Pace et al., 2021; Larsen et al.,
2023), thus future research could investigate the phenomenon of plastics
in riparian habitats by integrating remote sensing. Future perspectives
can develop applications to sample more easily and smartly plastics
within vegetation. As future perspectives, the creation and imple-
mentation of applications with a section for plastics in vegetation could
also provide precious data (e.g., for instance, the implementation of the
CrowdWater application with a section on plastics in aquatic and ri-
parian vegetations).

In all this framework, to better improve ecosystem functionality, it is
also important to match the management of ecosystems (e.g., manage-
ment of plants in rivers and canals, Caneva et al., 2021) with plastic
removal. In this view, plants provide a further ecosystem service, i.e.,
entrap plastics. Thus, if plants block plastics, we should propose correct
management of mowing activities as if we mowe, so we take care of
plants and we remove plastics from plants. Also, taking care of plants
might allow plants to be stronger to trap more other plastics. For this, we
need new protocols and implementation of current laws and directives
to better manage plastic pollution in riverine habitats. Thus, in light of
resolving the plastic problem, given the importance of plants entrapping
plastics from rivers, future efforts should focus on that research. The lack
of consistent and long-term observations to monitor plastics in aquatic
ecosystems could be fixed by more intense collaborations between all
parts of the European plastics system and policymakers. Also, to meet
our 2050 net zero and circularity targets sustainability, there is a need
for a new and enabling policy framework that could pose the basis for a
comprehensive global treaty on riverine plastics (United Nations Envi-
ronment Assembly of the United Nations Environment Programme,
2022; United Nations Environment Assembly of the United Nations
Environment Programme, 2023). In this view, this global treaty will
need harmonized and standardized methods to recollect precise datasets
to solve plastic pollution (see Hurley et al., 2023).

5. Conclusions

Riverine and riparian habitats are important habitats providing
many ecological services. Among these, the new one of trapping plastics
by plants could be key to spotting plastic accumulation areas — for then
mitigating plastic pollution. In this optic, as rivers carry most of the
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plastics, riverine plastic transport needs to be understood also in view of
the riparian vegetation’s role in entrapping macroplastics. Although the
role and structure of vegetation started to be investigated recently
(Gallitelli et al., 2021, 2023), here we emphasized the riparian vegeta-
tion three-dimensional structure for the first time. We emphasized that
plant structures are important variables for understanding the entrap-
ment efficiency of macrolitter, highlighting that the complexity of
vegetation structure is key for the trapping net effect. Riparian vegeta-
tion is threatened by several disturbances (i.e., contaminants, habitat
loss, agriculture, etc.) but at the same time, it traps plastics allowing the
development of remedial designs through the removal of plastics. In this
regard, it appears pivotal to further study how vegetation contributes to
the retention of plastics. Before solving the plastic problem, one must
find ways to assess plastics in vegetation, given the problem posed by
plastic on vegetation (see plastic effects on blooming and pollination in
Gallitelli and Scalici, 2023). As plants trap plastics, vegetation can
contribute to plastic remediation, so once a protocol to sample plastics in
vegetation is proposed, then environmental drivers (e.g., seasonality,
hydromorphological aspects, wind, and vegetation structure) on plastic
deposition in vegetation can be further understood - to better analyze
areas of plastic accumulation. As vegetation retains plastics efficiently in
watercourses providing us the ecosystem service of trapping macrolitter,
these preliminary guidelines on plastics in plants could be key to stan-
dardizing data collection and comparing results. We encouraged them to
follow those standardized methods to achieve result comparability.
Then, following previous research (Battisti et al., 2020), those data
could be used in future research to detect plastic hotspot areas and,
consequently, for future solutions such as mitigation and clean-up
activities.

CRediT authorship contribution statement

L. Gallitelli: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Supervision, Validation, Visual-
ization, Writing — original draft, Writing — review & editing. M. Cutini:
Methodology, Supervision, Validation, Visualization, Writing — review
& editing. M. Scalici: Conceptualization, Funding acquisition, Meth-
odology, Project administration, Resources, Supervision, Validation,
Visualization, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
All data are present in the manuscript and Supplementary Materials.
Acknowledgements

This research was supported by the Grant of Excellence Departments
(“Departments of Excellence 2023-27”, “Dipartimenti d’Eccellenza
2023-27”), MIUR-Italy (Italian Minister of University and Research).
Also, this work has been supported by the Biodiversa+ RIPARIANET
project which will focus on riparian habitats. Finally, we would like to
thank the anonymous reviewer for their time and effort for reviewing
and improving this manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.169570.

13

Science of the Total Environment 912 (2024) 169570
References

Badino, G., Bona, F., Isaia, M., Maffiotti, A., 2004. IDRI (Image Derived Riparian Index):
un metodo per valutare I'integrita dei corridoi ecologici fluviali basato sulla
fotointerpretazione. Studi Trentini Di Scienze Naturali-Acta Biologica 80, 139-145.

Barboza, L.G.A., Cézar, A., Gimenez, B.C., Barros, T.L., Kershaw, P.J., Guilhermino, L.,
2019. Macroplastics pollution in the marine environment. In: World Seas: An
Environmental Evaluation. Academic Press, pp. 305-328.

Battisti, C., Gallitelli, L., Vanadia, S., Scalici, M., 2023. General macro-litter as a proxy for
fishing lines, hooks and nets entrapping beach-nesting birds: implications for clean-
ups. Mar. Pollut. Bull. 186, 114502 https://doi.org/10.1016/j.
marpolbul.2022.114502.

Battisti, C., Poeta, G., Romiti, F., Picciolo, L., 2020. Small environmental actions need of
problem-solving approach: applying project management tools to beach litter clean-
ups. Environments 7 (10), 87. https://doi.org/10.3390/environments7100087.

Blanquet, J., 1932. Plant Sociology. The Study of Plant Communities. Plant sociology.
The study of plant communities, First ed.

Bloschl, G., Kiss, A., Viglione, A., Barriendos, M., Bohm, O., Brazdil, R., Coeur, D.,
Demarée, G., Llasat, M.C., Macdonald, N., Retso, D., Roald, L., Schmocker-Fackel, P.,
Amorim, 1., Bélinova, M., Benito, G., Bertolin, C., Camuffo, D., Cornel, D., Doktor, R.,
Elleder, L., Enzi, S., Garcia, J.C., Glaser, R., Hall, J., Haslinger, K., Hofstatter, M.,
Komma, J., Limanéwka, D., Lun, D., Panin, A., Parajka, J., Petri¢, H., Rodrigo, F.S.,
Rohr, C., Schonbein, J., Schulte, L., Silva, L.P., Toonen, W.H.J., Valent, P., Waser, J.,
Wetter, O., 2020. Current European flood-rich period exceptional compared with
past 500 years. Nature 583, 560-566. https://doi.org/10.1038/541586-020-2478-
3Braun-.

Broere, S., Van Emmerik, T., Gonzalez-Fernandez, D., Luxemburg, W., De Schipper, M.,
Cozar, A., Van De Giesen, N., 2021. Towards underwater macroplastic monitoring
using echo sounding. Front. Earth Sci. 9, 628704 https://doi.org/10.3389/
feart.2021.628704.

Caneva, G., Ceschin, S., Lucchese, F., Scalici, M., Battisti, C., Tufano, M., Tullio, M.C.,
Cicinelli, E., 2021. Environmental management of waters and riparian areas to
protect biodiversity through River Contracts: the experience of Tiber River (Rome,
Italy). River Res. Appl. 37 (10), 1510-1519.

Cao Pinna, L., Axmanov4, I., Chytry, M., Malavasi, M., Acosta, A.T.R., Giulio, S.,
Attorre, F., Bergmeier, E., Biurrun, 1., Campos, J.A., Font, X., Kiizmic, F.,
Landucci, F., Marceno, C., Rodriguez-Rojo, M.P., Carboni, M., 2021. The
biogeography of alien plant invasions in the Mediterranean Basin. J. Veg. Sci. 32
https://doi.org/10.1111/jvs.12980.

Celesti-Grapow, L., Capotorti, G., Del Vico, E., Lattanzi, E., Tilia, A., Blasi, C., 2013. The
vascular flora of Rome. Plant Biosyst. 147 (4), 1059-1087. https://doi.org/10.1080/
11263504.2013.862315.

Cesarini, G., Scalici, M., 2022. Riparian vegetation as a trap for plastic litter. Environ.
Pollut. 292, 118410 https://doi.org/10.1016/j.envpol.2021.118410.

Cesarini, G., Crosti, R., Secco, S., Gallitelli, L., Scalici, M., 2023. From city to sea:
spatiotemporal dynamics of floating macrolitter in the Tiber River. Sci. Total
Environ. 857, 159713 https://doi.org/10.1016/j.scitotenv.2022.159713.

Chytry, M., Otypkova, Z., 2003. Plot sizes used for phytosociological sampling of
European vegetation. J. Veg. Sci. 14 (4), 563-570.

Cozzolino, L., Nicastro, K.R., Zardi, G.I., De Los Santos, C.B., 2020. Species-specific
plastic accumulation in the sediment and canopy of coastal vegetated habitats. Sci.
Total Environ. 723, 138018 https://doi.org/10.1016/j.scitotenv.2020.138018.

De Lange, S.I., Mellink, Y., Vriend, P., Tasseron, P., Begemann, F., Hauk, R.,
Aalderink, H., Hamers, E., Jansson, P., Joosse, N., Lohr, A., Lotcheris, R.,
Schreyers, L., Vos, V., Van Emmerik, T., 2022. Sample size requirements for
riverbank macrolitter characterization. Environ. Sci. https://doi.org/10.1002/
essoar.10512739.2.

De, K., Sautya, S., Dora, G.U., Gaikwad, S., Katke, D., Salvi, A., 2023. Mangroves in the
“Plasticene™: high exposure of coastal mangroves to anthropogenic litter pollution
along the Central-West coast of India. Sci. Total Environ. 858, 160071 https://doi.
org/10.1016/j.scitotenv.2022.160071.

Fanelli, G., 2002. Analisi fitosociologica dell’area metropolitana di Roma. Braun-
Blanquetia. Dipartimento di Botanica ed Ecologia dell’Universita.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1km spatial resolution climate surfaces
for global land areas. Int. J. Climatol. 37 (12), 4302-4315.

Fratarcangeli, C., Fanelli, G., Testolin, R., Buffi, F., Travaglini, A., 2022. Floristic changes
of vascular flora in the city of Rome through grid-cell census over 23 years. Urban
Ecosyst. 25, 1851-1864. https://doi.org/10.1007/511252-022-01293-w.

Galgani, F., Hanke, G., Werner, S., De Vrees, L., 2013. Marine litter within the European
marine strategy framework directive. ICES J. Mar. Sci. 70, 1055-1064. https://doi.
org/10.1093/icesjms/fst122.

Gallitelli, L., Scalici, M., 2022. Riverine macroplastic gradient along watercourses: a
global overview. Front. Environ. Sci. 10, 937944 https://doi.org/10.3389/
fenvs.2022.937944.

Gallitelli, L., Scalici, M., 2023. Can macroplastics affect riparian vegetation blooming and
pollination? First observations from a temperate South-European river. Ecol. Indic.
154, 110531 https://doi.org/10.1016/j.ecolind.2023.110531.

Gallitelli, L., Battisti, C., Olivieri, Z., Marandola, C., Acosta, A.T.R., Scalici, M., 2021.
Carpobrotus spp. patches as trap for litter: evidence from a Mediterranean beach.
Mar. Pollut. Bull. 173, 113029 https://doi.org/10.1016/j.marpolbul.2021.113029.

Gallitelli, L., Cutini, M., Scalici, M., 2022. “The net trapping effect™: is riparian vegetation
affecting riverine macrolitter distribution? (other). display. doi:https://doi.org
/10.5194/egusphere-egu22-6516.

Gallitelli, L., Battisti, C., Scalici, M., 2023. Dunal plants intercepting macrolitter:
implications for beach clean-ups. Mar. Pollut. Bull. 187, 114585 https://doi.org/
10.1016/j.marpolbul.2023.114585.


https://doi.org/10.1016/j.scitotenv.2023.169570
https://doi.org/10.1016/j.scitotenv.2023.169570
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0005
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0005
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0005
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0010
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0010
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0010
https://doi.org/10.1016/j.marpolbul.2022.114502
https://doi.org/10.1016/j.marpolbul.2022.114502
https://doi.org/10.3390/environments7100087
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0020
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0020
https://doi.org/10.1038/s41586-020-2478-3Braun-
https://doi.org/10.1038/s41586-020-2478-3Braun-
https://doi.org/10.3389/feart.2021.628704
https://doi.org/10.3389/feart.2021.628704
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0035
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0035
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0035
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0035
https://doi.org/10.1111/jvs.12980
https://doi.org/10.1080/11263504.2013.862315
https://doi.org/10.1080/11263504.2013.862315
https://doi.org/10.1016/j.envpol.2021.118410
https://doi.org/10.1016/j.scitotenv.2022.159713
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0060
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0060
https://doi.org/10.1016/j.scitotenv.2020.138018
https://doi.org/10.1002/essoar.10512739.2
https://doi.org/10.1002/essoar.10512739.2
https://doi.org/10.1016/j.scitotenv.2022.160071
https://doi.org/10.1016/j.scitotenv.2022.160071
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0080
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0080
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0090
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0090
https://doi.org/10.1007/s11252-022-01293-w
https://doi.org/10.1093/icesjms/fst122
https://doi.org/10.1093/icesjms/fst122
https://doi.org/10.3389/fenvs.2022.937944
https://doi.org/10.3389/fenvs.2022.937944
https://doi.org/10.1016/j.ecolind.2023.110531
https://doi.org/10.1016/j.marpolbul.2021.113029
https://doi.org/10.5194/egusphere-egu22-6516
https://doi.org/10.5194/egusphere-egu22-6516
https://doi.org/10.1016/j.marpolbul.2023.114585
https://doi.org/10.1016/j.marpolbul.2023.114585

L. Gallitelli et al.

Garello, N., Blettler, M.C.M., Espinola, L.A., Wantzen, K.M., Gonzalez-Fernandez, D.,
Rodrigues, S., 2021. The role of hydrodynamic fluctuations and wind intensity on
the distribution of plastic debris on the sandy beaches of Parana River, Argentina.
Environ. Pollut. 291, 118168 https://doi.org/10.1016/j.envpol.2021.118168.

Gaume, E., Bain, V., Bernardara, P., Newinger, O., Barbuc, M., Bateman, A., et al., 2009.
A compilation of data on European flash floods. J. Hydrol. 367 (1-2), 70-78. https://
doi.org/10.1016/j.jhydrol.2008.12.028.

Geraeds, M., Van Emmerik, T., De Vries, R., Bin Ab Razak, M.S., 2019. Riverine plastic
litter monitoring using unmanned aerial vehicles (UAVs). Remote Sens. 11, 2045.
https://doi.org/10.3390/r s11172045.

Gonzélez-Fernandez, D., Hanke, G., 2017. Toward a harmonized approach for
monitoring of riverine floating macro litter inputs to the marine environment. Front.
Mar. Sci. 4 https://doi.org/10.3389/fmars.2017.00086.

Gonzélez-Fernandez, D., Hanke, G., the network RiLON, 2018. Floating Macro Litter in
European Rivers—Top Items. Review and Synthesis of Data Collected by the JRC
Exploratory Project RIMMEL. JRC technical report. JRC108172.

Gonzélez-Fernandez, D., Cézar, A., Hanke, G., Viejo, J., Morales-Caselles, C., Bakiu, R.,
Barceld, D., Bessa, F., Bruge, A., Cabrera, M., Castro-Jiménez, J., Constant, M.,
Crosti, R., Galletti, Y., Kideys, A.E., Machitadze, N., Pereira De Brito, J.,

Pogojeva, M., Ratola, N., Rigueira, J., Rojo-Nieto, E., Savenko, O., Schoneich-
Argent, R.L, Siedlewicz, G., Suaria, G., Tourgeli, M., 2021. Floating macrolitter
leaked from Europe into the ocean. Nat. Sustain. 4, 474-483. https://doi.org/
10.1038/541893-021-00722-6.

Gonzalez-Fernandez, D., Roebroek, C.T., Laufkotter, C., Cozar, A., van Emmerik, T.H.,
2023. Diverging estimates of river plastic input to the ocean. Nat. Rev. Earth
Environ. 1-3.

Harris, 1., Osborn, T.J., Jones, P.D., Lister, D.H., 2020. Version 4 of the CRU TS monthly
high-resolution gridded multivariate climate dataset. Sci. Data 7, 109.

Hayes, D.S., Brandle, J.M., Seliger, C., Zeiringer, B., Ferreira, T., Schmutz, S., 2018.
Advancing towards functional environmental flows for temperate floodplain rivers.
Sci. Total Environ. 633, 1089-1104. https://doi.org/10.1016/j.
scitotenv.2018.03.221.

Hurley, R., Horton, A., Lusher, A., Nizzetto, L., 2020. Plastic waste in the terrestrial
environment. In: Plastic Waste and Recycling. Academic Press, pp. 163-193.

Hurley, R., Braaten, H.F.V., Nizzetto, L., Steindal, E.H., Lin, Y., Clayer, F., van
Emmerik, T., Tuscano Buenaventura, N., Eidsvoll, D.P., @kelsrud, A., Norling, M.,
Adam, H.N., Olsen, M., 2023. Measuring riverine macroplastic: methods,
harmonisation, and quality control. Water Res. 119902.

Janzen, D.H., 1975. Ecology of Plants in the Tropics.

Kesavan, S., Xavier, K.A.M., Deshmukhe, G., Jaiswar, A.K., Bhusan, S., Shukla, S.P.,
2021. Anthropogenic pressure on mangrove ecosystems: quantification and source
identification of surficial and trapped debris. Sci. Total Environ. 794, 148677
https://doi.org/10.1016/j.scitotenv.2021.148677.

Kiessling, T., Knickmeier, K., Kruse, K., Brennecke, D., Nauendorf, A., Thiel, M., 2019.
Plastic Pirates sample litter at rivers in Germany-Riverside litter and litter sources
estimated by schoolchildren. Environ. Pollut. 245, 545-557. doi:https://doi.org/10
.1016/j.envpol.2018.11.025.

Larsen, S., Alvarez-Martinez, J.M., Barquin, J., Bruno, M.C., Zubiri, L.C., Gallitelli, L.,
Jonsson, M., Laux, M., Pace, G., Scalici, M., Schulz, R., 2023. RIPARIANET-
Prioritising riparian ecotones to sustain and connect multiple biodiversity and
functional components in river networks. Res. Ideas and Outcomes 9, e108807.
https://doi.org/10.3897/ri0.9.e108807.

Lavorel, S., Diaz, S., Cornelissen, J.H.C., Garnier, E., Harrison, S.P., McIntyre, S.,
Pausas, J.G., Pérez-Harguindeguy, N., Roumet, C., Urcelay, C., 2007. Plant
functional types: are we getting any closer to the holy grail? Terrestrial ecosystems in
a changing world 149-164.

Lebreton, L., Slat, B., Ferrari, F., Sainte-Rose, B., Aitken, J., Marthouse, R., Hajbane, S.,
Cunsolo, S., Schwarz, A., Levivier, A., Noble, K., Debeljak, P., Maral, H., Schoeneich-
Argent, R., Brambini, R., Reisser, J., 2018. Evidence that the Great Pacific Garbage
Patch is rapidly accumulating plastic. Sci. Rep. 8, 4666. https://doi.org/10.1038/
$41598-018-22939-w.

Lippiatt, S., Opfer, S., Arthur, C., 2013. Marine Debris Monitoring and Assessment:
Recommendations for Monitoring Debris Trends in the Marine Environment.

Liro, M., Van Emmerik, T.H.M., Zielonka, A., Gallitelli, L., Mihai, F.-C., 2023a. The
unknown fate of macroplastic in mountain rivers. Sci. Total Environ. 865, 161224
https://doi.org/10.1016/j. scitotenv.2022.161224.

Liro, M., Zielonka, A., Hajdukiewicz, H., Mikus, P., Haska, W., Kieniewicz, M.,
Gorcezyca, E., Krzemien, K., 2023b. Litter selfie: a citizen science guide for
photorecording macroplastic deposition along mountain rivers using a smartphone.
Water 15 (17), 3116.

Luo, Y.Y., Not, C., Cannicci, S., 2021. Mangroves as unique but understudied traps for
anthro- pogenic marine debris: a review of present information and the way forward.
Environ. Pollut. 271, 116291 https://doi.org/10.1016/j.envpol.2020.116291.

Martin, C., Almahasheer, H., Duarte, C.M., 2019. Mangrove forests as traps for marine
litter. Environ. Pollut. 247, 499-508. https://doi.org/10.1016/j.
envpol.2019.01.067.

Meijer, L.J.J., Van Emmerik, T., Van Der Ent, R., Schmidt, C., Lebreton, L., 2021. More
than 1000 rivers account for 80% of global riverine plastic emissions into the ocean.
Sci. Adv. 7, eaaz5803. https://doi.org/10.1126/sciadv.aaz5803.

Mellink, Y., Van Emmerik, T., Kooi, M., Laufkétter, C., Niemann, H., 2022. The Plastic
Pathfinder: a macroplastic transport and fate model for terrestrial environments.
Front. Environ. Sci. 10, 979685 https://doi.org/10.3389/fenvs.2022.979685.

Morales-Caselles, C., Viejo, J., Marti, E., Gonzalez-Fernandez, D., Pragnell-Raasch, H.,
Gonzalez-Gordillo, J.I, et al., 2021. An inshore-offshore sorting system revealed
from global classification of ocean litter. Nat. Sustain. 4 (6), 484-493.

14

Science of the Total Environment 912 (2024) 169570

OSPAR, 2010. Guideline for Monitoring Marine Litter on the Beaches in the OSPAR
Maritime Area. OSPAR Commission (2010). 90-3631-973.

Pace, G., Gutiérrez-Canovas, C., Henriques, R., Boeing, F., Cassio, F., Pascoal, C., 2021.
Remote sensing depicts riparian vegetation responses to water stress in a humid
Atlantic region. Sci. Total Environ. 772, 145526 https://doi.org/10.1016/j.
scitotenv.2021.145526.

Picd, Y., Barcel6, D., 2022. Micro(Nano)plastic analysis: a green and sustainable
perspective. J. Hazard. Mater. Adv. 6, 100058 https://doi.org/10.1016/j.
hazadv.2022.100058.

Pielou, E.C., 1966. The measurement of diversity in different types of biological
colledions. J. Theor. Biol. 13, 131-144.

Plastics Europe, 2022. An Analysis of European Plastics Production, Demand and Waste
Data. Available at: https://plasticseurope.org/wp-content/upload.

Praleskouskaya, S., Venanzoni, R., 2021. Effects of invasive alien species on riparian
vegetation over a 20-year time-lapse: a case study from the Tiber river in Central
Italy. Biodiversity 22, 67-81. https://doi.org/10.1080/14888386.2021.1940277.

Raunkiaer, C., 1934. The Life Forms of Plants and Statistical Plant Geography; Being the
Collected Papers of C. Raunkizr.

Ricotta, C., Grapow, L.C., Avena, G., Blasi, C., 2001. Topological analysis of the spatial
distribution of plant species richness across the city of Rome (Italy) with the echelon
approach. Landsc. Urban Plan. 57 (2), 69-76.

Roebroek, C.T.J., Hut, R., Vriend, P., De Winter, W., Boonstra, M., Van Emmerik, T.H.M.,
2021. Disentangling variability in riverbank macrolitter observations. Environ. Sci.
Technol. 55, 4932-4942. https://doi.org/10.1021/acs.est.0c08094.

Roebroek, C.T.J., Laufkotter, C., Gonzdlez-Fernandez, D., Van Emmerik, T., 2022. The
quest for the missing plastics: large uncertainties in river plastic export into the sea.
Environ. Pollut. 312, 119948 https://doi.org/10.1016/j.envpol.2022.119948.

Rood, S.B., Goater, L.A., Mahoney, J.M., Pearce, C.M., Smith, D.G., 2007. Floods, fire,
and ice: disturbance ecology of riparian cottonwoods. Botany 85 (11), 1019-1032.

Schone Rivieren, 2017. Handleiding Voor Monitoring. Avaliable online at: https://schon
erivieren.org/images/Onderzoek/DEF_Handleiding monitoring - Schone_Rivieren_
2018-2019.pdf (accessed April 21, 2020).

Schreyers, L., Van Emmerik, T., Nguyen, T.L., Castrop, E., Phung, N.A., Kieu-Le, T.C.,
Strady, E., Biermann, L., van Der Ploeg, M., 2021. Plastic plants: the role of water
hyacinths in plastic transport in tropical rivers. Front. Environ. Sci. 9, 177. https://
doi.org/10.3389/fenvs.2021.686334.

Seibert, J., Strobl, B., Etter, S., Hummer, P., Van Meerveld, H.J. (Ilja), 2019. Virtual staff
gauges for crowd-based stream level observations. Front. Earth Sci. 7, 70. https://
doi.org/10.3389/feart.2019.00070.

Shannon, C.E., 1948. A mathematical theory of communication. Bell Syst. Tech. J. 27 (3),
379-423.

Siligardi, M., Baldaccini, G.N., Bernabei, S., Bucci, M.S., Cappelletti, C., Chierici, E.,
et al., 2007. IFF 2007: indice di funzionalita fluviale: nuova versione del metodo
revisionata e aggiornata. ANPA.

Stella, J.C., Rodriguez-Gonzalez, P.M., Dufour, S., Bendix, J., 2013. Riparian vegetation
research in Mediterranean-climate regions: common patterns, ecological processes,
and considerations for management. Hydrobiologia 719, 291-315. https://doi.org/
10.1007/510750-012-1304-9.

Tasseron, P.F., Schreyers, L., Peller, J., Biermann, L., Van Emmerik, T., 2022. Toward
robust river plastic detection: combining lab and field-based hyperspectral imagery.
Earth Space Sci. 9 https://doi.org/10.1029/2022EA002518 e2022EA002518.

Thompson, T., 2022. Plastic pollution: three problems that a global treaty could solve.
Nature. https://doi.org/10.1038/d41586-022-03835-w.

United Nations Environment Assembly of the United Nations Environment Programme,
2022. End Plastic Pollution: Towards an International Legally Binding Instrument.
https://wedocs.unep.org/bitstream/handle/20.500.11822/38522/k220064
7_-_unep-ea-5-1-23-rev-1_-_advance.pdf?sequence=1&isAllowed=y.

United Nations Environment Assembly of the United Nations Environment Programme,
2023. Zero Draft Text of the International Legally Binding Instrument on Plastic
Pollution, Including in the Marine Environment. https://wedocs.unep.org/bits
tream/handle/20.500.11822/43239/ZERO-DRAFT.pdf.

United Nations Environment Programme, 2020. Monitoring Plastics in Rivers and Lakes:
Guidelines for the Harmonization of Methodologies. Nairobi.

Van Emmerik, T., Strady, E., Kieu-Le, T.-C., Nguyen, L., Gratiot, N., 2019. Seasonality of
riverine macroplastic transport. Sci. Rep. 9, 13549. https://doi.org/10.1038/
5s41598-019-50096-1.

van Emmerik, T.H.M., Vriend, P., Roebroek, C.T.J., 2020. An Evaluation of the River-
OSPAR Method for Quantifying Macrolitter on Dutch Riverbanks. Wageningen
University, Wageningen.

Van Emmerik, T., De Lange, S., Frings, R., Schreyers, L., Aalderink, H., Leusink, J.,
Begemann, F., Hamers, E., Hauk, R., Janssens, N., Jansson, P., Joosse, N., Kelder, D.,
Van Der Kuijl, T., Lotcheris, R., Lohr, A., Mellink, Y., Pinto, R., Tasseron, P., Vos, V.,
Vriend, P., 2022a. Hydrology as a driver of floating river plastic transport. Earth’s
Future 10. https://doi.org/10.1029/2022EF002811 e2022EF002811.

Van Emmerik, Tim, Mellink, Y., Hauk, R., Waldschlager, K., Schreyers, L., 2022b. Rivers
as plastic reservoirs. Front. Water 3, 786936. https://doi.org/10.3389/
frwa.2021.786936.

Van Emmerik, T.H.M., Frings, R.M., Schreyers, L.J., Hauk, R., De Lange, S.I., Mellink, Y.
A.M., 2023. River plastic transport and deposition amplified by extreme flood. Nat.
Water 1, 514-522. https://doi.org/10.1038/s44221-023-00092-7.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The
river continuum concept. Can. J. Fish. Aquat. Sci. 37 (1), 130-137.

Vriend, P., Roebroek, C.T.J., Van Emmerik, T., 2020. Same but different: a framework to
design and compare riverbank plastic monitoring strategies. Front. Water 2, 563791.
https://doi.org/10.3389/frwa.2020.563791.

Whittaker, R.H., 1970. Communities and Ecosystems. Communities and ecosystems.


https://doi.org/10.1016/j.envpol.2021.118168
https://doi.org/10.1016/j.jhydrol.2008.12.028
https://doi.org/10.1016/j.jhydrol.2008.12.028
https://doi.org/10.3390/r s11172045
https://doi.org/10.3389/fmars.2017.00086
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0145
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0145
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0145
https://doi.org/10.1038/s41893-021-00722-6
https://doi.org/10.1038/s41893-021-00722-6
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0155
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0155
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0155
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0160
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0160
https://doi.org/10.1016/j.scitotenv.2018.03.221
https://doi.org/10.1016/j.scitotenv.2018.03.221
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0170
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0170
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0175
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0175
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0175
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0175
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0180
https://doi.org/10.1016/j.scitotenv.2021.148677
https://doi.org/10.1016/j.envpol.2018.11.025
https://doi.org/10.1016/j.envpol.2018.11.025
https://doi.org/10.3897/rio.9.e108807
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0190
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0190
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0190
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0190
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1038/s41598-018-22939-w
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0200
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0200
https://doi.org/10.1016/j. scitotenv.2022.161224
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf5010
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf5010
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf5010
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf5010
https://doi.org/10.1016/j.envpol.2020.116291
https://doi.org/10.1016/j.envpol.2019.01.067
https://doi.org/10.1016/j.envpol.2019.01.067
https://doi.org/10.1126/sciadv.aaz5803
https://doi.org/10.3389/fenvs.2022.979685
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0235
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0235
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0235
https://doi.org/10.1016/j.scitotenv.2021.145526
https://doi.org/10.1016/j.scitotenv.2021.145526
https://doi.org/10.1016/j.hazadv.2022.100058
https://doi.org/10.1016/j.hazadv.2022.100058
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0245
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0245
https://plasticseurope.org/wp-content/upload
https://doi.org/10.1080/14888386.2021.1940277
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0260
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0260
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0265
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0265
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0265
https://doi.org/10.1021/acs.est.0c08094
https://doi.org/10.1016/j.envpol.2022.119948
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0280
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0280
https://schonerivieren.org/images/Onderzoek/DEF_Handleiding_monitoring_-_Schone_Rivieren_2018-2019.pdf
https://schonerivieren.org/images/Onderzoek/DEF_Handleiding_monitoring_-_Schone_Rivieren_2018-2019.pdf
https://schonerivieren.org/images/Onderzoek/DEF_Handleiding_monitoring_-_Schone_Rivieren_2018-2019.pdf
https://doi.org/10.3389/fenvs.2021.686334
https://doi.org/10.3389/fenvs.2021.686334
https://doi.org/10.3389/feart.2019.00070
https://doi.org/10.3389/feart.2019.00070
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0300
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0300
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0305
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0305
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0305
https://doi.org/10.1007/s10750-012-1304-9
https://doi.org/10.1007/s10750-012-1304-9
https://doi.org/10.1029/2022EA002518
https://doi.org/10.1038/d41586-022-03835-w
https://wedocs.unep.org/bitstream/handle/20.500.11822/38522/k2200647_-_unep-ea-5-l-23-rev-1_-_advance.pdf?sequence=1&amp;isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/38522/k2200647_-_unep-ea-5-l-23-rev-1_-_advance.pdf?sequence=1&amp;isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/43239/ZERO-DRAFT.pdf
https://wedocs.unep.org/bitstream/handle/20.500.11822/43239/ZERO-DRAFT.pdf
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0335
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0335
https://doi.org/10.1038/s41598-019-50096-1
https://doi.org/10.1038/s41598-019-50096-1
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0350
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0350
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0350
https://doi.org/10.1029/2022EF002811
https://doi.org/10.3389/frwa.2021.786936
https://doi.org/10.3389/frwa.2021.786936
https://doi.org/10.1038/s44221-023-00092-7
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0375
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0375
https://doi.org/10.3389/frwa.2020.563791
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0385

L. Gallitelli et al. Science of the Total Environment 912 (2024) 169570

Williams, A.T., Simmons, S.L., 1996. The degradation of plastic litter in rivers: Windy.app. https://windy.app/.
implications for beaches. J. Coast. Conserv. 2, 63-72. https://doi.org/10.1007/ Zaitchik, B.F., Rodell, M., Biasutti, M., Seneviratne, S.I., 2023. Wetting and drying trends
BF02743038. under climate change. Nat. Water 1-12.

15


https://doi.org/10.1007/BF02743038
https://doi.org/10.1007/BF02743038
https://windy.app/
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0395
http://refhub.elsevier.com/S0048-9697(23)08200-1/rf0395

	Riparian vegetation plastic monitoring: A harmonized protocol for sampling macrolitter in vegetated riverine habitats
	1 Introduction
	2 Methods
	2.1 Selection of methodological elements used to develop the new method
	2.2 Design to select the study area for plastic monitoring in vegetation
	2.3 General approach to define sampling procedure
	2.3.1 Vegetation sampling design
	2.3.2 A new developed index to detect vegetation structure

	2.4 Plastic sampling in vegetation
	2.4.1 Plastics screening in vegetation: wind and river plastics
	2.4.2 Riparian plastic classification

	2.5 Application of the general approach to our case study
	2.5.1 Study area
	2.5.2 Vegetation sampling

	2.6 Data analysis

	3 Results
	3.1 Plastic occurrence and vegetation structure (3DVI)
	3.2 Plastic entrapment, vegetation structure, and environmental constraints

	4 Discussion
	4.1 Plastic occurrence and vegetation structure (3DVI)
	4.2 Plastic entrapment, vegetation structure, and environmental constraints
	4.3 Methodology application to other context

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


