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Highlights
¢ Impact of storms and entry point proximity on beach litter accrual was assessed.
e  Autumn/winter storms are a major driver of beach litter accrual.
e Litter density and beach proximity to major harbors were positively correlated.
e Beach cleaning exerted strong costs on local coastal municipalities.

e  Litter mitigation/cleaning actions should be planned at regional coastal scale.
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Abstract

Beach litter increasingly threats wildlife and coastal environments worldwide. Moreover, litter affects
public health and economic activities forcing local authorities to expensive beach cleaning activities.
Most of recent studies have focused on beach litter distribution and potential sources at local and global
scale, but the contribution of weather conditions and proximity to entry points in accumulating litter in
beaches is still uncertain. This information is critical in planning effective litter management strategies.
In this one-year study, we estimated the impact of storm events and waterways runoff on litter
abundance and local economy using as a model a managed, peri-urban beach facing a north-western
sector of the Mediterranean Sea. We also investigated the relationship between litter
composition/density and beach proximity to major/closest harbors/rivers at regional scale by combining
our data with data on litter density available in literature.

Autumn/winter storms caused larger litter depositions than spring/summer ones in the peri-urban
beach. No preferential accumulation occurred near to waterway mouths. Litter mainly consisted of
plastic, and its composition in terms of micro-categories varied over seasons. In total, 367,070 items
were deposited along 4.7 km of beach over one year, and the cost for the removal of this waste
amounted to approximately 27,600 euros per km/year. At regional scale, beach litter density was
positively correlated to the proximity of major harbors while its composition was related to the
proximity to both major harbors and rivers.

Results indicate that autumn/winter storms are important drivers of marine litter deposition. They also
suggest that beaches in front of the convergence zone of littoral currents and close to major harbors can
be particularly subjected to this kind of pollutant. To increase their effectiveness, litter
mitigation/cleaning activities should be planned based on predictions of major storm events and

performed at spatial scales encompassing at least coastal regional sectors.
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1. Introduction

Marine litter is a global environmental problem threatening marine biota and public health. Plastic, the
major component of marine litter (up to 90%; Galgani et al., 2015; Morales-Caselles et al., 2021; Scotti
et al., 2021), is of particular concern due to its longevity and a wide range of harmful effects on
organisms including internal injuries after ingestion, physical entanglement, and growth alterations
(Bergmann et al., 2015; Menicagli et al., 2019a,b; Bucci et al., 2020; Menicagli et al., 2020). Plastic
can also expose organisms to toxic compounds, such as additives used to manufacture items, and
persistent organic pollutants adsorbed from the environment (Oehimann et al., 2009; Rochman et al.,
2013, 2014; Bejgarn et al., 2015; Balestri et al., 2019; Menicagli et al., 2019a). Moreover, marine litter
can have adverse social and economic impacts especially on coastal areas as their economy relies on
marine resources and tourism. Indeed, currents and waves may deposit large amounts of plastic
materials on beaches together with natural wrack (i.e., terrestrial plants, seagrasses, and algae) affecting
negatively environmental aesthetics (Ballance et al., 2000; Krelling et al., 2017; Robbe et al., 2021). To
maintain tourist attractiveness, coastal municipalities are forced to undertake specific actions to remove
litter from beaches and ensure its proper disposal (Cruz et al., 2020; Chubarenko et al., 2021).
Therefore, understanding the factors driving the accumulation of litter along beaches is crucial to
prioritize management actions aimed at preventing and reducing this kind of pollution.

Modeling studies and field observations indicate that litter enters the oceans from both land-based
(e.g., industrial activities, rivers, harbors, and sewage water discharges) and sea-based sources (e.g.,
fishing activities and shipping; Lebreton et al., 2017; Gonzalez-Fernandez et al., 2021; Morales-
Caselles et al., 2021). However, the relative contributions of these sources to beach litter accumulation
are still uncertain. Large rivers are considered as major entry points of litter (Lebreton et al., 2017,
Schmidt et al., 2017; van Emmerik et al., 2019) as they can transport waste out to the sea due to their
high flow rate. Once in the sea, surface currents and winds can distribute the light, floating component
of litter (mainly plastic) over wide areas (van Sebille et al., 2020). Instead, the litter transported by
small rivers (Galgani et al., 2000), especially heavier, negatively buoyant items, can be retained in
coastal areas close to their mouths (Galgani et al., 2015; Morales-Caselles et al., 2021). However, the
amount and the distance from river mouths at which litter accumulates is strictly dependent on the
intensity of storms and rainfall events (Galgani et al., 2000; van Emmerik et al., 2019). Some studies

have found a positive relationship between beach litter abundance and proximity of river mouths (Rech
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etal., 2014; Willis et al., 2017; Di Febbraro et al., 2021). On the other hand, a recent study failed to
detect a positive correlation among beach litter abundance and proximity of rivers and harbors (Masia
et al., 2021). This discrepancy in results indicates that the processes affecting litter distribution along
the coastline can be variable and quite complex (Fetisov and Chubarenko, 2021).

The Mediterranean Sea highly suffers from litter pollution as it is an enclosed basin with densely
populated and urbanized coastal areas, rivers, and intense shipping traffic (UNEP/MAP, 2017). It has
been estimated that the total annual input of plastic in the Mediterranean Sea is approximately
100,000 tons (Liubartseva et al., 2018), and about one third of this input could derive from rivers
(Tockner et al., 2009; Ludwig et al., 2010; Verri et al., 2017). At the same time, Mediterranean coasts
are destination for a high number of tourists (Andolina et al., 2020); therefore, the presence of litter can
negatively impact local economies (Rangel-Buitrago et al., 2018; Cruz et al., 2020). In many countries,
beach monitoring activities are periodically carried out as required by European Commission within the
Marine Strategy Framework Directive (MSFD) for a comprehensive assessment of the impacts of
anthropogenic pressures on marine ecosystems (Galgani et al., 2013). Some studies have focused on
quantitative and qualitative beach litter characterization (e.g., Vlachogianni et al., 2018; Fortibuoni et
al., 2021). Other studies have attempted to establish a relationship between litter abundance and
proximity to entry points such as urban areas (Giovacchini et al., 2018; Di Febbraro et al., 2021) or
beach exposure to winds and sea currents (Prevenios et al., 2018; Camedda et al., 2021). Nevertheless,
knowledge gaps remain about the impact of storm events as well as of litter input from rivers and
harbor-related activities on beach pollution. This is an important management issue since currents and
waves associated with storms can accumulate floating litter on beaches even far from entry points
(Galgani et al., 2000; Critchell et al., 2015) forcing some local municipalities to face high coasts for
beach cleaning (Cruz et al., 2020; Chubarenko et al., 2021).

In this study, we estimated the impact of individual storm events on litter accumulation and local
economy using as a model a managed, peri-urban beach facing a sector of the northwestern
Mediterranean Sea. We also assessed the relationship between beach litter composition/density and
proximity of potential entry points at local (urban area) and regional scale (Tuscany region). To
accomplish these objectives, we monitored (i) the amount, typology and distribution of macro-litter
accumulated along the study beach and (ii) the number of floating items transported to the sea through

runoff of close waterways during storms over one year. We also gathered data of the annual costs
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required for beach cleaning activities from the local municipality. Then, we combined litter
density/composition data obtained from the investigated beach with those relative to other beaches in
the same region provided by a national public database, and we related them to beach distance from the
closest river and harbor. Sea circulation features at local and Mediterranean sub-region scale were also
evaluated. Specifically, we hypothesized that (i) storms would represent a key factor in determining
beach pollution, and (ii) beaches closer to entry points would accumulate more litter compared to those

located farther away.

2. Materials and methods

2.1. Study area

Visual litter surveys were performed along the beach of Marina di Pietrasanta (northern Tuscany
(Mediterranean Sea, Italy; Figure 1A). Tuscany faces an ecologically important sector of the Ligurian
and Tyrrhenian Seas (western sub-region of the Mediterranean Sea) hosting two regional parks, a
national marine protected area and the international Pelagos Sanctuary devoted to the protection of
marine mammals. This sector is identified as relatively low-plastic polluted (Liubatseva et al., 2018).
However, many coastal areas of the Tuscany are characterized by intense urbanization and presence of
coastal protection structures (Bertoni et al., 2021) and major harbors (Carrara, Viareggio, Livorno,
Piombino; Figure 1A). Five major rivers (Magra, Serchio, Arno, Cecina, and Ombrone; Figure 1A) and
other minor waterways with a torrential regime flow in this region. Moreover, many unmanaged and
managed beaches attracting a high number of tourists during the summer period are present along the
Tuscany coast.

The beach of Marina di Pietrasanta (4.7 km long with fine sediment) can be classified as peri-urban.
Pietrasanta municipality is characterized by a high population density and strong urban development.
Tourism is the major local economic activity, with up to 60,000 people staying over at least one night
during the summer period (June to September; PDPL, touristic statistics). Two waterways, named
Fosso Fiumetto and Fosso Motrone (Figure 1B), that are the output of the drainage basin of the
Pietrasanta municipality, discharge inland waters into the sea through the beach (Federigi et al., 2017).
The coastline is subjected to storms that can lead to waves high over 4 m (Franco et al., 2003). Wave
state is prevalently characterized by West South-West winds, even though the strongest high-energy

events come from the South-West (Cipriani et al., 2001). The tidal regime can be classified as
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microtidal, as the tidal range is usually lower than 30 cm. Our preliminary observations have shown
that under typical weather conditions, the abundance of macro-litter items is generally negligible. The
items deposited on the beach were regularly removed by operators of the waste collection company,
ERSU (Eliminazione Rifiuti Solidi Urbani; www.ersu.it), of Pietrasanta
(https://ersu.it/project/impianto-lavarone/). Beach cleaning was done daily during the spring-summer
season (from May to September) and after each major storm event in the autumn-winter season. These
removal activities provided us the opportunity to quantify the contribution of individual storms events

to beach pollution.

2.2 Beach survey, litter input from waterways and management at local scale

To examine the seasonal dynamics of litter accumulation due to storms, three sites along Marina di
Pietrasanta beach were selected (Figure 1B): one site was close to the Fosso Motrone (hereafter
referred to as Motrone), one site was close to the Fosso Fiumetto (hereafter referred to as Fiumetto),
and the remaining one located in an intermediate area between them (hereafter referred to as Pontile).
Motrone and Fiumetto were approximately 1.4 km apart from Pontile. In each of the three sites, a 100
m long transect along the strand-line mark parallel to the beach was established, and the initial and
final point of each transect was georeferenced using a GPS (Garmin GPSMap 64x). Litter collections
were performed in four seasonal surveys, September 2020 (summer), December 2020 (autumn),
February 2021 (winter), and April 2021(spring); and hence there were three sites x four seasons
collections (=12). Sampling was performed two or three days after the beginning of a storm depending
on the end time of the wash-out which typically occurs during the subsiding phase of waves (Fetisov
and Chubarenko, 2021), and before litter removal by cleaning operators. We considered only storm
events characterized by significant wave height equal or higher than 2.5 m according to Douglas scale

(data provided by www.lamma.rete.toscana.it) and South-West or West prevailing direction of winds

that resulted in litter deposition at the study beach.

During each survey, litter items with a size greater than 2.5 cm (macro-litter) deposited within a 10
m band on each side of the transects were collected. Thus, a total area of 2,000 m? of beach was
sampled in each site and season. In accordance with the Marine Strategy Framework Directive
guidelines (MSFD, 2013), litter items were categorized in nine macro-categories (Artificial polymers,

Rubber, Textile, Paper, Metal, Wood, Glass, Various rubbish, and Unidentified) and 213 micro-
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categories (G1-G213; Supplementary Material Table S1) to identify potential main litter sources. The
presence of macroscopic marine organisms on litter items was also noticed as their colonization
indicates a long residency period in the sea (Ryan, 2015). For each sampling date and site, litter
abundance was calculated as the total number of collected items, and litter density was expressed as
total number of items per square meter of shore (items m-2). The total weight of litter collected in each
site in winter was also calculated. Logistic constrains prevented us to weigh litter in other seasons. To
estimate the total amount of litter accumulated annually by storms along the entire beach of Marina di
Pietrasanta, we gathered data on the direction and intensity of winds registered by the meteorological
station of La Spezia (44° 05' 47.79" N and 09° 51' 27.52" E) from September 2020 to May 2021. We
computed the number of days in which maximum intensity of winds from West, South-West directions
that have exceeded the threshold (29 km/h) defining the category five of the Beafourt scale,
corresponding to a sea state of 4 and a wave up to 2.5 m in height, for at least two consecutive days.
This number was multiplied by mean number of litter items collected in the three sites across four
seasons, and the resulting value was then multiplied by the length of the entire beach of Marina di
Pietrasanta (4.7 km). We also gathered available information from ERSU about the typology and total
amount of litter collected annually over the period 2014-2020 along the beach and relative cleaning
costs.

Our preliminary visual observations of Motrone and Fiumetto water flux revealed that these
waterways transported litter to the sea only during rainy periods associated to storms. Indeed, during
calm weather conditions, the presence of a floating barrier prevented the drifting inland waste from
ending up in the sea (Figure S1). To evaluate the potential contribution of the litter load coming from
these waterways to beach litter accumulation during storms, a fixed observation point was established
on the riverbank of each of them at a distance from the sea of approximately 300 m for Fosso Motrone
and 150 m for Fosso Fiumetto from the sea. According to the available protocols (Gonzalez et al.,
2016; Crosti et al., 2018), we recorded one half an hour video of each of the two waterways in two
consecutive days during each storm event, and all visible items (> 2.5 cm) floating along a transect
perpendicular to the riverbank established from each fixed point was counted. Total litter waterway
input during a storm was calculated as mean number of items counted in each of the two videos

multiplied by 96, assuming a constant waterway flux.
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Figure 1 Map of the Tuscany region showing (A) the location of the study beach of Marina di
Pietrasanta (black square), major rivers (light-blue lines) and major harbors (red dots), (B) the location
of sampling sites (red squares) and waterways (yellow arrows), Fosso Motrone and Fosso Fiumetto.

(C) the direction of longshore transport direction along Tuscany coast according to Pranzini et al.
(2020) (green arrows), the direction of main surface currents of the northern-western Mediterranean
sector (dark-blue arrows), the location of the study beach (red dot), and the location of the five beaches
(yellow dots) sampled during previous monitoring programs (www.db-strategiamarina.isprambiente.it).

two-column fitting image, color only in online version

2.3 Evaluation of the relationship between beach litter and proximity to entry points at regional scale
To examine the relationship between beach litter pollution and proximity to potential litter entry points,
we gathered currently available data on litter density and composition on Italian beaches from the
public database (Sistema Informativo Centralizzato Dati di Monitoraggio; www.db-
strategiamarina.isprambiente.it) of the national Ministry of Ecological Transition (Ministero della

Transizione Ecologica) and the Italian Institute for Environmental Protection and Research (Istituto
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Superiore per la Protezione e la Ricerca Ambientale, ISPRA). These data were collected during
monitoring campaigns performed by Regional Agencies for Environmental Protection (Agenzie
Regionali per la Protezione Ambientale, ARPA) along the Italian coasts according to the MSFD
guidelines. Briefly, each beach sampling was performed in spring and autumn over the period 2015-
2017 along three transects perpendicular to the coast, separated by less than 50 m defined by a 33 m
stretch along the strandline to the first barrier, such as dunes, at the back of the shoreline section. For
the present study, we extracted data of litter abundance and typology of five beaches located in
Tuscany (Figure 1C) which are occasionally cleaned; three peri-urban beaches (Vittoria Apuana,
Marina di Vecchiano, Quagliodromo) and two rural beaches (Marina di Castagneto and Collelungo).
For each of these beaches we computed the density (number m) of all sampled items as well as the
density of items belonging to each macro-category averaged across two sampling times (autumn and
spring) of each year, and then averaged across three years (2015, 2016, and 2017). For our investigated
beach, these densities were calculated as described above, but they referred only to the study year
(2020). We also calculated the distance of each of the five beaches and of each our sampling site
(Pontile, Fiumetto, and Motrone) from both the closest waterway and closest major river, and both the
closest harbor and closest major harbor by using a georeferenced map
(www.regione.toscana.it/geoscopio/cartoteca). Rivers with a catchment area greater than 1,600 Km?
were considered as major rivers, and harbors characterized by commercial traffic were considered as
major harbors (Table S2). The geographical coordinates of all beach sites and their distance from rivers
and harbors are reported in Table S3. Data on sea surface current circulation of the north-western
Mediterranean gathered from published studies show that this sector is dominated by the Tyrrhenian
Current and the West Corsican Current that merge to the north of Corsica and enter together the
circulation pattern of the Ligurian Sea (Figure 1C; EI-Geziry and Bryden, 2010; Micheli et al., 2010).
Beaches of Marina di Pietrasanta, Vittoria Apuana, and Marina di Vecchiano are located within a
littoral cell (i.e., a segment of coast where the long-shore sediment transport is bounded by either
natural or artificial barriers forming a closed system; Bray et al., 1995; Barsanti et al., 2008)
approximately 65 km long extending from Livorno harbor to Magra river. This cell is characterized by
two littoral currents (Figure 1C), one with a southward direction (from the Magra river mouth to
Pietrasanta) and the other one with a northward direction (from the river Arno mouth to Marina di

Pietrasanta (Cipriani et al., 2001; Bertoni et al., 2021). Beaches of Marina di Castagneto,
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Quagliodromo, and Collelungo are located within the southern Tuscany littoral cell (Figure 1C) which

is fed by sediments delivered by Albegna river (Pranzini et al., 2020)

2.4 Statistical analysis

To investigate how litter abundance varied across seasons, we used a generalized linear mixed-effects
model (glmer.nb function in the MASS package; Venables and Ripley, 2002) with “Season” (four
levels: summer, autumn, winter, and spring) as independent variable, site as random-effects term, and
litter abundance as response variable. This model was used because of overdispersion in litter count
data (Ver Hoef and Boveng, 2007). A generalized linear mixed-effects model was also used to examine
whether a preferential accumulation of litter occurred in Marina di Pietrasanta beach close to the mouth
of waterways. In this analysis, “Beach site” (three levels: Motrone, Pontile, Fiumetto) was the
independent variable, season was random-effects term, and litter abundance was the response variable.
Pairwise comparisons among sites or seasons were performed by using the function emmeans (Lenth,
2021). A multivariate one-way permutational analysis of variance (PERMANOVA; Anderson, 2001)
was performed to test for differences in litter composition (either in terms of litter macro- or micro-
category) among sites or seasons. For micro-categories, we considered only those categories that had at
least a 5% contribution to the total litter in at least one site in one sampling occasion. PERMANOVAs
were performed using the adonis function in the vegan package (Oksanen et al., 2019) and setting 999
permutations for the test at an a-level of 0.05. Two-dimensional non-metric multidimensional scaling
(n-MDS) ordinations (Clarke, 1993) was employed to ordinate observations in a two-dimensional
space. PERMANOVAs and n-MDS were performed on pairwise Bray-Curtis distances between the
number of litter items within macro- (or micro-) category and sites (or seasons) after square root
transformation (Anderson, 2001). To identify the macro- and micro-categories of litter that most
contributed to the differences between levels of the significant factor, a similarity percentage analysis
(SIMPER,; Clarke and Gorley, 2015) was carried out. A Kruskal-Wallis non-parametric test was used
to check differences in the mean total number of litter items transported daily by the two waterways, as
data did not meet the normality assumption even after transformations. n-MDS ordinations were also
used to visualize data patterns of macro-category litter composition, in terms of item density, and of
distances of entry points (closest river, closest harbor, closest major river, and closest major harbor)

from the investigated sites (Vittoria Apuana, Marina di Vecchiano, Marina di Castagneto,
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Quagliodromo, Collelungo, Fiumetto, Pontile, and Motrone). The Bray-Curtis similarity matrix of
macro-category litter composition was obtained after square root transformation of data, while the
matrix of distances from entry points was based on the Euclidean distance of square root-transformed
and normalized data. A SIMPER analysis was carried out to identify the macro-categories contributing
most to segregation of sites in multidimensional space. Then, the biological and environmental (BIO-
ENV) procedure (Clarke and Gorley, 2015) based on a Spearman rank coefficient (p) between the
environmental variables (closest river, closest harbor, closest major river, and closest major harbor) and
litter macro-category composition was used to determine which variable(s) best explain the pattern of
beaches in terms of litter macro-category composition. Lastly, to assess the relationship between total
litter density and distances from entry points, Pearson correlation tests were carried out separately for
each type of entry point. As beach distance data for major harbor did not meet normal distribution
assumption, a Spearman correlation test was performed for this analysis. All statistical analyses were
carried out in R environment (R core team, 2018), except that for BIOENV procedure that was
conducted with the software PRIMER v.7 (Clarke and Gorley, 2015). Figures were created using the

packages ggplot2 (Wickham, 2016), cowplot (Wilke, 2019), and visreg (Breheny and Burchett, 2017).

3 Results

3.1 Beach survey, litter input from waterways and management at local scale

Most items deposited on Marina di Pietrasanta beach during our surveys were entangled in natural
wrack consisting of terrestrial plants, woods, and fragments of the seagrasses Posidonia oceanica L.
Delile and Cymodocea nodosa Ucria Ascherson (Figure S2). Many items were fragmented plastics,
microplastic particles, and polystyrene items and the identification of their origin was not possible
(Figure S3). Only three out of the collected items were visibly colonized by macroscopic marine
organisms such as serpulids, mollusks, and eggs of unidentified organisms (Figure S3). Importantly,
some items reported an expiring date relative to their original food or drink content dating back more
than 20 or 30 years ago, although they were not visibly colonized by marine organisms (Figure S3). We
also found items related to COVID-19 pandemic, such as surgical and FFP2 masks as well as plastic
gloves. The number of litter items collected in the three sites ranged from 112 (0.056 items m for
Pontile in summer) to 1,489 (0.74 items m2 for Motrone in autumn). In total, 8,520 litter items were

collected in an area of 6,000 m2in four surveys. Litter abundance in winter was significantly greater

12
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than in summer and spring and abundance observed in spring did not differ from that in autumn (Figure

2A, Table S4). No significant differences in the mean number of items among sites were found (Figure

2B; Table S5).
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Figure 2 Bar plots showing litter abundance (mean = SE) in each season averaged across the three sites
of Marina di Pietrasanta beach (A) and in each of the three study sites averaged across seasons (B) over
a one year. Letters denote significant differences at a-level of 0.05. n =3 (A) and n = 4 (B).

single-column fitting image, color only in online version

The macro-category of Artificial polymers was the most abundant (7,655 items), followed by Metal
(308 items), Rubber (246 items), and Cloths/Textile (186 items). PERMANOVA analysis did not
detect significant differences in litter composition at the macro-category level among sites, nor among
seasons (Table 1, Table S6), and a clear segregation among sites or seasons was not shown by n-MDSs
(Figure 3A,B). PERMANOVA analysis also did not detect significant differences in litter composition

at the micro-category level among sites (Table 1). In contrast, significant differences were found
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among seasons (Table 1) as shown also by their segregation in n-MDS (Figure 3D). SIMPER analysis
revealed that Plastic pieces, both hard and soft, together with Polystyrene were the micro-categories
that most contributed to these differences (cumulative contribution ranging from 67% to 80%; Table
S7). Polystyrene and Shoes and sandals categories were more abundant in autumn than in other
seasons. Plastic pieces and Cans categories were more abundant in winter than in other seasons (Table
S7). Instead, more items belonging to Plastic Bags, Filaments, and Small bags micro-categories were
found in summer and spring than in autumn and winter (Table S7). During the observation period, the
threshold of 29 km/h for wind intensity was exceeded 11 times. Thus, considering an average of 710
items stranded per 100 m of beach sector due to a single storm event, the estimated number of items
deposited along the entire beach over the study period was approximately 367,070. Based on the mean
weight of litter items collected in winter in the three sites was approximately 15 kg, a total of 6.6 tons

of litter might have been deposited along the entire beach during the study period.
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Figure 3 Non-metric multidimensional scaling ordination (n-MDS) of litter composition in terms of

macro-categories for sites across seasons (A) and seasons across sites (B), and in terms of micro-

categories among sites across seasons (C) and seasons across sites (D). Stress coefficient was lower

than 0.2 in all ordinations.

two-column fitting image, color only in online version

Table 1 Results of multivariate analyses (PERMANOVA) on the difference in the composition of

litter, in terms of macro- or micro-categories, sampled in Marina di Pietrasanta, among sites (across

seasons) and seasons (across sites). Significant results are in bold.

Response variable

Litter Macro-Category

Litter Macro-Category

Litter Micro-Category

Litter Micro-Category

Predictor
Site
Residuals

Season
Residuals

Site
Residuals

Season
Residuals

df Sum of
squares

2 0125

9 0871

3 0443

8 0.553

2 0.304

9 1824

3 1.223

8 0.905

Mean Pseudo-F p-value R?
squares

0.063 6.48 0.666 0.13
0.097

0.148 2.132 0.107 0.44
0.070

0.152 0.751 0.687 0.14
0.203

0.408 3.605 0.001 0.57
0.113
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During storms, the protective barriers installed along the waterways did not retain all floating items
because of substantial water level rising. Visual observations of waterway run-off revealed that up to 4
items passed through these barriers during half an hour. On average, the mean number of items
transported to the sea per day by Fiumetto and Motrone was 36 (+ 12 SE) and 96 (£ 55), respectively.
No significant differences in the mean number of transported items between the two waterways were
found (chi-square = 0.09, d.f. = 1, p = 0.760). Based on the mean total number of items transported by
these waterways in two consecutive days of storm and the number of storms (11) occurring during the
study period, a total of 2,904 items (792 for Fiumetto and 2,112 items for Motrone) might have been
discharged into the sea, assuming a constant waterway flux.

Based on data provided by ERSU, approximately 11,143 tons (dry weight) of stranded material
(corresponding to 1,591 tons per year, Table S8) were collected by mechanical means along the beach
of Marina di Pietrasanta from 2014 to 2020. Sand accounted for 68.3% (6,840 tons in total, seven-year
average 977 tons) and natural wrack accounted for 29.5% (2,691 tons in total, seven-year average 423
tons) of total weight. Marine litter accounted for the 2.2% of the total weight of collected material. The
amount of this litter varied among years, ranging from 0.4 ton to 104.8 tons, corresponding to 31 tons
on average per year. Once collected, items of anthropogenic origin were combined with the other waste
material produced by the local municipality and properly disposed according to national legislation.
Unfortunately, there are no data on the amount of litter items that was recycled. The municipality of
Pietrasanta spent on average approximately 130,000 euros per year on average for litter collection and

processing, corresponding to 27,600 euros per km/year.

3.2 Evaluation of the relationships between beach litter and proximity to entry points at regional scale
On average, among the investigated beaches of Tuscany Vittoria Apuana, the northernmost beach,
showed the highest value (937 + 348 items, Table S9). However, when accounting for the differences
in the beach area surveyed, the Motrone site in Marina di Pietrasanta beach showed the greatest mean
litter density 0.53 (+ 0.21 items m2; Table S9). n-MDS plots of macro-category litter composition
showed that Motrone, Fiumetto, and Pontile were more similar to Quagliodromo and Vittoria Apuana
than to other beaches (Figure 4). Simper analysis revealed that Artificial polymers was the macro-
category most contributing to the segregation of Motrone, Fiumetto, Pontile, and Quagliodromo from

the other sites, while differences between these two groups of sites were mainly due to Paper/cardboard
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and Metal with a minor contribution of the other macro-categories (Table S10). n-MDS plots of

distances from entry points showed that Fiumetto, Pontile and Motrone were more similar each other

than to the other sites (Figure 4). The BIO-ENV results indicated a significant relationship between the

similarity matrix of macro-category litter composition and that of distances from entry points (p =

0.787, p = 0.003). The single variable that best associated with macro-category composition was the

distance from the closest major harbor (p = 0.787; Table S11), while the best subset of variables

associated with macro-category composition was the combination of distance from the closest major

harbor and river (p = 0.596; Table S11). A significant correlation between total litter density and the

distance from the closest major harbor was also detected (p = -0.97, p < 0.005; Figure 5; Table S12).

Vittoria Apuana
A

Marina Vecchiano

* Quagliodromo
v
Marina Castagneto Motrone
+
Fiumetto
Collelungo

Pontile
X

Vittoria Apuana
A

Marina Vecchiano
> Quagliodromo

v
Collelungo

ABHE
X

Marina Castagneto

Figure 4 Non-metric multidimensional scaling ordination (n-MDS) of litter macro-category

composition (A) and distances from entry points (B) for the study sites of Marina di Pietrasanta

(Fiumetto, Pontile, and Motrone) and the sites monitored by ISPRA/ARPA (Vittoria Apuana, Marina

di Vecchiano, Marina di Castagneto, Quagliodromo, and Collelungo). Stress coefficient was lower than

0.2 in both ordinations.

two-column fitting image, color only in online version
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Figure 5 Relationship between litter density measured in the study sites of Marina di Pietrasanta
(Fiumetto, Pontile, and Motrone) and in the sites monitored by ISPRA/ARPA (Vittoria Apuana,
Marina di Vecchiano, Marina di Castagneto, Quagliodromo, and Collelungo), and their distance from
their closest river (A), closest major river (B), closest harbor (C), or closest major harbor (D).

two-column fitting image, color only in online version

4 Discussion

Our study shows that autumn/winter storms can cause large depositions of anthropogenic litter and
natural wrack on Mediterranean beaches. The waste introduced through runoff of the waterways closest
to Marina di Pietrasanta during these storms did not significantly influence the distribution of litter
along the beach. Analysis of published data revealed a clear positive relationship between litter density
and beach proximity to the closest major harbor, as well as a significant relationship between litter
composition (in terms of macro-category) and beach proximity to the combination of the closest major

harbor and river at regional scale.

4.1 Impact of storms and proximity to entry points on litter accumulation on beaches
Previous studies have shown that massive litter deposition events could be directly related to the

intensity and direction of winds, wave height, and the duration of the subsiding phase of the storm
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(Brunner and Lwiza, 2019; Fetisov and Chubarenko, 2021). Shore geomorphology as well as the speed
and direction of currents in the coastal zone can also play a role in washout dynamic (Fetisov and
Chubarenko, 2021). In the Mediterranean, the frequency and intensity of storms in autumn/winter are
generally greater than in spring/summer (Grabowska et al., 2010; Androulidakis et al., 2015). Our
study reveals that wind with West, South-West direction and waves with height up to 2.5 associated to
autumn/winter storms resulted in substantial litter deposition during the subsiding phase. This finding
is consistent with previous field and modeling studies that showed a higher litter abundance in beaches
during bad weather conditions (Rangel-Buitrago et al., 2017, 2018; Prevenios et al., 2018; Critchell et
al., 2019; Camedda et al., 2021; Fetisov and Chubarenko, 2021).

In terms of beach pollution level, Marina di Pietrasanta showed a mean value (710 items/100 m)
higher than the median level recorded in other Mediterranean beaches (477 items/100 m; Fortibuoni et
al., 2021). Greater levels of pollution have been reported for some western Mediterranean beaches (up
to 8,150 items/100 m; Fortibuoni et al., 2021). In terms of litter density, the average value recorded in
Marina di Pietrasanta (0.34 items m2) was within the range of that estimated for other Italian beaches
(from 0.55 to 0.11 items m2; Vlachogianni et al., 2018) but it was lower compared to that Ligurian Sea
— North-Western Mediterranean beaches (on average 1.06 items m; Giovacchini et al., 2018). Litter
density in Marina di Pietrasanta beach was greater, except that for Quagliodromo, than values observed
for sites monitored by ISPRA/ARPA.

When looking at litter composition, plastic category was the prevalent fraction in the beach of
Marina di Pietrasanta. This observation is consistent with estimates of plastic pollution at national
(Fortibuoni et al., 2021), Mediterranean (Vlachogianni et al., 2018), and global scales (Morales-
Caselles et al., 2021) indicating that this pollutant is the most abundant and ubiquitous type of litter
around the world. Regarding the other categories of litter, Metal, Textile, and Rubber where the
second, third, and fourth most represented categories, respectively. This is consistent with results of a
previous study performed in urban and urbanized sites close to our study beach (Giovacchini et al.,
2018) but disagrees with another study conducted at national level showing that Paper/Cardboard,
Sanitary waste, and Glass were the most abundant categories after plastic (Fortibuoni et al., 2021). We
also found that autumn/winter storms accumulated a larger amount of hard and soft plastic fragments as
well as polystyrene pieces than spring/summer ones. The source of plastic fragments is difficult to

assess as they originated from the degradation of larger items present in marine environment for a long
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time (Camedda et al., 2021) while polystyrene pieces could derive from items used in fishing-related
activities (Veiga et al., 2016; Giovacchini et al., 2018). In contrast, a greater abundance of plastic bags
and small bags was found in spring/summer than in autumn/winter. We hypothesized that these items
could be related to an improper waste disposal by visitors during the bathing seasons. The lack of a
macroscopic organism colonization on items with an expiring date of 30 years ago collected in the
present study could indicate that these items entered marine environment only recently. The presence
of pandemic-associated plastic waste washed ashore is consistent with findings of recent studies
(Ardusso et al., 2021; Mghili et al., 2022) and supports the idea of the COVID-19 pandemic as an
additional source of littered plastics (Peng et al., 2021).

Previous studies suggest that most litter found on beaches originates in land and enters the sea
mainly through rivers and coastal activities (Galgani et al., 2015; Morales-Caselles et al., 2021). Thus,
greater litter accumulations are expected to occur in beaches closer to major entry points than those
further away (Rech et al., 2014; Galgani, 2015; Willis et al., 2017). In our study, a preferential
accumulation of litter in the two sites closer to the mouth of the waterways (i.e., Motrone and
Fiumetto) was not observed. Based on our estimates, these waterways contributed only partly to beach
litter accumulation during storms transporting approximately 12.4% of items found in the sampled area
to the sea. Indeed, the protective floating barriers installed near the mouth of these waterways
intercepted and retained most of the litter items transported by water flux. This suggests that processes
acting at scales greater than peri-urban, such as local current circulation and river run-off could be
responsible for beach pollution. Indeed, Marina di Pietrasanta beach lies at the convergence point of
two littoral currents which transport sediments from two major rivers, Magra and Arno, allowing this
beach to strongly accrete in time (up to 100 m in the past century; Cipriani et al., 2001; Cappucci et al.,
2020; Bertoni et al., 2021). Recent studies have shown that these rivers also introduce large quantities
of litter into the sea (i.e., more than 26,000 and 263,000 items on average per year, respectively;
Gonzélez-Fernadndez et al., 2021). Since several shoes and textile industries are in inland areas close to
Serchio and Arno rivers, the presence of shoes and sandals stranded on Marina di Pietrasanta beach
suggests that a portion of these items entered the sea from these rivers and then accumulated on the
beach by sea currents especially during storms. A further support to the role of surface currents in
generating pollution is provided by observations of P. oceanica fragments found along this beach.

Indeed, the closest P. oceanica meadows to the beach are tens of kms away (https://www.emodnet-
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seabedhabitats.eu/access-data/launch-map-viewer/), and a previous study demonstrated that P.
oceanica seeds collected near to Marina di Pietrasanta beach were produced by plants growing in
Corsica (French) meadows (Micheli et al., 2010).

Studies of the surface sea circulation indicate that the marine area off Tuscany coasts is influenced
by currents of the north-western Mediterranean sector (EI-Geziry and Bryden, 2010; Micheli et al.,
2010) that can accumulate marine litter in this area (Liubatseva et al., 2018). Our study reveals that
Tuscany beaches located closer to major harbors exhibited a greater litter density. This finding is
consistent with a recent study showing a positive relationship between macro-plastic abundance and
proximity of sites with intense fishing activity (Masia et al., 2021), but it disagrees with studies
reporting a greater litter density in beaches near to river mouths (Rech et al., 2014; Willis et al., 2017;
Di Febbraro et al., 2021). Nonetheless, our results shows that the combination of proximity to the
closest major harbor and river was the best subset of variables explaining the differences in terms of
macro-category observed among the investigated beaches, indicating that both these entry points can
play an important role in determining litter composition at regional scale. Therefore, we hypothesized
that a considerable amount of litter items entering the marine area in front of the investigated coastal
area might have been originated from harbor activities and river runoff. These items might have been
initially remained in the proximity of entry points and successively been transported during storms by
littoral currents toward beaches located in face of their convergence area, such as for example at
Marina di Pietrasanta. Further studies should investigate the exact role of littoral currents in distributing

and accumulating litter on beach hotspots.

4.2 Beach litter management implications

Cleaning activities are a fundamental tool to maintain beaches free from anthropogenic litter and avoid
its further reintroduction in marine environments. Besides anthropogenic litter, some coastal
municipalities must manage also beach wrack, which can constitute a relevant portion of all stranded
material (for example up to 30% in our study beach). The costs incurred by north European countries
for such removal varied (Chubarenko et al., 2021; Robbe et al., 2021) depending on cleaning
methodology, personnel costs, infrastructure, machinery types, and tourism activity (Robbe et al.,
2021). According to the litter threshold level (20 items per 100 m of beach) established by MSFD

Technical Group on Marine Litter (van Loon et al., 2020), the beach monitored in the present study can
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be considered as polluted, and our estimates indicate that its cleaning requires approximately 130,000
euros per year. Thus, forecasting the time of storm events conducive to massive litter deposition on
shores may help to plan effective measures to remove plastics and natural wrack and prevent its
reintroduction in the sea. Importantly, this beach, lying at the convergence of two coastal currents,
likely receives a high amount of litter originated from distant areas. Indeed, these currents run along
two regions (Liguria and Tuscany), four coastal Provinces (La Spezia, Massa-Carrara, Lucca, and Pisa)
and nine municipalities (Sarzana, Carrara, Massa, Forte dei Marmi, Pietrasanta, Camaiore, Viareggio,
Vecchiano, and Pisa) of Italy. Therefore, beach cleaning management should benefit from an
integrated-holistic approach involving multiple authorities. For example, the costs of litter handling
should be ideally partitioned among all the authorities belonging to the littoral cell, or they should be
managed at regional level, or alternatively they could be internalized via taxes and fees (Robbe et al.,
2021). In addition, for a correct beach management, cleaning activities should be performed manually
and on-demand to minimize their impact on beaches. Due to the ecological role played by wrack in
beach ecosystems, this material should not be removed from where it deposited naturally (Robbe et al.,
2021). However, in areas where this approach is not feasible, mechanical cleaning actions should be
carried out considering how to manage not only all collected items but also the large amount of sand
removed accidentally (up to 70% in dry weight of all material in the study beach). For example, wrack
can be disposed appropriately for further use (e.g., soil fertilization and energy production), while a
fraction of plastics could be recycled in a virtuous way to cut back its greenhouse gas emissions
according to circular economy principles (Léhr et al., 2017; Kumartasli and Avinc, 2020). On the other
hand, sand could be used as a valuable resource (Robbe et al., 2021), for example it could be
redistributed in areas suffering erosion in nature-based projects for coastal protection (Chubarenko et
al, 2021). Yet, the potential presence of microplastics within the sand and their effects should not be
overlooked. Other effective solutions to tackle beach litter problem include the installation of barriers
along water bodies and rivers to prevent floating urban/industrial waste or waste from coastal activities
entering the sea during storms, as well as educational and outreach programs for harbor users to reduce

the accidental/intentional waste dispersal.

5. Conclusions
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Our study provides a quantitative estimate of the impact of single storm events on the environmental
quality of Mediterranean beaches and local economy. It also reveals a positive relationship between the
degree of pollution of beaches along the investigated coastal sector and their proximity to major
harbors and to a less extent to rivers. These results suggests that the accumulation of marine litter on
beaches can be driven by storms, and its abundance and composition can depend on the interplay
between anthropogenic activities related to these entry points, littoral currents, and Mediterranean Sea
region circulation features. Therefore, the problem of beach pollution management cannot be entirely
delegated to individual municipalities, but it needs to be tackled at least at regional scale by multiple

public and private entities, and volunteer associations.
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