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Featured Application: This research aims at understanding the sources of plastic litter in a fresh-
water body, assessing the possible production of secondary microplastics (MPs).

Abstract: Plastic waste dispersion is a well-recognized environmental threat, despite continuous
efforts towards improving waste disposal management over the last few decades. Plastic litter is
known to strongly impact upon water bodies and shorelines, affecting the health of ecosystems and
impacting upon the aesthetic value of sites. Moreover, plastic waste that is abandoned on beaches
contributes towards different degradation processes that potentially lead to the formation of sec-
ondary microplastics (MPs), with likely cascade effects upon the whole ecosystem. In this view, this
study aims to characterize the plastic beach litter found on the shores of the western basin of Como
Lake (Italy) to better understand the origin of MPs in littoral sediments, including the recognition of
object typologies and the chemical characterization of polymers using Fourier-transformed infrared
analysis (FTIR). The results highlighted that the most abundant polymers on beaches are polypropy-
lene (PP) and polyethylene (PE), representing 73% of the collected polymers. This confirms that
floating, low-density polymers are more likely to accumulate on beaches. Moreover, almost 66%
of litter is represented by commonly used manufactured items (disposable objects, packaging, and
everyday items). This evidence, combined with the analysis of the main environmental features of
the sampling sites (the main winds, distance to urban areas, and the presence of tributaries) indicate
that abundance of beached litter is mainly linked to beach accessibility and the local winds. These
results highlight that multiple factors affect the environmental fate of plastic litter and give insights
into the assessment of secondary microplastics in beach sediments.

Keywords: plastic litter; freshwater; sediments; secondary microplastics

1. Introduction

Many scientists suggest that we are currently living in a “plastic age, the Plasticene” [1].
Plastic is a durable, versatile, and low-cost material that has completely changed human
life and represents the most produced and used material in the world.

European plastic production represents 16% of global production, with a plastic
demand of 50.7 million tons and an average consumption of 112 kg/person for the period
of 2010-2019 [2,3]. Within Europe, Italy covers 13.8% of the total demand, preceded by
Germany (which represents 24.2%).

Approximately 30,000 polymer materials are currently registered in the European
Union [4]. However, the most commonly produced ones are polypropylene (PP), polyethy-
lene (PE), polyvinylchloride (PVC), polyethylene terephthalate (PET), polyurethane (PUR)
and polystyrene (PS). These polymers are increasingly being used for an abundant variety
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of objects. Moreover, the global SARS-CoV-2 pandemic has led to a further increase in
plastic production and usage (e.g., for disposable personal protective equipment [5]).

Although waste disposal management has improved over the last decade (an increase
of 19% of collected waste for recycling from 2006) [3], a large portion of these materials is
still dispersed in natural ecosystems. An increasing number of reports on a global scale are
warning of the threats derived from plastic litter in the environment [6-8].

After their spread, plastic polymers are subject to a series of ageing processes, such
as: UV radiation exposure, oxidative reactions, mechanical deterioration (due to fric-
tional forces), and biofouling [9]. These processes, in turn, can lead to polymer embrittle-
ment [10,11], further promoting the release of secondary microplastics (MPs, [12]): particles
with sizes ranging from a few micrometers to 5 mm [13,14]. These particles, due to their
small dimensions and high reactive surface areas, can easily adsorb water contaminants
and trace metals, as well as release chemical additives, causing adverse ecotoxicological
effects on organisms [15-17].

The uptake of MPs by various aquatic organisms has been well demonstrated by
several studies [18-22]. This effect can affect the entire food web [23], also posing threats
to human health [24]. Specifically, MPs can enter organisms mainly via ingestion and
respiration [25], causing physical damage and negatively affecting physiological functions.
Indeed, ingested MPs induce a sense of satiety in organisms, causing a reduced uptake
of food and a consequent decrease in energy intake [26]. Moreover, other risks are posed
by MPs that are increased in already contaminated water environments (e.g., [27,28]) due
to the interaction of plastic particles with waterborne micropollutants, which potentially
enhances their accumulation in aquatic organisms. In this context, different studies have
reported on the adsorption of hydrophobic pollutants onto plastic pellets [29,30], and show
that MPs can act as vectors of contaminants and favor their ingestion [31,32].

In addition to its ecotoxicological and aesthetic consequences [33], plastic litter dis-
persion is an important issue in the context of environmental welfare and policies, and
consequently, a guidance document was written in 2013 (within the Marine Strategy
Framework Directive, MSFD) for the monitoring of marine litter in the European seas [34].
However, no effort has been made in the context of inland water systems [35].

The fate of plastic waste in water ecosystems depends on the plastics’ properties (the
dimension, shape, density, and level of ageing) and different natural processes (e.g., main
currents, winds, or bioturbation). Normally, lighter plastics (e.g., PE) tend to float in water,
while heavier ones (e.g., PVC) are expected to settle [36]. However, different processes
can alter this behavior: the biofouling of plastic has been demonstrated to affect buoyancy
rates and, on the other hand, bioturbation and water movements have been observed to
re-suspend dense polymers [37]. Therefore, while reports of floating plastic waste deposed
on beaches (i.e., beach litter) are increasingly being published [38—40], the dynamics leading
to the release of plastic materials in beaches are generally overlooked, hindering the
reconstruction of their sources and pathways [41-43]. Understanding the processes leading
to the initial accumulation and preliminary degradation of plastics on shorelines can then
lead to a better understanding of the likelihood of secondary microplastic generation, as
well as their potential polymeric composition [7].

In this study, therefore, different beaches of the Como Bay (on the shores of lake
Como, Lombardy, Italy) were surveyed. The present study area was selected because
Lombardy region counts 20,000 tons of plastic waste produced every month [44] and
present an abundant diffusion of lacustrine ecosystems (representing >50% of surface
waters). Moreover, this area is also poorly investigated regarding the impacts of plastic
pollution [39]. Thus, this study aims to (i) identify sources of plastic waste on beaches near
Como city, (ii) assess the most likely processes causing its transport and accumulation, and
(iii) understand the possible polymeric nature and the grade of degradation of collected
plastic objects in beach sediments, in order to potentially understand the main sources and
polymeric composition of secondary MPs in the study area. This will help to develop an
efficient analytical protocol for extracting MPs from sediments [29,31].
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2. Materials and Methods
2.1. Study Area and Litter Sampling

Sampling was carried out in Como Bay, which is located in the southern end of the
western basin of Lake Como (Figure 1a,b). In this basin, Lake Como has no outlet [45]: the
only outlet for Como Lake is the Adda river, that flows instead in the eastern basin (near
Lecco city).

Figure 1. (a) Satellite view of the Lake Como area. The location of Lombardy region is highlighted in
orange in the map in the upper left corner. The main cities are indicated in orange, and Como (the
study area) is highlighted in red. (b) Detail of the sampling area of Como, located in the southern
west Como branch: sampling points are highlighted in orange, main towns are indicated by yellow
dots, and the yellow dashed line indicates the main route of the local ferries. Main tributaries of lake
Como in the area are also highlighted.
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Como city is instead drained by two streams, Valduce creek and Cosia stream (Figure 1b),
which are presently artificially buried, and have an underground flow path through the
urban area until it reaches the lake. These hydrological features can be important sources
of plastic litter [46]. Valduce creek provides an ephemeral flow, and is mainly recharged by
a small karst basin, whereas Cosia stream drains a larger watershed area (about 33.5 km?)
with measured flows of up to 33 m3/s during its maximum flow regime. Moreover, in the
area of Cernobbio town, the Breggia stream outflows into the lake after a 12 km path. This
stream collects water from the western border of Lombardy and part of Switzerland (with
a watershed area of about 47.4 km?).

The demographic data of the study area can give insights into the littering sources:
human pressure, in fact, has been identified as being the main cause of water pollution
worldwide [47]. In this area, the principal municipalities are represented by Como and
Cernobbio. According to the data for 2021, as reported by the National Institute of Statis-
tics [48], the populations of these cities were 84,250 and 6498, with a density of 2300 and
536 inhabitants/km?, respectively [48]. Moreover, this area is a known tourist destination:
in the case of the Como Bay, the highest number of visitors occurs in spring and fall, with a
weekly increase during the weekends [47].

According to the most widely applied dimensional categorization of plastic fragments [49],
this research work exclusively focused on plastic litter with dimensions >5 mm [50] and that
were recognizable to the naked eye. Plastic beach litter was collected in 5 different locations
on the lake shores (Figure 1b and Table 1). All beaches were surveyed during May 2021 and,
for each one, the extension (in square meter) was registered. Beach litter was sampled along
parallel transects, until the whole beach area was inspected. To determine the predominant
factors in the deposition of plastic beach litter, for each location, the following features
were considered: the distance from the urban centers, public accessibility, the presence of
tributary streams, and the exposure of the beach. The characteristics of the sampling sites
are recorded in Table 1.

Table 1. Principal characteristics of sampling sites.

2 .
Sampling . Geographic Area (m”, D}st?nce from Public . .
Site Coordinates Exposure (°N) +Standard Principal Urban Accessibilit Tributaries
Deviation) Centers (km) y
45°49'22" 1.5 (from Como
VG N-9°0439" SW 20015 city center) Yes i
45°49'02" 0.8 (from Como
N N-9°04'57" E w 6198 city center) Yes i
45°48'54" 1 (from Como .
TP N-9°04/30" E N-E 173 + 20 city center) Yes Cosia creek
VO1: 45°49'06" 2 (from Como
N-9°04'00" E; city center); .
VO VOD: 45°49/09" E 391 + 32 26 (from No (Private) -
N-9°03'59" E Cernobbio)
2.4 (from Como
45°49/22" city center);
cC N-9°04'04" E E 101 +14 2.2 (from Yes i
Cernobbio)
45°50'04" 900 (from . .
CE N-9°04/34"" E 2879 + 43 Cernobbio) No (Private) Breggia creek

Since the data of the main flows are not available and the main currents are mostly
constant during the season, the likely movement of the plastic litter was assessed, consider-
ing other natural and anthropic factors. Firstly, the wind speed and the velocity data in
Como city (from Como station, located about 400 m away from the TP sampling point)
were collected for the whole year of 2021 from the Lombardy environmental protection
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agency [51]. Another disturbing factor by waves, i.e., the passage of ferries, was also
analyzed in this study. Indeed, this area of the lake is supported by an extensive navigation
network that connects the city of Como with other towns on the lake shore (i.e., Cernobbio,
Tavernola, and Blevio, Figure 1b), increasing wave rates toward the coast, especially in
E-W direction.

2.2. Classification and FTIR Analysis of Collected Objects

All detectable plastic litter was collected in plastic bags on each beach, and the bags
were labelled. Afterwards, plastic litter was brought into the laboratory to sort all the objects
according to their polymer type (after visual sorting or FTIR analysis), size (measured as the
length of the object on the longest axis), and the category of objects (e.g., food packaging,
toys, bottles, Figure 2). More specifically, each sampled object was categorized in terms of
the function of its use, as (i) disposable objects, (ii) everyday objects, and (iii) packaging.
Polymeric material such as Styrofoam and polyurethane were classified as “packaging”
and “building material”, respectively. Plastic pieces and fragments of unclear sources were
classified as “unknown material” instead.

Figure 2. Example of litter sorting and categorization (from sampling point CE).

According to the dimensions of the considered plastic objects (>5 mm), the possibility
of sample contamination by the bags was ruled out after an evaluation of the bag integrity
after sample categorization.

To characterize the polymer type, some objects were directly recognized using visual
inspection, due to the presence of their recycling code. For other samples, attenuated total
reflectance infrared spectroscopy (ATR-FTIR) was performed to recognize the polymer
matrix, due to the fingerprinting of the absorption of specific infrared wavelengths by
the polymeric functional groups [35]. Spectra were obtained after rinsing the objects with
ultrapure water, to remove loosely adhered material. Then the samples were left to air-dry
for 24 h and were analyzed with a Thermo Scientific™ (Waltham, MA, USA) Nicolet™
iS™ 10 FTIR Spectrometer, performing 32 scans in the 4000-650 cm ! spectral range. The
achieved spectra were then compared with those collected in the Open Specy database [52]
to recognize the sample. To validate the polymer recognition, the robustness of the Pearson
correlation coefficient (R) was considered: polymer matching was assumed to be accurate
only for R values > 0.75.

A detailed list of sampled items is reported in Supplementary Materials (Table S1).
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2.3. Data Analysis and Interpretation

After polymer type determination, the relative abundance of the different polymers
was calculated for each sampling site, and for the total amount of plastic collected.

Each sampling site was geolocated, and the areas in m? were estimated using Google
Earth. To rule out the effects of water level changes on beach extensions, measures were
performed using different satellite images over different time periods (as well as the on-site
measurements, see Section 2.1), taking into account the standard deviation of the beach
extension as derived by the seasonal changes in level (Table 1). The density of the plastic
litter (expressed as items/m? of beach) was then calculated. This parameter was then
interpreted, considering its distance from principal urban centers, public accessibility to the
sampled areas, the presence/absence of tributaries, and the exposure of the sites (which can
give insights that are related to related to winds and main currents). A correlation matrix
was then computed with Origin 2018 software (OriginLab—Northampton, MA, USA).

Then, for further support of the evaluation of the environmental factors affecting litter
dispersion, the spatial distribution of the plastic litter and the specific abundance was
spatially analyzed through QGIS software.

3. Results and Discussion
3.1. Overall Litter Density and Sample Composition

A total of 352 items were collected from the six sampling sites (Table S1). By consider-
ing the absolute number of items, the selected beaches showed different amounts of plastic
litter, as follows: CE > VG > VO > TP > FN > CC. However, the normalization of the results
in terms of litter abundance for m? demonstrated the actual impact of the plastic litter in
the Como area. In fact, the beach showing the highest absolute number of collected items
(CE, 120 items) was instead a less-impacted beach in terms of its normalized abundance
(0.06 items/m?). On the other hand, the most threatened site was represented by VG, with a
plastic beach litter density of 0.94 items/m? (which instead showed an absolute abundance
of 112 plastic objects).

Since data on beach plastic litter in freshwater ecosystems are still limited [53], we
compared our results with some other findings in both freshwater [54-58] and marine
environments [41-43] (Table 2). However a direct comparison is still complex, due to
the differences in the sampled litter and the selected ecosystems [42,43,57]. As for other
plastic-related environmental analyses, there is a need for harmonization regarding the
sampling and data treatments. Considering these limitations, our data appear to be gen-
erally consistent with those reported in other studies [41,54]. Specifically, the abundance
of PL detected in the present study is in line with those observed in Lake Tollense, which
among the considered sites, is the closest to our study area.

Table 2. Comparison between data on plastic litter (PL) and anthropogenic litter (AL) detected in
other studies.

Location Type of Litter Litter Density References
Como Bay;, Italy PL 0.06-0.94; mean 0.14 items/m? Present study
Black Sea AL 0.085-5.058 items/m? Topgu et al., 2013 [43]

Lake Tollense, Germany

Lake Lewisville, Texas
Lake Michigan
Central Caribbean Coast,
Colombia

Ceuta, Spain

Puerto Mishualli, Amazonia
Settibal Lake, Argentina

mean 0.2 + 0.1 items/m? (72%

AL plastic litter) Hengstmann and Fischer, 2020 [54]
PL 0.024 items/m? Chapman, 2019 [55]
AL mean 0.0092 items/m? Hoellein et al., 2015 [56]
PL mean 5.38 items/m? Rangel-Buitrago et al., 2020 [42]
= : 2 %,
AL 0.063-1.96 1t§m§/m (32.5% Asensios-Montesinos et al., 2021 [41]
plastic litter)
PL mean 0.045 items/m? Lucas-Solis et al., 2021 [57]
PL 1.26 items /m? Blettler et al., 2017 [58]
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Considering the polymeric composition of plastics elucidated via FTIR analyses (Figure 3a),
the most abundant polymer in the environment was PE (40.34%), followed by PP (32.95%),
in accordance with previous findings from marine and freshwater environments [59,60].
Other common polymers found in quantities <10% were PS (6.25%), PU (4.55%), and PET
(4.26%). A small portion of biodegradable polymer, PLA (0.6%), was also detected: this
issue was in line with the increasing use of biodegradable plastic materials, but it also
raised some concerns regarding the possible persistence of this degradable polymer in
natural environments [61]. Moreover, part of the analyzed fragments were identified as
being “vegetal matter”: this is possibly linked to superficial colonization by biological
matter (see Section 3.2).

(b)

Polymer
PP
m PE Object category
PSS I Disposable objects
s PU W Packaging
PET I Everyday objects
I ABS I Building material
PVC Bl Biofilm carriers
I PLA Unknown
Bl Vegetal matter
i Other

Figure 3. Pie chart showing polymeric composition (a) and category (b) of the collected objects.

Considering instead the categories of the objects collected, a similar composition was
observed in all the sampling sites. In accordance with previous findings by Rizzo et al. [40],
most of the plastic litter was related to activities conducted in the proximity of beaches. As
a matter of fact, the main categories of beach litter were packaging (39%), everyday objects
(15%), and disposable objects (17%). With regard to the latter, 3% of the objects consisted
of disposable face masks, highlighting a worryingly increasing trend of plastic dispersion
derived from the recent and ongoing global pandemic [5]. These three categories together
represented approximately 71% of beach litter (Figure 3b), while unknown objects and
building material represented 23% and 5% of found objects, respectively. Moreover, even if
this was not a great contribution to the litter, it is interesting to note that about 1% of the
collected items (n = 3 detected in VG and TP) was represented by biofilm carriers from
wastewater treatment plants (WWTPs).

Considering the size distribution, the majority of the collected objects were of small
size (less than 5 cm on the maximum axis) in almost all the sites. Only one site (CE) showed
a similar number of litter objects in the <5 cm and 5-10 cm size classes (Figure S1). This is
in accordance with other studies, both in the seawater and freshwater environments, and
indicates that the fragmentation of plastic objects after their dispersion leads to a higher
abundance of small particles [62,63].

3.2. Polymer Degradation and Alteration of Collected Samples: Problems in Recognition and
Possible Environmental Consequences

Considering the comparison with the Open Specy database [52] for polymeric recogni-
tion, the most common polymers generally presented a reliable method of identification
(especially PP and PE, with average R? values of 0.93 for PP and of 0.94 for PE), while other
abundant polymers (i.e., PS and PU) showed a lower value for the Pearson coefficient (with
average R? values of between 0.75 and 0.8, Table S2).
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In fact, since the reference databases of the plastics were largely composed of pure
polymers, the chemical identification of plastic objects (often containing multi-polymer
blends and a differential load of additives) might show different hindrances [64]. Moreover,
different physicochemical processes are known to affect the FTIR spectra of aged plastic
samples, such as UV radiation, thermo-oxidative processes, mechanical abrasion, and colo-
nization by different microbial consortia (i.e., biofouling) [17]. All these issues negatively
affect recognition efficiency.

Specifically, oxidation processes can easily alter the FTIR spectra in the regions of the
carboxylic (1800-1700 cm~!) and hydroxyl wavelengths (3500-3000 cm~'): this process
is known to especially affect carbon backbone polymers (e.g., PE and PP [65], Figure 4)
and it can be induced by thermo-oxidative or UV-induced oxidation and biodegrada-
tion [66,67]. These are also the mechanisms that are known to lead to plastic embrittlement
and mechanical instability, inevitably leading to the production of secondary MPs [68,69].

PE sample

PE reference

A A

_/\IAL PP sample N~

PP reference

Absorption (a.u.)

4000 3500

T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm )

Figure 4. Example of FTIR spectra of collected samples showing altered peaks derived from polymer
degradation and biofouling. PE sample (in green) shows the spectrum of a fragment collected in TP,
while PP sample (in red) shows the spectrum of a film collected in VG. PE reference (in blue) and PP
reference (in grey) show the reference spectra of these polymers from Openspecy database [52].

In addition to polymer matrix oxidation, other chemical alterations can occur in plastic
objects, such as the leaching of additives. The FTIR spectra of PET, for example, are
observed to vary in relation to environmental deterioration [70], whereas native peaks
decrease, the adsorption or release of additives may originate in new ones (Figure 4).
Beyond changes in the FTIR spectra, the leaching of (toxic) additives can lead to increasing
ecotoxicological effects in plastic polluted environments [71].

Additionally, the mechanical degradation of plastic polymers can lead to problems in
their recognition, enhancing the surface roughness of the materials, and thus negatively
affecting the signal-to-noise ratio [72]. In our study, the mechanical ageing of plastic objects
is also observable by the high percentage of the unknown typologies of objects (fragments
and degraded objects, Figure 3b), which account for almost 25% of the sampled litter.

Finally, biofouling is another phenomenon that is known to affect plastic after its
dispersion in the environment (and especially in water). Different bacteria, algae, and
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fungi can initiate colonization and release extracellular polymeric substances onto the
plastic surfaces. This process can alter different windows of the FTIR spectra, such as in
the regions of 1650 cm~! and 1550 cm~! (amide I and amide II stretching, respectively)
due to the presence of proteins, or in the 1040 cm~! band (C-O stretching), derived
from polysaccharides [73]. This effect altered the recognition of a few samples in our
study, which were identified as being vegetal matter by spectral matching. Despite all the
samples being rinsed with deionized water, this process can still cause problems in polymer
recognition, due to the high resistance of biofilm-derived organic matter. This process,
moreover, has increasingly attracted the attention of researchers aiming to understand
the possible cascade effects on plastic environmental behavior: biofouling is observed to
affect the buoyancy rates of polymers and change the surface properties of plastics (e.g.,
reducing hydrophobicity), and it can selectively concentrate antibiotic-resistant bacteria
and pathogens [74-76].

3.3. Litter Distribution and Possible Sources

After a global characterization of the main trends of plastic objects and polymers
composing the plastic litter, the specific distribution of objects in the sampled sites was
observed and compared with the local features of each sampled shore. This analysis permit-
ted us to understand the likely mechanisms causing the accumulation of litter, including
environmental (e.g., currents, winds, transport by creeks) and anthropic (e.g., ferry lines,
on-site littering) processes.

An initial assessment of the factors affecting litter accumulation was performed
through a correlation analysis of the litter density, and the local features of the sampling
sites, such as the absence/presence of tributaries, the distance from the closest urban center
for public accessibility, and the aspect of the beach (Table S3). Generally, the analyzed
factors were correlated in a limited fashion with the litter density (all the Pearson’s R values
were below 0.75). The only variables potentially influencing the litter concentration in the
sampled beaches were public accessibility (R = 0.538, p-value = 0.27) and the exposure of
the beach (R = 0.504, p-value = 0.308). On the other hand, tributaries seemed to have a
negligible influence on the dispersion of plastic beach litter, in accordance with previous
reports [77]. The slightly negative R value (R = —0.413, p-value = 0.415) possibly indicates
that the presence of a tributary in the beach can instead flush the plastic objects out from
the beach and cause their dispersion into the lake. Indeed, in our study, one of the locations
presenting a tributary (CE) was less impacted in term of litter density, while the other (TP)
presented a litter density value that was below the average of all the other sampling sites,
possibly due to direct littering, since it was located in the urban area of Como.

When observing the spatial trend of plastic litter abundance (in terms of density,
Figure 5a), a general increase was observable on all the shores on the west side of the lake,
with a N-S trend (CE < CC < VO). Moreover, the site in the inner part of Como bay (TP)
and the two sites in the eastern side of Como bay (FN and VG) showed the highest impacts
among the studied sites. However, the pie charts indicated only minor changes in terms
of the composition of the most abundant polymers, with almost 75% of the plastic being
composed of PE and PP, and a general almost equivalent portion of these polymers (only
FN showed a lower abundance of PE, of less than 25%, Figure 5a).
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Figure 5. (a) Distribution of litter in the different beaches sampled in the study area. The pie chart
indicates the proportions of the most frequent polymers (PP in yellow, PET in red, PE in blue, PS
in light blue, and PU in green) and the dimensions of the pie are proportional to the litter density
(in items/m?). (b) Rose diagram of the main winds measured at Como station, with data frequency
for the period January—December 2021 [51]. The different colors indicate the registered wind speeds.

Considering the low densities of all the polymers analyzed in the plastic litter, the most
likely process for its spatial distribution was the surface longitudinal transport. Therefore,
since most of the local winds (especially at high speeds) come from the NE in the study
area (Figure 5b), a possible explanation for this observed spatial trend is derived from the
transport of litter by wind. Plastic sourced from the northern part of the lake can be moved
towards the south, leading to a higher concentration in the eastern part of the city (FN and
VG sites), which is morphologically covered by these winds, creating a possibly stagnant
zone of water. Wind current, therefore, is confirmed as being a major factor affecting the
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spatial distribution of plastic in lakes [78]. As a side note, the uneven distribution of the
east and west sides of the lake indicates a marginal effect by the main ferry line, which
presents a S-N main direction route.

Moreover, the composition of the item categories (Figure S2) showed marked changes
among the different sites. While all sites showed a similar polymeric composition, the
types of objects changed across the beaches. Specifically, disposable objects, packaging, and
everyday objects were the prevalent categories on the most highly accessed beaches (VG
and TP). However, this trend was also observable in CC, highlighting the importance of
water transportation together with public accessibility and direct littering.

3.4. Implications for the Environmental Fate of Litter: Sourcing of Secondary Microplastics

As previously highlighted by different studies [22,54,79-81] the presence of MPs in
water environments may pose several threats to water ecosystems. Despite the existence of
different sources of MPs, this study aims to point out the sources and processes for sourcing
secondary MPs that are mostly derived from the degradation of larger items [82]. This
choice was made because these MPs are the most abundant in water systems [83]. Their
presence, in fact, can lead to various negative effects upon water environments, such as
their uptake by different organisms [50,84]. Moreover, due to the consequences of deterio-
ration processes on the surface properties, these could act as sources and sinks for other
contaminants (releasing additives and adsorbing waterborne pollutants) [85,86], potentially
enhancing negative effects upon aquatic organisms. This aspect could be worsening in
sediments where, due to the local chemical conditions, anthropogenic contaminants can
easily concentrate [87,88]. It is therefore crucial to obtain a clearer vision regarding the
sources of secondary MPs in sediments.

This study highlighted that both local (direct littering, and urbanization) and regional
(main wind and currents) conditions can alter the fate of plastic litter in freshwater bodies.
Moreover, further confirmation of the accumulation of mostly light polymers in beaches,
derived from longitudinal transportation on the water surface, was observed. This process
is widely recognized in seashores [36], but it is analyzed in a more limited fashion in
freshwater bodies [78]. The FTIR analyses of these plastic polymers contributed to their
recognition and also indicated an abundant degree of ageing for plastic objects, with the
presence of surface oxygen containing functional groups and biofouling. These processes
are known to affect all dispersed litter, and they may possibly lead to the formation of
secondary microplastics, which can be directly sourced from the aged litter in the beach
sediment [89,90]. Although MPs are not exclusively derived from the deterioration of larger
objects, and the deterioration processes are still poorly understood, these observations
provide key insights into the formation of secondary microplastics in beach sediments,
suggesting that even these particles will likely be represented by a similar polymeric
composition, and a greater abundance of low-density polymers (especially PE and PP). In
this way, an awareness of the presence of low-density polymers can assist with the selection
of an efficient extraction method for microplastics through density separation, with the
selection of less hazardous and more cost-effective saline solutions (e.g., saturated NaCl),
to ensure a good degree of recovery [91].

4. Conclusions

This work aimed to quantify the presence of plastic beach litter in the Como Bay (Italy)
to track the main sources and processes of plastic contamination in freshwater bodies, and
to assess the likely nature of secondary MPs. Moreover, since data regarding MPs in Como
Lake sediments are still lacking, this could be a key factor for supporting further research on
the distribution of MPs in littoral sediments, giving insights into the possible composition
of (secondary) MPs. Indeed, according to our data, the most widespread polymers are PE
(>40%) and PP (>32%), while other commonly used polymers represent approximately 17%
of beach litter. Considering the types of sampled objects, in all the studied sites, packaging
represents the most abundant category (>34%).
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Since no previous data regarding the distribution of plastic litter are available for this
study area, it is not possible to recognize a temporal trend in plastic distribution along the
coast. However, our study allowed us to identify the most plausible contamination routes
for plastic litter accumulation. A general accordance between the most accessible beaches
and pollution loads highlights that in-site littering plays an important role. Moreover,
the distribution of plastics in the study area suggests that part of the plastic waste can
accumulate via longitudinal transport on the water surface, in accordance with the main
regional wind currents. This information can be used to better address waste management
strategies and the control of litter production in the neighboring coastal area, as well as
giving important insights into the possible composition of secondary microplastics on the
lake shoreline. In addition, local governments could promote dissemination campaigns
through educational activities, such as local beach cleaning, which could increase awareness
in citizens. Such activities could also offer opportunities for collecting data on plastic
abundance, distribution, and composition, to be used for scientific purposes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12115388/s1, Table S1: Detailed list of sampled objects. The type
of object, size (in cm) and the polymeric composition are reported for each item; Table S2: Correlation
values (R) for FTIR obtained by comparison with Openspecy database; Table S3: Correlation table of
different site properties and plastic litter densities. Values > 0.5 are highlighted in bold. The obtained
p-values are also included (in italics); Figure S1: Number of objects for different dimensional classes
in all the sampled sites; Figure S2: Objects and polymers recovered from different beaches. On the left
side: pie graphs reporting the polymeric composition of recovered objects; on the right side: sample
composition in terms of “object categories”.
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