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Plastics are a significant environmental problem, accumulating in ecosystems and causing harmful effects. While
macroplastics in rivers have only recently gained attention, most studies focus on their transport to the sea,
neglecting the fact that plastics often remain within fluvial systems. Previous research has primarily considered
abiotic factors in this transport process. However, recent findings indicate that vegetation plays a crucial role in
trapping plastics in urban and lowland watercourses. The role and structure of riparian vegetation in plastic
entrapment are poorly understood. This study investigates the relationship between vegetation structure and
plastic entrapment applying the 3D Vegetation Index (3DVI) to quantify vegetation complexity and its capacity to
trap plastics. Field data on plastics and vegetation were collected from six rivers in central Italy across three
riverine zones. Results show a significant correlation between macroplastics trapped in vegetation and vegetation
structure, with denser and more diverse plant communities trapping more plastics. Particularly, a significant
regression between 3DVI and plastics in vegetation was observed only in the lower river zone. The higher the
3DVI value, the more complex the vegetation, indicating greater plastic trapping efficiency. These findings
suggest that biotic factors, particularly vegetation structure, are important variables for driving riverine plastic
entrapment at local scales. This study is the first to apply a vegetation index to describe the complexity and
diversity of plant communities related to plastic entrapment. Future research urgently needs to unveil this
phenomenon at a global scale as well as to focus on the interactions and effects of macroplastics on plants. Un-
derstanding plant structures and 3DVI usage in retaining plastics can help identify plastic hotspot areas and
inform mitigation and clean-up efforts to address plastic pollution effectively.

1. Introduction entanglement in aquatic fish, reptiles, birds, and mammals, as well as for

the construction of bird nests [4,6,13,30]. Moreover, macroplastics

Macroplastic litter is one of the most challenging global concerns,
actually still affecting ecosystems and human health [5,10,22]. Given its
wide distribution across the globe, macroplastic litter represents a
growing threat with observed detrimental effects in aquatic ecosystems
and, for that, it has been a well-studied hot topic in the last decades [32,
23]. In aquatic ecosystems, most of the studies focused on the marine
habitat, highlighting the entanglement and suffocation of bird, fish, and
mammal species by dumped plastics and fishing gear for many years
[1-3,15,25,24]. These lethal effects have been observed only recently in
freshwater riverine habitats [4,14]. Here, macroplastics (plastics >
5 mm, sensu Gallitelli and Scalici [15]) are responsible for ingestion and
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fragment into smaller particles called microplastics (1 pm < plastics <
5 mm), being more easily ingested and have ecotoxicological effects on
aquatic biota [9,27]. Among freshwater systems, rivers are of particular
interest as they carry most of the macroplastic litter from the land to the
seas [18,33]. To date, plastics in rivers have been recently documented
[15,20,21]. Several research emphasized the riverine transport of plas-
tics to the sea, with rivers as the main carriers of plastics [18,19].
However, most plastic litter remain blocked in the fluvial ecosystems
due to different causes. Among these, sediments and infrastructure (e.g.,
dams) may interfere with plastic transport, temporarily blocking plastic
litter [17]. Moreover, vegetation along the riverbank has a high
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potential to retain plastics [14,17,38]. In this view, plastics from
riverine habitats are retained in the riverbank habitats, and, here, the
characteristics of the riverbank together with the vegetation help to
entrap floating plastics carried from the river. Although several studies
highlighted macrolitter accumulation zones in riverbank vegetated
areas and few studies observed the role of vegetation in entrapping
macrolitter on riverbanks [17], the retention and release process of this
plastic entrapment should still be investigated. Until now, research
focused on river plastic transport, highlighting the hydrometeorological
factors (e.g., river discharge, wind speed) and geomorphological char-
acteristics (e.g., meanders, river width) as the hydrology is pivotal in
plastic transport [29]. Moreover, hydrology is the main force that brings
floating plastics from the river to the riverbank and riparian vegetation.
Given that riparian vegetation is a plant community that grows close to
riverbanks along watercourses, when floods increase the water level
reaching the bank, an unknown percentage of floating plastics are
transported to the riverbank and trapped by riparian vegetation [14,38].
However, apart from the hydrological feature, the plastic entrapment by
vegetation depends largely on the structure of each plant species and
community. In the literature, it has been highlighted that more branched
and dense vegetation may block a higher quantity of plastic litter [3,12,
16]. Regarding riparian vegetation, until now generic studies assessed
litter in riverine riparian habitats simply by providing quantification of
vegetation occurring in the study area [38]. As recent research discov-
ered that plants may block plastics providing an ecosystem service for
plastic accumulation [17], more emphasis has been placed on stand-
ardising a method to sample plastics in vegetation by considering the
riparian zone and assessing in detail the three-dimensional vegetation
structure [14,16]. These studies provided field observations of plastic
entrapment in the lowland and mouth zones of rivers in Mediterranean
areas. Particularly, these previous studies tested an index for vegetation
tridimensionality (i.e., 3DVI), to better understand the plastic entrap-
ment related to the structure of vegetation. With the aim of applying the
structural index along the river watershed to understand if a high con-
centration of plastics might be entrapped by a more structured and dense
vegetation community, we aimed to focus on the three-dimensionality
structure of the riparian community with the plastic entrapment. Pre-
cisely, we applied the structural vegetation index to plastics entrapped
by vegetation. Our main hypothesis was that the three-dimensional
structure due to the presence of a well-established riparian community
might allow the most efficient plastic entrapment. To do it, we will use
throughout the paper two different names: (i) plant morphological
structure to refer to the single species and (ii) riparian vegetation
community to indicate the association of species.

2. Material and methods
2.1. Study area

We applied the vegetation structure index (i.e., 3DVI) along the three
riverine zones sampling field data from central Italy rivers. To do that,
we considered riparian vegetation to river width following standardised
methods reviewed in Gallitelli et al. [16]. Data on plastics within
vegetation has been recollected after setting plots on the riparian area.
Also, 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)
considering the tridimensionality and diversity index. Regarding the
3DVI index, we followed the protocol developed by Gallitelli et al. [16]
to sample vegetation branches and species. At the end, we related the
3DVI index to plastic occurrence in vegetation.

Concerning the study area, we selected sampling sites in central Italy
rivers. We considered the three river zones (i.e., up, middle, and low
stream zones) as macroplastic litter can be input in the river also in the
riverine parts near the spring and along the river course [15,21]. To
select rivers, we considered big and small catchments, from the Tiber to
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the Arrone rivers, following Gallitelli et al. [16]. The Tiber River rep-
resents the second longest river in Italy, with Farfa and Aniene rivers as
main tributaries. Regarding land use, the areas of the Tiber and Aniene
rivers were more urban and anthropized near the city of Rome, while
pristine in proximity to their spring and middle zones. Regarding Marta,
Mignone and Arrone rivers, these rivers were chosen as more pristine
and flowing in agricultural areas. To investigate the structure of riparian
vegetation related to plastic entrapment, we followed the sampling
design set in Gallitelli and Scalici [14] and Gallitelli et al. [16]. In detail,
riparian vegetation was sampled by using standardised plots with a
minimum area of 5 m? considering river width and riparian zone width
for calculating the plot area.

2.2. Sampling design for macroplastics in vegetated riparian areas

In each sampling area, we identified and sampled dominant species,
mostly dominated by riparian vegetation trees, shrubs, reeds, and
grasses. In Mediterranean areas, the upstream rivers show un-typical
riparian vegetation with mixed conifers and beech riparian forests
covering the river catchment. Regarding the three-dimensional struc-
ture, we calculated a 3DVI index to link the structure of vegetation to
plastic occurrence in the precise site [16]. The number of species and the
number of branches have been used to develop the index of vegetation
structure (namely 3DVI, 3D-Vegetation Index) as designed by Gallitelli
et al. [16]). To understand the structure and tridimensional shape of
vegetation, we counted the number of branches and the number of
species in each plot. While the number of branches and individuals
provides information with tridimensionality, the number of species was
used to calculate biodiversity indices and have details on the role of each
species in the community (see [16]). The calculation and formulas are
available in the Method section in [16]. In each plot, we collected data
on dominant species coverage, type of vegetation, and factors such as
height, branches, and diameter species (Table 1) as a proxy of the ri-
parian vegetation structure. Then, we collected macroplastic litter and
counted and classified it for type, size, colours, and polymers. To do that,
we followed the classifications by Galgani et al. [11] and
Gonzalez-Fernandez et al. [18]. We set a protocol in Gallitelli et al. [16]
to understand the provenience of vegetation plastics and to split plastics
carried by river transport from land brought by wind. Following this,
macroplastics in vegetation carried by the river are characterised by
mud and a cup shape, as described in [16]. All these data allow us to
understand the structure of the riparian vegetation in accumulating MA,
considering (i) the plant morphological structure (i.e., soft traits, ac-
cording to Raunkiaer [26] and (ii) the vegetation association (i.e., ri-
parian community). Finally, to spot a correlation with plastics, this
index has been related to the plastic occurrence in each site.

2.3. Statistical analyses

Normality and data distribution were checked before performing
each statistical test. If data were not normally distributed, non-
parametric tests were carried out. To calculate the 3DVI index we fol-
lowed the calculations in Gallitelli et al. [16]. Here, we adapted the 3DVI
also considering other factors. For instance, we calculated two different
3D and four different 3DVI indices. The first, the 3DVI based on 3Dj,
considered 3D as the number of branches divided by the area of plants in
the plot. The second is the 3DVI based on the 3D, calculated as the
number of individuals of a species multiplied by the number of branches

Table 1
Characteristics of plant structure used in sampling plastics in vegetation.
Plant Coverage Height Branches Individuals Diameter
features
Sample Percentage meter Number Number meter
units (%) (m) #) #) (m)
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and divided by the area occupied by it in the plot. These two different 3D
were related to four different diversity indices: richness or number of
species index (3DVI-R), Simpson index (3DVI-D), Shannon index
(3DVI-H'), and Evenness index (3DVI-J). To compare data among the
three river zones and stations, data of plastic entrapped within vegeta-
tion were standardised considering the coverage of each species in each
plot. Also, to obtain the plastic concentration of items entrapped in
plants, we standardised the number of items per sampling area for each
plot. To obtain the source of plastics in riparian habitats, we used the
land use of a 1 km x 1 km buffer area and then applied it to our study
area. We calculated the percentages of each matrix (e.g., seminatural
areas, artificial areas, and agricultural areas) by using the Corine Land
Cover nomenclature and protocol. The results are shown in Fig. 1 with
the study area map. To understand if the plastics occurring in vegetation
are related to the plant structure (i.e., plant morphological structure,
3DVI), we performed correlation and regression analyses for the whole
rivers and the three riverine zones. Moreover, to investigate whether the
plants entrapped macrolitter mainly in upper, medium, or low height (i.
e, <0.5m,0.5m < r < 2.0m, > 2.0 m) to the 3DVI index, we conducted
correlation and regression analyses. To investigate which environmental
factors might drive the entrapment of plastics within vegetation, we
performed a correlation matrix analysis. Regarding the environmental
drivers that might affect the entrapment of plastics in vegetation, the
number of species, number of individuals, and quantity of branches have
been tested as the most influential factors.

All statistical analysis was performed using GraphPad Prism version
8.0.1, GraphPad Software, www.graphpad.com.

3. Results

Overall, we found that the river carried plastics mostly predominate
than wind carried plastics (97.8 % vs 2.2 %, respectively). Here, we
showed the plant structures entrapping macroplastic litter along rivers.
Vegetation showed different structures per single plant (i.e., plant
morphological structure) as well as per community (i.e., riparian
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Fig. 1. Study area focusing on central Italy rivers. Each river has been sampled
considering the three river zones. The image was taken on Copernicus and the
European Environment Agency (EEA). ARR = Arrone river, MAR = Marta river,
TIB = Tiber river, MIG = Mignone river, ANI = Aniene river, and FAR
= Farfa river.
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vegetation association). Overall, trees trapped 80.0 % of the total mac-
rolitter found, followed by Rubus, reeds, grasses, and shrubs trapping
7.3 %, 6.4 %, 5.3, and 1.0 % of macrolitter. Concerning vegetation
types, trees efficiently blocked PO soft items (e.g., plastic bags, hygienic
towels) and some hard plastic items accounting respectively for 62.8 %
and 6.7 % of total macrolitter. Moreover, Rubus and reeds blocked
mostly PO soft items respectively at 5.2 % and 3.4 % (Fig. 2, Fig. 3).
Higher concentrations of macrolitter were found mostly in agricultural
or artificial areas (Fig. 2B).

Regarding MA concentrations (Fig. 3B), we found an average of 4.3
+ 7.1 MA/m? on riverbanks in central Italy, with minimum-maximum
ranging between 0.1 MA/m? in MAR3 and 28.6 MA/m? in ARR3. The
mean MA density for urban areas was 13.9 + 13.2 MA/m2. Trees
showed the highest trapping efficiency in the downstream river zone on
a percentage average (57.2 MA/m?), while Rubus was the lowest one in
the middlestream river zone (1.2 MA/m?). Concerning polymer con-
centration, PO soft was the most found in downstream river zone (72.1
MA/mz), while multilayer was the least found in upstream locations (0.1
MA/m?).

Concerning the structure given by the riparian community (i.e., ri-
parian vegetation association), trees blocked more macroplastic litter.
Precisely, the best combination of vegetation types for entrapping most
plastics is given by the whole community. This latter showed a structure
with different vegetation types of riparian vegetation, composed of
trees, shrubs, and reeds (and grasses). This complete riparian commu-
nity is mainly found in the most polluted stations. In those latter, ri-
parian community characterised by trees and shrubs (i.e., Populus sp.,
Salix sp., and Rubus ulmifolius in ANI3) and by trees, shrubs and reeds (i.
e., Populus sp., Ficus carica, and Phragmites australis in TIB3, Fig. 3)
entrapped more efficiently macroplastics.

Concerning plant structure (i.e., plant morphological structure,
3DVI), high number and density of macroplastics were found in sites
with medium or high vegetation structure (i.e., 3DVI) (Fig. 4).
Furthermore, the vegetation community with the densest and more
diverse structure blocked more plastic densities. Small-medium rivers
trapped most MA (90.3 %) while big rivers 9.7 % (Fig. 4). Mean mac-
roplastic density reached 4.7 MA/m? in small-medium rivers (i.e., <
70 km in length), while the mean macroplastic density was 2.5 MA/m?
for Aniene and Tiber rivers (> 100 km in length) (Fig. 4).

Considering different vegetation heights in all the rivers, plants
blocked macroplastics mostly below 2 m (i.e., in branches between
0.5 m and 2.0 m and below 0.5 m). Overall, there is a significant linear
regression between the 3DVI in vegetation branches below and above
high-water level (0.5 <r < 2.0m, and r > 2.0 m, respectively R =
0.38, p = 0.007, Y = 0.007662 * X + 2.711 and R? = 0.45, p = 0.0023,
Y = 0.2522 * X + 2.696, Fig. 5).

With regards to the three riverine zones, plants entrapped the ma-
jority of MA in the downstream lower course near the mouth. Only in the
lower river zone, there was a significant regression between 3DVI and
plastics in vegetation ®R? = 0.94, p=0.001, Y = 108.0 * X-143.7;
Fig. 6).

Regarding the environmental drivers that might affect the entrap-
ment of plastics in vegetation, the number of species, number of in-
dividuals, and quantity of branches (respectively, correlation matrix,
r=0.32, p=0.535; r=0.81, p=0.049; and r =0.30, p = 0.565)
resulted to be one of the most influent factors (Fig. 7). Biotic factors (i.e.,
such as the vegetation structure) mostly correlate with the occurrence of
plastics in vegetation, driving plastic entrapment more than the envi-
ronmental abiotic factors (i.e., such as hydrology).

Furthermore, to compare different kinds of structural indices, we
calculated two different 3D and 3DVI. The first is the 3DVI based on 3D,
which provided no significant relation with the number of species
(3DVI-R), Simpson index (3DVI-D), Shannon index (3DVI-H'), and
Evenness index (3DVI-J). The second is the 3DVI based on the 3D,. This
3DVI index built with the number of species (3DVI-R), Simpson index
(3DVI-D), Shannon index (3DVI-H), and Evenness index (3DVI-J)
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correlates significantly with both plastics’ occurrence and concentration
in rivers (Table 2).

4. Discussion

In this study, we showed the plant structures entrapping macro-
plastic litter along rivers. Vegetation showed different entrapping
structures for single plants (i.e., plant morphological structure) as well
as per community (i.e., riparian vegetation association). For the first
time, we emphasised the structure of the riparian community (i.e., 3DVI)
in relation to the plastic entrapment. We also investigated that the
structure of riparian vegetation — highlighted by the 3DVI index — could
drive the accumulation of plastics in vegetation more than hydrological
factors. Riverine macroplastic distribution is highly driven by river
currents and hydrology [17,18,36]. Consequently, plastics floating in
rivers were transported to the riverbank and then on vegetation by
extreme events such as floods [29]. However, when on vegetated riv-
erbanks, plastic entrapment by plants depends highly on (1) the input of
macrolitter and its abundance in the river, (2) the macrolitter type/-
polymer, and (3) the structure of the single plant as well as the vege-
tation community. Precisely, (1) regarding the abundance of litter in the
river, the more macrolitter occurring in the river, the higher the prob-
ability of being trapped by vegetation. (2) Concerning the macrolitter
type/polymer, soft litter items (i.e., plastic bags or PO soft packaging
items) attach better to some type of vegetation structure (i.e., roots and
branches), while hard items (i.e., plastic bottles or PO hard and PS items)
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remain stuck in the branches or the basket formed by roots. This result is
in line with the global overview by Gallitelli and Scalici [17] who
showed how each structure and type of vegetation traps specific mac-
rolitter type/polymer. (3) Regarding vegetation type and structure, the
effect of plant structure in entrapping litter has been highlighted by
single species and communities [3,12]. According to the vegetation life
form, some dune species with prostrate and more branched habitus
entrapped more litter than not prostrate simpler habitus species [17].
Until now, the role of single species to entrap litter has been pointed out
for dune plants, mangroves, and seagrasses (see De et al. [8],
Sanchez-Vidal et al. [31], Li et al. [39], Battisti et al. [3], reviewed in
Gallitelli and Scalici [17]), however the role of community vegetation
has not been studied. Given the importance of riparian vegetation as an
ecotone habitat, shelter and food for organisms, and filter of many
contaminants [7], we started to investigate this habitat, highlighting
that the whole community characterised by different types of vegetation
provides the best combination of plants to entrap more plastics. As
highlighted by the 3DVI index (until now tested to lowland mouth zone
of rivers, see Gallitelli et al. [16]), the riparian community results have a
structure efficiency in entrapping macrolitter. In this regard, when the
3DVI index accounts for the number of individuals shows a probably
better representation of riparian community structure in each plot. This
efficient structure of riparian vegetation in trapping plastics could be
due to the different roles of each riparian species in blocking plastics.
Among the different species, the alien species Robinia pseudoacacia block
litter with spines, while trees such as Alnus glutinosa, Salix spp. and Ficus
carica form specific branches at the top of their main trunk (i.e., called
pollons) that form a sort of net, useful to entrap macrolitter [14,17].
Thus, the synergistic effect provided by the species in the riparian
community might result in a higher plastic entrapment. More in detail,
we found that stations with community characterised by dense and
diverse species block more plastics. Plastics occurring in vegetation were
significantly related to vegetation structure with the 3DVI correlated
with the number of plastics. However, we should emphasise the slight
correlation occurring among plastics in vegetation with the 3DVI in
upper, middle, and lower riverine zones. This would highly depend on
the amount of macrolitter items found on each site. Furthermore, as the
3D, index works when built with the number of species (3DVI-R),
Simpson index (3DVI-D), Shannon index (3DVI-H'), and Evenness index
(3DVI-J) and correlates significantly with both plastics’ occurrence and
concentration in rivers, thus the easiest combination of number of spe-
cies (3DVI-R) or the most “ecologically” complete of evenness (3DVI-J)
are recommended to be used. Those findings have been highlighted only
in the lower river zone with a significant regression between 3DVI and
plastics entrapped in vegetation. This result could be explained as ri-
parian vegetation usually becomes denser in the lower river zone as the
river width increases going into the lower zone (see Vannote et al. [37]).
Although little research focused on investigating plastics in the river
upstream zone [15,21], the importance of the lower and estuary river
zone in discharging plastics into the sea is evident [18,33,34].

With regards to vegetation, we should keep in mind that plastics in
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Fig. 6. Correlation of plastics in vegetation with the 3DVI in upper, middle, and lower riverine zones (A-C). Plastic occurrence is shown for each river zone (D).

Pearson correlations R? showed for each river zone (E).

Plastic River Discharge  Lenght Plastic Species Individuals Branches
concentration (i/m2) Width (m)  (m3/s) (km) concentration (it/m2)  (#) #) #)
r 0.067 0.057 0.146 1.000 0.321 0.813 0.299
P-value 0.899 0.914 0.783 0.000 0.535 0.049 0.565
1.0 3-DVI

River width (m)

Discharge (m3/s)

Lenght (km) 05
Plastic concentration (it/m2) -
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mdiviauats ¢ | [l | 0

Fig. 7. Plastics in vegetation are affected by environmental drivers. Results are
shown in Table (A) and graphically in the heat map (B). The bold and white
asterisk indicates the significance of the results (Pearson correlations).

vegetation depend on two main factors. The first one is given by the
hydrology features. Plastics in vegetation depend on the availability of
macrolitter in the river as floating litter. This allows litter to be trapped
by plants and, according to the river width and flow, the water level may
increase with high or less intensity, bringing plastics from the river to

Table 2

Regression results of the 3DVI indices, calculated with 3D; and 3D, and built
with the four diversity indices (R, D, H’, and J) related to plastics’ occurrence
(number of items) and concentration (number of items/area). R = number of
species, D = Simpson index, H = Shannon Index, and J = evenness index. R2
indicates the goodness of fit relative to the regression test. Significative results
are shown in bold.

3D1 3D2
Plastic (No.) Plastics (it/m2) Plastic (No.) Plastics (it/
m2)
3DVI- R2=0.05,F R2=0.02,F R2=0.66,F R2=0.60,F
R =0.89, =0.28,p=0.60 =31.27, = 23.68,
p=0.36 p < 0.0001 p = 0.0002
3DVI- R2 =0.002, F R2 =0.0004, F R=0.86, F R2=0.61,F
D =0.03, = 0.006, =99.20, = 24.63,
p=0.87 p=0.94 p < 0.0001 p = 0.0001
3DVI-  R2=0.009, F R2 =0.001, F R=0.85,F R2 =0.61,F
H =0.14, =0.02,p =0.88 = 88.56, = 24.64,
p=0.72 p < 0.0001 p = 0.0001
3DVI-  R2=0.0009, F R2 =0.02, R=0.87,F R2 =0.61,F
J =0.01, F=0.34, =109.0, = 24.85,
p=0091 p=0.57 p < 0.0001 p = 0.0001

the riverbank and riparian vegetation. In our case, plants blocked
macroplastics mostly below 2 m with a slight linear regression between
the 3DVI in vegetation branches below and above high-water level. This
result is highly dependent on the river water level [29], thus rivers with
higher flow may have greater flood events that result in plastic
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entrapment by plants in higher parts (see for instance big European
rivers, such as the Danube and Volga Rivers). The second one depends
on the land use and river zone. Specifically, urban sites and metropolises
dump away great quantities of waste [34,42,43], while agriculture and
forested areas show small quantities of plastics. In our study area, the
most contaminated stations (i.e., ANI3, TIB3) are the ones with the most
agricultural and artificial land use. Furthermore, we found that local
land use around our sampling sites was mostly characterised by natural
and agricultural areas near upstream zones and artificial nearer cities.
Recent research pointed out that the highest density of macroplastics on
riverbanks was found in urban and downstream-urban reaches, with the
urban area and the number of inhabitants being good predictors of
macroplastic abundance in rivers [42,43]. At our urban sites, we found
an average of 13.9 macroplastics/m? along riverbanks. Our results are in
line with the average density of macroplastics observed along rivers in
Argentina (i.e., 27.5 + 29.1 items/mz) [42]. However, this pattern is
significantly higher than reported densities in Mediterranean rivers and
in some Atlantic rivers, such as the Ave River in Portugal (3.2 + 3.2
items/mz) [44]. This is probably because our study area comprehends
the metropolis of Rome, which is highly populated and developed. Given
that plastics trapped along watersheds may have a certain local source,
land uses could predict the input of plastics from certain sources. In our
study area, we mostly found PO soft items along the entire river course.
These items could be plastic packaging, plastic foil, plastic bags and
other items — mostly used for food and agriculture. In this way, polymers
could be used as a proxy for plastic sources and consider land use as a
proxy for certain types of plastics. Together with other factors, land use,
geomorphology, hydrology and local variables were among the most
important variables that resulted in being related to plastic
accumulation.

Among the environmental factors, plant species, number of in-
dividuals and quantity of branches mostly drive the accumulation of
plastics in vegetation. In literature, hydrological and abiotic factors were
shown to be pivotal in riverine plastic transport [35], however envi-
ronmental drivers showed good significance [28]. Here, our regression
model found that plastics remained stuck within vegetation mostly due
to biotic factors (i.e., the structural features of vegetation, in such cases).
Among the factors, the number of individuals is the only one that
resulted significantly, and it could provide a proxy of the vegetation
density and structure. Thus, this means that vegetation characterised by
dense and complex structures is able to trap more plastics retained by it.
Biotic factors (i.e., vegetation structure) mostly correlate to the occur-
rence of plastics trapped in vegetation driving plastic entrapment more
than the environmental abiotic factors (i.e., hydrology). Recent studies
also confirmed that plastic entrapment is mostly driven by those factors,
with geomorphological, land-use, and climatic factors shaping plastic
distribution [42,44]. Furthermore, our results on plastics in vegetated
riparian areas along rivers are suitable for local areas. Given this, the
phenomenon of plastic entrapment highly depends on local conditions.
As described in Gallitelli and Scalici [17], different patterns in other
world regions or biomes could occur. Plastic entrapment by vegetation is
mostly influenced by factors across local, catchment, and global scales
[17]. At a global scale, precipitation, floods, and discharge are key
drivers of plastic transport and entrapment in vegetated riverbanks [16,
36,40-42]. Catchment-scale factors like river regimentation (e.g., dams,
weirs) alter hydrology and plastic flow. Locally, human activities such as
mowing and habitat alteration may reduce vegetation’s capacity to
block plastics, while hydrological factors (e.g., water levels, meanders)
and seasonal events (e.g., droughts, floods) affect plastic retention [16].
Despite these insights, research on abiotic factors across entire river
catchments and riparian ecosystems remains limited.

Our results highlighted how the riparian vegetation community has a
three-dimensionality structure apt at blocking efficiently macroplastics.
These findings might be pivotal if applied to mitigation activities. In this
regard, future research should consider this parameter in studies on
riverine macrolitter and transfer the current knowledge on plastics to
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mitigate and solve this problem. In this case, as riparian vegetation may
act as a temporary filter for plastics, we should use this information to
introduce riverine clean-up activities in those plastic hotspot areas.
Indeed, to remove riverine macroplastic litter, plastic hotspot areas
might be detected and then monitored to provide policy decisional ac-
tions. Furthermore, knowing the best species and communities able to
entrap plastics, those plants could be preserved to provide this
ecosystem service. Future perspectives should focus on filling these gaps
and providing information for plastic removal measures and policy-
making decisions.

5. Conclusions

For the first time, we applied a tridimensional index accounting for
the structure of riparian vegetation with the presence of plastics in
vegetation. We emphasised plant species and structures that are
important variables for understanding the entrapment efficiency of
macrolitter, highlighting that the complexity of riparian vegetation
structure is key for plastic entrapment. The role and structure of riparian
vegetation in entrapping macrolitter have recently started to be inves-
tigated, presenting a high potential to be applied. Given that much
research on riverine plastic transport has been conducted, future
research should deal with the fact that vegetation entraps macroplastics,
providing this new ecosystem service. As riparian species provide the
ecosystem service of trapping macrolitter, these findings are crucial for
ecosystem restoration and sustainable requalification of the threatened
freshwater habitats. Further studies should focus on riverine macrolitter
to better understand the fate of plastics in rivers and seas to mitigate the
problem. As vegetation retains plastics efficiently along the whole river
watershed, the 3DVI index could be managed and applied for future
solutions to mitigate plastic pollution. Specifically, as several types of
vegetation (i.e., mangroves, macrophytes, seagrass, riparian vegetation,
and dune plants) globally act as a trap for macrolitter, they could be
useful to detect plastic hotspot areas during mitigation and clean-up
activities. This means that the application of a vegetation structure
index should be the first step to setting a protocol to tackle plastic
pollution.
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