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Highlights  26 

• Impact of storms and entry point proximity on beach litter accrual was assessed. 27 

• Autumn/winter storms are a major driver of beach litter accrual. 28 

• Litter density and beach proximity to major harbors were positively correlated. 29 

• Beach cleaning exerted strong costs on local coastal municipalities. 30 

• Litter mitigation/cleaning actions should be planned at regional coastal scale. 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 



 3 3 

Abstract 51 

Beach litter increasingly threats wildlife and coastal environments worldwide. Moreover, litter affects 52 

public health and economic activities forcing local authorities to expensive beach cleaning activities. 53 

Most of recent studies have focused on beach litter distribution and potential sources at local and global 54 

scale, but the contribution of weather conditions and proximity to entry points in accumulating litter in 55 

beaches is still uncertain. This information is critical in planning effective litter management strategies.  56 

In this one-year study, we estimated the impact of storm events and waterways runoff on litter 57 

abundance and local economy using as a model a managed, peri-urban beach facing a north-western 58 

sector of the Mediterranean Sea. We also investigated the relationship between litter 59 

composition/density and beach proximity to major/closest harbors/rivers at regional scale by combining 60 

our data with data on litter density available in literature.  61 

Autumn/winter storms caused larger litter depositions than spring/summer ones in the peri-urban 62 

beach. No preferential accumulation occurred near to waterway mouths. Litter mainly consisted of 63 

plastic, and its composition in terms of micro-categories varied over seasons. In total, 367,070 items 64 

were deposited along 4.7 km of beach over one year, and the cost for the removal of this waste 65 

amounted to approximately 27,600 euros per km/year. At regional scale, beach litter density was 66 

positively correlated to the proximity of major harbors while its composition was related to the 67 

proximity to both major harbors and rivers.  68 

Results indicate that autumn/winter storms are important drivers of marine litter deposition. They also 69 

suggest that beaches in front of the convergence zone of littoral currents and close to major harbors can 70 

be particularly subjected to this kind of pollutant. To increase their effectiveness, litter 71 

mitigation/cleaning activities should be planned based on predictions of major storm events and 72 

performed at spatial scales encompassing at least coastal regional sectors. 73 
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1. Introduction 81 

Marine litter is a global environmental problem threatening marine biota and public health. Plastic, the 82 

major component of marine litter (up to 90%; Galgani et al., 2015; Morales-Caselles et al., 2021; Scotti 83 

et al., 2021), is of particular concern due to its longevity and a wide range of harmful effects on 84 

organisms including internal injuries after ingestion, physical entanglement, and growth alterations 85 

(Bergmann et al., 2015; Menicagli et al., 2019a,b; Bucci et al., 2020; Menicagli et al., 2020). Plastic 86 

can also expose organisms to toxic compounds, such as additives used to manufacture items, and 87 

persistent organic pollutants adsorbed from the environment (Oehlmann et al., 2009; Rochman et al., 88 

2013, 2014; Bejgarn et al., 2015; Balestri et al., 2019; Menicagli et al., 2019a). Moreover, marine litter 89 

can have adverse social and economic impacts especially on coastal areas as their economy relies on 90 

marine resources and tourism. Indeed, currents and waves may deposit large amounts of plastic 91 

materials on beaches together with natural wrack (i.e., terrestrial plants, seagrasses, and algae) affecting 92 

negatively environmental aesthetics (Ballance et al., 2000; Krelling et al., 2017; Robbe et al., 2021). To 93 

maintain tourist attractiveness, coastal municipalities are forced to undertake specific actions to remove 94 

litter from beaches and ensure its proper disposal (Cruz et al., 2020; Chubarenko et al., 2021). 95 

Therefore, understanding the factors driving the accumulation of litter along beaches is crucial to 96 

prioritize management actions aimed at preventing and reducing this kind of pollution.  97 

Modeling studies and field observations indicate that litter enters the oceans from both land-based 98 

(e.g., industrial activities, rivers, harbors, and sewage water discharges) and sea-based sources (e.g., 99 

fishing activities and shipping; Lebreton et al., 2017; González-Fernández et al., 2021; Morales-100 

Caselles et al., 2021). However, the relative contributions of these sources to beach litter accumulation 101 

are still uncertain. Large rivers are considered as major entry points of litter (Lebreton et al., 2017; 102 

Schmidt et al., 2017; van Emmerik et al., 2019) as they can transport waste out to the sea due to their 103 

high flow rate. Once in the sea, surface currents and winds can distribute the light, floating component 104 

of litter (mainly plastic) over wide areas (van Sebille et al., 2020). Instead, the litter transported by 105 

small rivers (Galgani et al., 2000), especially heavier, negatively buoyant items, can be retained in 106 

coastal areas close to their mouths (Galgani et al., 2015; Morales-Caselles et al., 2021). However, the 107 

amount and the distance from river mouths at which litter accumulates is strictly dependent on the 108 

intensity of storms and rainfall events (Galgani et al., 2000; van Emmerik et al., 2019). Some studies 109 

have found a positive relationship between beach litter abundance and proximity of river mouths (Rech 110 
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et al., 2014; Willis et al., 2017; Di Febbraro et al., 2021). On the other hand, a recent study failed to 111 

detect a positive correlation among beach litter abundance and proximity of rivers and harbors (Masiá 112 

et al., 2021). This discrepancy in results indicates that the processes affecting litter distribution along 113 

the coastline can be variable and quite complex (Fetisov and Chubarenko, 2021).   114 

The Mediterranean Sea highly suffers from litter pollution as it is an enclosed basin with densely 115 

populated and urbanized coastal areas, rivers, and intense shipping traffic (UNEP/MAP, 2017). It has 116 

been estimated that the total annual input of plastic in the Mediterranean Sea is approximately 117 

100,000 tons (Liubartseva et al., 2018), and about one third of this input could derive from rivers 118 

(Tockner et al., 2009; Ludwig et al., 2010; Verri et al., 2017). At the same time, Mediterranean coasts 119 

are destination for a high number of tourists (Andolina et al., 2020); therefore, the presence of litter can 120 

negatively impact local economies (Rangel-Buitrago et al., 2018; Cruz et al., 2020). In many countries, 121 

beach monitoring activities are periodically carried out as required by European Commission within the 122 

Marine Strategy Framework Directive (MSFD) for a comprehensive assessment of the impacts of 123 

anthropogenic pressures on marine ecosystems (Galgani et al., 2013). Some studies have focused on 124 

quantitative and qualitative beach litter characterization (e.g., Vlachogianni et al., 2018; Fortibuoni et 125 

al., 2021). Other studies have attempted to establish a relationship between litter abundance and 126 

proximity to entry points such as urban areas (Giovacchini et al., 2018; Di Febbraro et al., 2021) or 127 

beach exposure to winds and sea currents (Prevenios et al., 2018; Camedda et al., 2021). Nevertheless, 128 

knowledge gaps remain about the impact of storm events as well as of litter input from rivers and 129 

harbor-related activities on beach pollution. This is an important management issue since currents and 130 

waves associated with storms can accumulate floating litter on beaches even far from entry points 131 

(Galgani et al., 2000; Critchell et al., 2015) forcing some local municipalities to face high coasts for 132 

beach cleaning (Cruz et al., 2020; Chubarenko et al., 2021).  133 

In this study, we estimated the impact of individual storm events on litter accumulation and local 134 

economy using as a model a managed, peri-urban beach facing a sector of the northwestern 135 

Mediterranean Sea. We also assessed the relationship between beach litter composition/density and 136 

proximity of potential entry points at local (urban area) and regional scale (Tuscany region). To 137 

accomplish these objectives, we monitored (i) the amount, typology and distribution of macro-litter 138 

accumulated along the study beach and (ii) the number of floating items transported to the sea through 139 

runoff of close waterways during storms over one year. We also gathered data of the annual costs 140 
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required for beach cleaning activities from the local municipality. Then, we combined litter 141 

density/composition data obtained from the investigated beach with those relative to other beaches in 142 

the same region provided by a national public database, and we related them to beach distance from the 143 

closest river and harbor. Sea circulation features at local and Mediterranean sub-region scale were also 144 

evaluated. Specifically, we hypothesized that (i) storms would represent a key factor in determining 145 

beach pollution, and (ii) beaches closer to entry points would accumulate more litter compared to those 146 

located farther away.  147 

 148 

2. Materials and methods  149 

2.1. Study area  150 

Visual litter surveys were performed along the beach of Marina di Pietrasanta (northern Tuscany 151 

(Mediterranean Sea, Italy; Figure 1A). Tuscany faces an ecologically important sector of the Ligurian 152 

and Tyrrhenian Seas (western sub-region of the Mediterranean Sea) hosting two regional parks, a 153 

national marine protected area and the international Pelagos Sanctuary devoted to the protection of 154 

marine mammals. This sector is identified as relatively low-plastic polluted (Liubatseva et al., 2018). 155 

However, many coastal areas of the Tuscany are characterized by intense urbanization and presence of 156 

coastal protection structures (Bertoni et al., 2021) and major harbors (Carrara, Viareggio, Livorno, 157 

Piombino; Figure 1A). Five major rivers (Magra, Serchio, Arno, Cecina, and Ombrone; Figure 1A) and 158 

other minor waterways with a torrential regime flow in this region. Moreover, many unmanaged and 159 

managed beaches attracting a high number of tourists during the summer period are present along the 160 

Tuscany coast.  161 

The beach of Marina di Pietrasanta (4.7 km long with fine sediment) can be classified as peri-urban. 162 

Pietrasanta municipality is characterized by a high population density and strong urban development. 163 

Tourism is the major local economic activity, with up to 60,000 people staying over at least one night 164 

during the summer period (June to September; PDPL, touristic statistics). Two waterways, named 165 

Fosso Fiumetto and Fosso Motrone (Figure 1B), that are the output of the drainage basin of the 166 

Pietrasanta municipality, discharge inland waters into the sea through the beach (Federigi et al., 2017). 167 

The coastline is subjected to storms that can lead to waves high over 4 m (Franco et al., 2003). Wave 168 

state is prevalently characterized by West South-West winds, even though the strongest high-energy 169 

events come from the South-West (Cipriani et al., 2001). The tidal regime can be classified as 170 
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microtidal, as the tidal range is usually lower than 30 cm. Our preliminary observations have shown 171 

that under typical weather conditions, the abundance of macro-litter items is generally negligible. The 172 

items deposited on the beach were regularly removed by operators of the waste collection company, 173 

ERSU (Eliminazione Rifiuti Solidi Urbani; www.ersu.it), of Pietrasanta 174 

(https://ersu.it/project/impianto-lavarone/). Beach cleaning was done daily during the spring-summer 175 

season (from May to September) and after each major storm event in the autumn-winter season. These 176 

removal activities provided us the opportunity to quantify the contribution of individual storms events 177 

to beach pollution.  178 

 179 

2.2 Beach survey, litter input from waterways and management at local scale 180 

To examine the seasonal dynamics of litter accumulation due to storms, three sites along Marina di 181 

Pietrasanta beach were selected (Figure 1B): one site was close to the Fosso Motrone (hereafter 182 

referred to as Motrone), one site was close to the Fosso Fiumetto (hereafter referred to as Fiumetto), 183 

and the remaining one located in an intermediate area between them (hereafter referred to as Pontile). 184 

Motrone and Fiumetto were approximately 1.4 km apart from Pontile. In each of the three sites, a 100 185 

m long transect along the strand-line mark parallel to the beach was established, and the initial and 186 

final point of each transect was georeferenced using a GPS (Garmin GPSMap 64x). Litter collections 187 

were performed in four seasonal surveys, September 2020 (summer), December 2020 (autumn), 188 

February 2021 (winter), and April 2021(spring); and hence there were three sites x four seasons 189 

collections (=12). Sampling was performed two or three days after the beginning of a storm depending 190 

on the end time of the wash-out which typically occurs during the subsiding phase of waves (Fetisov 191 

and Chubarenko, 2021), and before litter removal by cleaning operators. We considered only storm 192 

events characterized by significant wave height equal or higher than 2.5 m according to Douglas scale 193 

(data provided by www.lamma.rete.toscana.it) and South-West or West prevailing direction of winds 194 

that resulted in litter deposition at the study beach. 195 

During each survey, litter items with a size greater than 2.5 cm (macro-litter) deposited within a 10 196 

m band on each side of the transects were collected. Thus, a total area of 2,000 m2 of beach was 197 

sampled in each site and season. In accordance with the Marine Strategy Framework Directive 198 

guidelines (MSFD, 2013), litter items were categorized in nine macro-categories (Artificial polymers, 199 

Rubber, Textile, Paper, Metal, Wood, Glass, Various rubbish, and Unidentified) and 213 micro-200 

https://ersu.it/project/impianto-lavarone/
http://www.lamma.rete.toscana.it/
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categories (G1-G213; Supplementary Material Table S1) to identify potential main litter sources. The 201 

presence of macroscopic marine organisms on litter items was also noticed as their colonization 202 

indicates a long residency period in the sea (Ryan, 2015). For each sampling date and site, litter 203 

abundance was calculated as the total number of collected items, and litter density was expressed as 204 

total number of items per square meter of shore (items m-2). The total weight of litter collected in each 205 

site in winter was also calculated. Logistic constrains prevented us to weigh litter in other seasons. To 206 

estimate the total amount of litter accumulated annually by storms along the entire beach of Marina di 207 

Pietrasanta, we gathered data on the direction and intensity of winds registered by the meteorological 208 

station of La Spezia (44° 05' 47.79'' N and 09° 51' 27.52'' E) from September 2020 to May 2021. We 209 

computed the number of days in which maximum intensity of winds from West, South-West directions 210 

that have exceeded the threshold (29 km/h) defining the category five of the Beafourt scale, 211 

corresponding to a sea state of 4 and a wave up to 2.5 m in height, for at least two consecutive days. 212 

This number was multiplied by mean number of litter items collected in the three sites across four 213 

seasons, and the resulting value was then multiplied by the length of the entire beach of Marina di 214 

Pietrasanta (4.7 km). We also gathered available information from ERSU about the typology and total 215 

amount of litter collected annually over the period 2014-2020 along the beach and relative cleaning 216 

costs. 217 

Our preliminary visual observations of Motrone and Fiumetto water flux revealed that these 218 

waterways transported litter to the sea only during rainy periods associated to storms. Indeed, during 219 

calm weather conditions, the presence of a floating barrier prevented the drifting inland waste from 220 

ending up in the sea (Figure S1). To evaluate the potential contribution of the litter load coming from 221 

these waterways to beach litter accumulation during storms, a fixed observation point was established 222 

on the riverbank of each of them at a distance from the sea of approximately 300 m for Fosso Motrone 223 

and 150 m for Fosso Fiumetto from the sea. According to the available protocols (González et al., 224 

2016; Crosti et al., 2018), we recorded one half an hour video of each of the two waterways in two 225 

consecutive days during each storm event, and all visible items (> 2.5 cm) floating along a transect 226 

perpendicular to the riverbank established from each fixed point was counted. Total litter waterway 227 

input during a storm was calculated as mean number of items counted in each of the two videos 228 

multiplied by 96, assuming a constant waterway flux. 229 

 230 
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 242 

Figure 1 Map of the Tuscany region showing (A) the location of the study beach of Marina di 243 

Pietrasanta (black square), major rivers (light-blue lines) and major harbors (red dots), (B) the location 244 

of sampling sites (red squares) and waterways (yellow arrows), Fosso Motrone and Fosso Fiumetto. 245 

(C) the direction of longshore transport direction along Tuscany coast according to Pranzini et al. 246 

(2020) (green arrows), the direction of main surface currents of the northern-western Mediterranean 247 

sector (dark-blue arrows), the location of the study beach (red dot), and the location of the five beaches 248 

(yellow dots) sampled during previous monitoring programs (www.db-strategiamarina.isprambiente.it). 249 

two-column fitting image, color only in online version 250 

 251 

2.3 Evaluation of the relationship between beach litter and proximity to entry points at regional scale 252 

To examine the relationship between beach litter pollution and proximity to potential litter entry points, 253 

we gathered currently available data on litter density and composition on Italian beaches from the 254 

public database (Sistema Informativo Centralizzato Dati di Monitoraggio; www.db-255 

strategiamarina.isprambiente.it) of the national Ministry of Ecological Transition (Ministero della 256 

Transizione Ecologica) and the Italian Institute for Environmental Protection and Research (Istituto 257 
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Superiore per la Protezione e la Ricerca Ambientale, ISPRA). These data were collected during 258 

monitoring campaigns performed by Regional Agencies for Environmental Protection (Agenzie 259 

Regionali per la Protezione Ambientale, ARPA) along the Italian coasts according to the MSFD 260 

guidelines. Briefly, each beach sampling was performed in spring and autumn over the period 2015-261 

2017 along three transects perpendicular to the coast, separated by less than 50 m defined by a 33 m 262 

stretch along the strandline to the first barrier, such as dunes, at the back of the shoreline section. For 263 

the present study, we extracted data of litter abundance and typology of five beaches located in 264 

Tuscany (Figure 1C) which are occasionally cleaned; three peri-urban beaches (Vittoria Apuana, 265 

Marina di Vecchiano, Quagliodromo) and two rural beaches (Marina di Castagneto and Collelungo). 266 

For each of these beaches we computed the density (number m-2) of all sampled items as well as the 267 

density of items belonging to each macro-category averaged across two sampling times (autumn and 268 

spring) of each year, and then averaged across three years (2015, 2016, and 2017). For our investigated 269 

beach, these densities were calculated as described above, but they referred only to the study year 270 

(2020). We also calculated the distance of each of the five beaches and of each our sampling site 271 

(Pontile, Fiumetto, and Motrone) from both the closest waterway and closest major river, and both the 272 

closest harbor and closest major harbor by using a georeferenced map 273 

(www.regione.toscana.it/geoscopio/cartoteca). Rivers with a catchment area greater than 1,600 Km2 274 

were considered as major rivers, and harbors characterized by commercial traffic were considered as 275 

major harbors (Table S2). The geographical coordinates of all beach sites and their distance from rivers 276 

and harbors are reported in Table S3. Data on sea surface current circulation of the north-western 277 

Mediterranean gathered from published studies show that this sector is dominated by the Tyrrhenian 278 

Current and the West Corsican Current that merge to the north of Corsica and enter together the 279 

circulation pattern of the Ligurian Sea (Figure 1C; El-Geziry and Bryden, 2010; Micheli et al., 2010). 280 

Beaches of Marina di Pietrasanta, Vittoria Apuana, and Marina di Vecchiano are located within a 281 

littoral cell (i.e., a segment of coast where the long-shore sediment transport is bounded by either 282 

natural or artificial barriers forming a closed system; Bray et al., 1995; Barsanti et al., 2008) 283 

approximately 65 km long extending from Livorno harbor to Magra river. This cell is characterized by 284 

two littoral currents (Figure 1C), one with a southward direction (from the Magra river mouth to 285 

Pietrasanta) and the other one with a northward direction (from the river Arno mouth to Marina di 286 

Pietrasanta (Cipriani et al., 2001; Bertoni et al., 2021). Beaches of Marina di Castagneto, 287 
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Quagliodromo, and Collelungo are located within the southern Tuscany littoral cell (Figure 1C) which 288 

is fed by sediments delivered by Albegna river (Pranzini et al., 2020) 289 

 290 

2.4 Statistical analysis 291 

To investigate how litter abundance varied across seasons, we used a generalized linear mixed-effects 292 

model (glmer.nb function in the MASS package; Venables and Ripley, 2002) with “Season” (four 293 

levels: summer, autumn, winter, and spring) as independent variable, site as random-effects term, and 294 

litter abundance as response variable. This model was used because of overdispersion in litter count 295 

data (Ver Hoef and Boveng, 2007). A generalized linear mixed-effects model was also used to examine 296 

whether a preferential accumulation of litter occurred in Marina di Pietrasanta beach close to the mouth 297 

of waterways. In this analysis, “Beach site” (three levels: Motrone, Pontile, Fiumetto) was the 298 

independent variable, season was random-effects term, and litter abundance was the response variable. 299 

Pairwise comparisons among sites or seasons were performed by using the function emmeans (Lenth, 300 

2021). A multivariate one-way permutational analysis of variance (PERMANOVA; Anderson, 2001) 301 

was performed to test for differences in litter composition (either in terms of litter macro- or micro-302 

category) among sites or seasons. For micro-categories, we considered only those categories that had at 303 

least a 5% contribution to the total litter in at least one site in one sampling occasion. PERMANOVAs 304 

were performed using the adonis function in the vegan package (Oksanen et al., 2019) and setting 999 305 

permutations for the test at an α-level of 0.05. Two-dimensional non-metric multidimensional scaling 306 

(n-MDS) ordinations (Clarke, 1993) was employed to ordinate observations in a two-dimensional 307 

space. PERMANOVAs and n-MDS were performed on pairwise Bray-Curtis distances between the 308 

number of litter items within macro- (or micro-) category and sites (or seasons) after square root 309 

transformation (Anderson, 2001). To identify the macro- and micro-categories of litter that most 310 

contributed to the differences between levels of the significant factor, a similarity percentage analysis 311 

(SIMPER; Clarke and Gorley, 2015) was carried out. A Kruskal-Wallis non-parametric test was used 312 

to check differences in the mean total number of litter items transported daily by the two waterways, as 313 

data did not meet the normality assumption even after transformations. n-MDS ordinations were also 314 

used to visualize data patterns of macro-category litter composition, in terms of item density, and of 315 

distances of entry points (closest river, closest harbor, closest major river, and closest major harbor) 316 

from the investigated sites (Vittoria Apuana, Marina di Vecchiano, Marina di Castagneto, 317 
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Quagliodromo, Collelungo, Fiumetto, Pontile, and Motrone). The Bray-Curtis similarity matrix of 318 

macro-category litter composition was obtained after square root transformation of data, while the 319 

matrix of distances from entry points was based on the Euclidean distance of square root-transformed 320 

and normalized data. A SIMPER analysis was carried out to identify the macro-categories contributing 321 

most to segregation of sites in multidimensional space. Then, the biological and environmental (BIO-322 

ENV) procedure (Clarke and Gorley, 2015) based on a Spearman rank coefficient (ρ) between the 323 

environmental variables (closest river, closest harbor, closest major river, and closest major harbor) and 324 

litter macro-category composition was used to determine which variable(s) best explain the pattern of 325 

beaches in terms of litter macro-category composition. Lastly, to assess the relationship between total 326 

litter density and distances from entry points, Pearson correlation tests were carried out separately for 327 

each type of entry point. As beach distance data for major harbor did not meet normal distribution 328 

assumption, a Spearman correlation test was performed for this analysis. All statistical analyses were 329 

carried out in R environment (R core team, 2018), except that for BIOENV procedure that was 330 

conducted with the software PRIMER v.7 (Clarke and Gorley, 2015). Figures were created using the 331 

packages ggplot2 (Wickham, 2016), cowplot (Wilke, 2019), and visreg (Breheny and Burchett, 2017). 332 

 333 

3 Results 334 

3.1 Beach survey, litter input from waterways and management at local scale 335 

Most items deposited on Marina di Pietrasanta beach during our surveys were entangled in natural 336 

wrack consisting of terrestrial plants, woods, and fragments of the seagrasses Posidonia oceanica L. 337 

Delile and Cymodocea nodosa Ucria Ascherson (Figure S2). Many items were fragmented plastics, 338 

microplastic particles, and polystyrene items and the identification of their origin was not possible 339 

(Figure S3). Only three out of the collected items were visibly colonized by macroscopic marine 340 

organisms such as serpulids, mollusks, and eggs of unidentified organisms (Figure S3). Importantly, 341 

some items reported an expiring date relative to their original food or drink content dating back more 342 

than 20 or 30 years ago, although they were not visibly colonized by marine organisms (Figure S3). We 343 

also found items related to COVID-19 pandemic, such as surgical and FFP2 masks as well as plastic 344 

gloves. The number of litter items collected in the three sites ranged from 112 (0.056 items m-2 for 345 

Pontile in summer) to 1,489 (0.74 items m-2 for Motrone in autumn). In total, 8,520 litter items were 346 

collected in an area of 6,000 m-2 in four surveys. Litter abundance in winter was significantly greater 347 
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than in summer and spring and abundance observed in spring did not differ from that in autumn (Figure 348 

2A, Table S4). No significant differences in the mean number of items among sites were found (Figure 349 

2B; Table S5).  350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

Figure 2 Bar plots showing litter abundance (mean ± SE) in each season averaged across the three sites 364 

of Marina di Pietrasanta beach (A) and in each of the three study sites averaged across seasons (B) over 365 

a one year. Letters denote significant differences at α-level of 0.05. n = 3 (A) and n = 4 (B). 366 

single-column fitting image, color only in online version 367 

 368 

The macro-category of Artificial polymers was the most abundant (7,655 items), followed by Metal 369 

(308 items), Rubber (246 items), and Cloths/Textile (186 items). PERMANOVA analysis did not 370 

detect significant differences in litter composition at the macro-category level among sites, nor among 371 

seasons (Table 1, Table S6), and a clear segregation among sites or seasons was not shown by n-MDSs 372 

(Figure 3A,B). PERMANOVA analysis also did not detect significant differences in litter composition 373 

at the micro-category level among sites (Table 1). In contrast, significant differences were found 374 
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among seasons (Table 1) as shown also by their segregation in n-MDS (Figure 3D). SIMPER analysis 375 

revealed that Plastic pieces, both hard and soft, together with Polystyrene were the micro-categories 376 

that most contributed to these differences (cumulative contribution ranging from 67% to 80%; Table 377 

S7). Polystyrene and Shoes and sandals categories were more abundant in autumn than in other 378 

seasons. Plastic pieces and Cans categories were more abundant in winter than in other seasons (Table 379 

S7). Instead, more items belonging to Plastic Bags, Filaments, and Small bags micro-categories were 380 

found in summer and spring than in autumn and winter (Table S7). During the observation period, the 381 

threshold of 29 km/h for wind intensity was exceeded 11 times. Thus, considering an average of 710 382 

items stranded per 100 m of beach sector due to a single storm event, the estimated number of items 383 

deposited along the entire beach over the study period was approximately 367,070. Based on the mean 384 

weight of litter items collected in winter in the three sites was approximately 15 kg, a total of 6.6 tons 385 

of litter might have been deposited along the entire beach during the study period.  386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 
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 410 
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 412 

 413 

 414 

Figure 3 Non-metric multidimensional scaling ordination (n-MDS) of litter composition in terms of 415 

macro-categories for sites across seasons (A) and seasons across sites (B), and in terms of micro-416 

categories among sites across seasons (C) and seasons across sites (D). Stress coefficient was lower 417 

than 0.2 in all ordinations. 418 

two-column fitting image, color only in online version 419 

 420 

Table 1 Results of multivariate analyses (PERMANOVA) on the difference in the composition of 421 

litter, in terms of macro- or micro-categories, sampled in Marina di Pietrasanta, among sites (across 422 

seasons) and seasons (across sites). Significant results are in bold. 423 

 424 

Response variable Predictor df Sum of  Mean Pseudo-F p-value R2 425 
   squares squares 426 

Litter Macro-Category Site 2 0.125 0.063 6.48 0.666 0.13 427 
 Residuals 9 0.871 0.097 428 
 429 
Litter Macro-Category Season 3 0.443 0.148 2.132 0.107 0.44 430 
 Residuals 8 0.553 0.070 431 
 432 
Litter Micro-Category Site 2 0.304 0.152 0.751 0.687 0.14 433 
 Residuals 9 1.824 0.203  434 
 435 
Litter Micro-Category Season 3 1.223 0.408 3.605 0.001 0.57 436 
 Residuals 8 0.905 0.113 437 
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During storms, the protective barriers installed along the waterways did not retain all floating items 438 

because of substantial water level rising. Visual observations of waterway run-off revealed that up to 4 439 

items passed through these barriers during half an hour. On average, the mean number of items 440 

transported to the sea per day by Fiumetto and Motrone was 36 (± 12 SE) and 96 (± 55), respectively. 441 

No significant differences in the mean number of transported items between the two waterways were 442 

found (chi-square = 0.09, d.f. = 1, p = 0.760). Based on the mean total number of items transported by 443 

these waterways in two consecutive days of storm and the number of storms (11) occurring during the 444 

study period, a total of 2,904 items (792 for Fiumetto and 2,112 items for Motrone) might have been 445 

discharged into the sea, assuming a constant waterway flux.  446 

Based on data provided by ERSU, approximately 11,143 tons (dry weight) of stranded material 447 

(corresponding to 1,591 tons per year, Table S8) were collected by mechanical means along the beach 448 

of Marina di Pietrasanta from 2014 to 2020. Sand accounted for 68.3% (6,840 tons in total, seven-year 449 

average 977 tons) and natural wrack accounted for 29.5% (2,691 tons in total, seven-year average 423 450 

tons) of total weight. Marine litter accounted for the 2.2% of the total weight of collected material. The 451 

amount of this litter varied among years, ranging from 0.4 ton to 104.8 tons, corresponding to 31 tons 452 

on average per year. Once collected, items of anthropogenic origin were combined with the other waste 453 

material produced by the local municipality and properly disposed according to national legislation. 454 

Unfortunately, there are no data on the amount of litter items that was recycled. The municipality of 455 

Pietrasanta spent on average approximately 130,000 euros per year on average for litter collection and 456 

processing, corresponding to 27,600 euros per km/year. 457 

 458 

3.2 Evaluation of the relationships between beach litter and proximity to entry points at regional scale 459 

On average, among the investigated beaches of Tuscany Vittoria Apuana, the northernmost beach, 460 

showed the highest value (937 ± 348 items, Table S9). However, when accounting for the differences 461 

in the beach area surveyed, the Motrone site in Marina di Pietrasanta beach showed the greatest mean 462 

litter density 0.53 (± 0.21 items m-2; Table S9). n-MDS plots of macro-category litter composition 463 

showed that Motrone, Fiumetto, and Pontile were more similar to Quagliodromo and Vittoria Apuana 464 

than to other beaches (Figure 4). Simper analysis revealed that Artificial polymers was the macro-465 

category most contributing to the segregation of Motrone, Fiumetto, Pontile, and Quagliodromo from 466 

the other sites, while differences between these two groups of sites were mainly due to Paper/cardboard 467 
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and Metal with a minor contribution of the other macro-categories (Table S10). n-MDS plots of 468 

distances from entry points showed that Fiumetto, Pontile and Motrone were more similar each other 469 

than to the other sites (Figure 4). The BIO-ENV results indicated a significant relationship between the 470 

similarity matrix of macro-category litter composition and that of distances from entry points (ρ = 471 

0.787, p = 0.003). The single variable that best associated with macro-category composition was the 472 

distance from the closest major harbor (ρ = 0.787; Table S11), while the best subset of variables 473 

associated with macro-category composition was the combination of distance from the closest major 474 

harbor and river (ρ = 0.596; Table S11). A significant correlation between total litter density and the 475 

distance from the closest major harbor was also detected (ρ = -0.97, p < 0.005; Figure 5; Table S12).  476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

Figure 4 Non-metric multidimensional scaling ordination (n-MDS) of litter macro-category 484 

composition (A) and distances from entry points (B) for the study sites of Marina di Pietrasanta 485 

(Fiumetto, Pontile, and Motrone) and the sites monitored by ISPRA/ARPA (Vittoria Apuana, Marina 486 

di Vecchiano, Marina di Castagneto, Quagliodromo, and Collelungo). Stress coefficient was lower than 487 

0.2 in both ordinations.    488 

two-column fitting image, color only in online version 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 
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 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

Figure 5 Relationship between litter density measured in the study sites of Marina di Pietrasanta 507 

(Fiumetto, Pontile, and Motrone) and in the sites monitored by ISPRA/ARPA (Vittoria Apuana, 508 

Marina di Vecchiano, Marina di Castagneto, Quagliodromo, and Collelungo), and their distance from 509 

their closest river (A), closest major river (B), closest harbor (C), or closest major harbor (D). 510 

two-column fitting image, color only in online version 511 

 512 

4 Discussion 513 

Our study shows that autumn/winter storms can cause large depositions of anthropogenic litter and 514 

natural wrack on Mediterranean beaches. The waste introduced through runoff of the waterways closest 515 

to Marina di Pietrasanta during these storms did not significantly influence the distribution of litter 516 

along the beach. Analysis of published data revealed a clear positive relationship between litter density 517 

and beach proximity to the closest major harbor, as well as a significant relationship between litter 518 

composition (in terms of macro-category) and beach proximity to the combination of the closest major 519 

harbor and river at regional scale.  520 

 521 

4.1 Impact of storms and proximity to entry points on litter accumulation on beaches  522 

Previous studies have shown that massive litter deposition events could be directly related to the 523 

intensity and direction of winds, wave height, and the duration of the subsiding phase of the storm 524 
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(Brunner and Lwiza, 2019; Fetisov and Chubarenko, 2021). Shore geomorphology as well as the speed 525 

and direction of currents in the coastal zone can also play a role in washout dynamic (Fetisov and 526 

Chubarenko, 2021). In the Mediterranean, the frequency and intensity of storms in autumn/winter are 527 

generally greater than in spring/summer (Grabowska et al., 2010; Androulidakis et al., 2015). Our 528 

study reveals that wind with West, South-West direction and waves with height up to 2.5 associated to 529 

autumn/winter storms resulted in substantial litter deposition during the subsiding phase. This finding 530 

is consistent with previous field and modeling studies that showed a higher litter abundance in beaches 531 

during bad weather conditions (Rangel-Buitrago et al., 2017, 2018; Prevenios et al., 2018; Critchell et 532 

al., 2019; Camedda et al., 2021; Fetisov and Chubarenko, 2021).  533 

In terms of beach pollution level, Marina di Pietrasanta showed a mean value (710 items/100 m) 534 

higher than the median level recorded in other Mediterranean beaches (477 items/100 m; Fortibuoni et 535 

al., 2021). Greater levels of pollution have been reported for some western Mediterranean beaches (up 536 

to 8,150 items/100 m; Fortibuoni et al., 2021). In terms of litter density, the average value recorded in 537 

Marina di Pietrasanta (0.34 items m-2) was within the range of that estimated for other Italian beaches 538 

(from 0.55 to 0.11 items m-2; Vlachogianni et al., 2018) but it was lower compared to that Ligurian Sea 539 

– North-Western Mediterranean beaches (on average 1.06 items m-2; Giovacchini et al., 2018).  Litter 540 

density in Marina di Pietrasanta beach was greater, except that for Quagliodromo, than values observed 541 

for sites monitored by ISPRA/ARPA.  542 

When looking at litter composition, plastic category was the prevalent fraction in the beach of 543 

Marina di Pietrasanta. This observation is consistent with estimates of plastic pollution at national 544 

(Fortibuoni et al., 2021), Mediterranean (Vlachogianni et al., 2018), and global scales (Morales-545 

Caselles et al., 2021) indicating that this pollutant is the most abundant and ubiquitous type of litter 546 

around the world. Regarding the other categories of litter, Metal, Textile, and Rubber where the 547 

second, third, and fourth most represented categories, respectively. This is consistent with results of a 548 

previous study performed in urban and urbanized sites close to our study beach (Giovacchini et al., 549 

2018) but disagrees with another study conducted at national level showing that Paper/Cardboard, 550 

Sanitary waste, and Glass were the most abundant categories after plastic (Fortibuoni et al., 2021). We 551 

also found that autumn/winter storms accumulated a larger amount of hard and soft plastic fragments as 552 

well as polystyrene pieces than spring/summer ones. The source of plastic fragments is difficult to 553 

assess as they originated from the degradation of larger items present in marine environment for a long 554 
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time (Camedda et al., 2021) while polystyrene pieces could derive from items used in fishing-related 555 

activities (Veiga et al., 2016; Giovacchini et al., 2018). In contrast, a greater abundance of plastic bags 556 

and small bags was found in spring/summer than in autumn/winter. We hypothesized that these items 557 

could be related to an improper waste disposal by visitors during the bathing seasons. The lack of a 558 

macroscopic organism colonization on items with an expiring date of 30 years ago collected in the 559 

present study could indicate that these items entered marine environment only recently. The presence 560 

of pandemic-associated plastic waste washed ashore is consistent with findings of recent studies 561 

(Ardusso et al., 2021; Mghili et al., 2022) and supports the idea of the COVID-19 pandemic as an 562 

additional source of littered plastics (Peng et al., 2021).  563 

Previous studies suggest that most litter found on beaches originates in land and enters the sea 564 

mainly through rivers and coastal activities (Galgani et al., 2015; Morales-Caselles et al., 2021). Thus, 565 

greater litter accumulations are expected to occur in beaches closer to major entry points than those 566 

further away (Rech et al., 2014; Galgani, 2015; Willis et al., 2017). In our study, a preferential 567 

accumulation of litter in the two sites closer to the mouth of the waterways (i.e., Motrone and 568 

Fiumetto) was not observed. Based on our estimates, these waterways contributed only partly to beach 569 

litter accumulation during storms transporting approximately 12.4% of items found in the sampled area 570 

to the sea. Indeed, the protective floating barriers installed near the mouth of these waterways 571 

intercepted and retained most of the litter items transported by water flux. This suggests that processes 572 

acting at scales greater than peri-urban, such as local current circulation and river run-off could be 573 

responsible for beach pollution. Indeed, Marina di Pietrasanta beach lies at the convergence point of 574 

two littoral currents which transport sediments from two major rivers, Magra and Arno, allowing this 575 

beach to strongly accrete in time (up to 100 m in the past century; Cipriani et al., 2001; Cappucci et al., 576 

2020; Bertoni et al., 2021). Recent studies have shown that these rivers also introduce large quantities 577 

of litter into the sea (i.e., more than 26,000 and 263,000 items on average per year, respectively; 578 

González-Fernández et al., 2021). Since several shoes and textile industries are in inland areas close to 579 

Serchio and Arno rivers, the presence of shoes and sandals stranded on Marina di Pietrasanta beach 580 

suggests that a portion of these items entered the sea from these rivers and then accumulated on the 581 

beach by sea currents especially during storms. A further support to the role of surface currents in 582 

generating pollution is provided by observations of P. oceanica fragments found along this beach. 583 

Indeed, the closest P. oceanica meadows to the beach are tens of kms away (https://www.emodnet-584 
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seabedhabitats.eu/access-data/launch-map-viewer/), and a previous study demonstrated that P. 585 

oceanica seeds collected near to Marina di Pietrasanta beach were produced by plants growing in 586 

Corsica (French) meadows (Micheli et al., 2010).  587 

Studies of the surface sea circulation indicate that the marine area off Tuscany coasts is influenced 588 

by currents of the north-western Mediterranean sector (El-Geziry and Bryden, 2010; Micheli et al., 589 

2010) that can accumulate marine litter in this area (Liubatseva et al., 2018). Our study reveals that 590 

Tuscany beaches located closer to major harbors exhibited a greater litter density. This finding is 591 

consistent with a recent study showing a positive relationship between macro-plastic abundance and 592 

proximity of sites with intense fishing activity (Masiá et al., 2021), but it disagrees with studies 593 

reporting a greater litter density in beaches near to river mouths (Rech et al., 2014; Willis et al., 2017; 594 

Di Febbraro et al., 2021). Nonetheless, our results shows that the combination of proximity to the 595 

closest major harbor and river was the best subset of variables explaining the differences in terms of 596 

macro-category observed among the investigated beaches, indicating that both these entry points can 597 

play an important role in determining litter composition at regional scale. Therefore, we hypothesized 598 

that a considerable amount of litter items entering the marine area in front of the investigated coastal 599 

area might have been originated from harbor activities and river runoff. These items might have been 600 

initially remained in the proximity of entry points and successively been transported during storms by 601 

littoral currents toward beaches located in face of their convergence area, such as for example at 602 

Marina di Pietrasanta. Further studies should investigate the exact role of littoral currents in distributing 603 

and accumulating litter on beach hotspots. 604 

 605 

4.2 Beach litter management implications  606 

Cleaning activities are a fundamental tool to maintain beaches free from anthropogenic litter and avoid 607 

its further reintroduction in marine environments. Besides anthropogenic litter, some coastal 608 

municipalities must manage also beach wrack, which can constitute a relevant portion of all stranded 609 

material (for example up to 30% in our study beach). The costs incurred by north European countries 610 

for such removal varied (Chubarenko et al., 2021; Robbe et al., 2021) depending on cleaning 611 

methodology, personnel costs, infrastructure, machinery types, and tourism activity (Robbe et al., 612 

2021). According to the litter threshold level (20 items per 100 m of beach) established by MSFD 613 

Technical Group on Marine Litter (van Loon et al., 2020), the beach monitored in the present study can 614 
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be considered as polluted, and our estimates indicate that its cleaning requires approximately 130,000 615 

euros per year. Thus, forecasting the time of storm events conducive to massive litter deposition on 616 

shores may help to plan effective measures to remove plastics and natural wrack and prevent its 617 

reintroduction in the sea. Importantly, this beach, lying at the convergence of two coastal currents, 618 

likely receives a high amount of litter originated from distant areas. Indeed, these currents run along 619 

two regions (Liguria and Tuscany), four coastal Provinces (La Spezia, Massa-Carrara, Lucca, and Pisa) 620 

and nine municipalities (Sarzana, Carrara, Massa, Forte dei Marmi, Pietrasanta, Camaiore, Viareggio, 621 

Vecchiano, and Pisa) of Italy. Therefore, beach cleaning management should benefit from an 622 

integrated-holistic approach involving multiple authorities. For example, the costs of litter handling 623 

should be ideally partitioned among all the authorities belonging to the littoral cell, or they should be 624 

managed at regional level, or alternatively they could be internalized via taxes and fees (Robbe et al., 625 

2021). In addition, for a correct beach management, cleaning activities should be performed manually 626 

and on-demand to minimize their impact on beaches. Due to the ecological role played by wrack in 627 

beach ecosystems, this material should not be removed from where it deposited naturally (Robbe et al., 628 

2021). However, in areas where this approach is not feasible, mechanical cleaning actions should be 629 

carried out considering how to manage not only all collected items but also the large amount of sand 630 

removed accidentally (up to 70% in dry weight of all material in the study beach). For example, wrack 631 

can be disposed appropriately for further use (e.g., soil fertilization and energy production), while a 632 

fraction of plastics could be recycled in a virtuous way to cut back its greenhouse gas emissions 633 

according to circular economy principles (Löhr et al., 2017; Kumartasli and Avinc, 2020). On the other 634 

hand, sand could be used as a valuable resource (Robbe et al., 2021), for example it could be 635 

redistributed in areas suffering erosion in nature-based projects for coastal protection (Chubarenko et 636 

al, 2021). Yet, the potential presence of microplastics within the sand and their effects should not be 637 

overlooked. Other effective solutions to tackle beach litter problem include the installation of barriers 638 

along water bodies and rivers to prevent floating urban/industrial waste or waste from coastal activities 639 

entering the sea during storms, as well as educational and outreach programs for harbor users to reduce 640 

the accidental/intentional waste dispersal. 641 

 642 

5. Conclusions 643 
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Our study provides a quantitative estimate of the impact of single storm events on the environmental 644 

quality of Mediterranean beaches and local economy. It also reveals a positive relationship between the 645 

degree of pollution of beaches along the investigated coastal sector and their proximity to major 646 

harbors and to a less extent to rivers. These results suggests that the accumulation of marine litter on 647 

beaches can be driven by storms, and its abundance and composition can depend on the interplay 648 

between anthropogenic activities related to these entry points, littoral currents, and Mediterranean Sea 649 

region circulation features. Therefore, the problem of beach pollution management cannot be entirely 650 

delegated to individual municipalities, but it needs to be tackled at least at regional scale by multiple 651 

public and private entities, and volunteer associations.   652 
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