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Abstract: Data on the abundance and distribution of Anthropogenic Marine Debris (AMD) on
the coastal areas of the northern Tyrrhenian coast are still scarce. The objective of this study is to
characterize, in terms of size, color, morphology and polymeric nature, the Large Microplastics
(LMPs), i.e., plastic objects within 1 and 5 mm, sampled on three beaches located within the
coastal macro-area of the Pelagos Sanctuary, an international protected zone in the north-western
Mediterranean. The beaches have similar morphological characteristics but different degrees of
urbanization. LMPs were sampled seasonally for one year. The polymeric nature of a representative
subsample of the collected LMPs was investigated using a portable Raman instrument, to assess
the feasibility of in situ characterization. In this study, 26,486 items were sorted by typology
(Expanded Polystyrene-EPS, fragments, and resin pellets), size, and for fragments and resin pellets,
also by color and chemical nature. Statistical data on the quantity, density, type, spatial distribution,
and seasonality of the sampled LMPs are presented. Differences in LMP abundance and composition
were detected among sites. A seasonality trend emerges from our statistical analysis, depending on
both LMP typology and urbanization degrees of the beaches. Our data do not show the existence of a
relationship between the size of the investigated MPs and their color, while they suggest that the type
of polymer influences the degree of fragmentation. This underlines the need to further investigate
the mechanisms leading to the production and dispersion of MPs in coastal areas, taking into account
both the urbanization of the beach, and therefore the possible sources of input, and the different
types of MPs. Finally, a Raman portable instrument proved to be a valuable aid in performing in situ
polymeric characterization of LMPs.

Keywords: microplastics; beach monitoring; Marine Protected Areas; polymeric characterization;
Raman spectroscopy; arine litter; AMD; Anthropogenic Marine Debris; Mediterranean shores
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1. Introduction

Among the emerging problems affecting coastal areas (erosion, loss of biodiversity, etc.),
the accumulation of Anthropogenic Marine Debris (AMDs), also called Marine Litter (ML), has received
increasing attention in recent decades [1]. Studies have focused in particular on ML accumulation in the
open sea [2–4], and in coastal areas [5,6], but also in deep water sediment [7–9], in polar areas [10,11],
and in freshwater systems [12–15]. Most of these works confirm that the percentage of “plastics”
(including all artificial polymeric types) among the different categories of ML is very high, representing
between 61% and 87% of AMDs [16,17]. The persistence of plastic materials and their slow degradation
in the environment allows them to enter and accumulate in aquatic ecosystems, with possible harmful
effects for the biota. Differences in the size of plastic pieces can lead to different effects; the proposed
classification of Microplastics (MPs) into size classes takes this fact into account. The term Macroplastic
generally refers to relatively large plastic objects (2.5 cm–1 m), i.e., artefacts still recognizable, such as
bottles, containers, toys and buoys. Particles larger than 5 mm but smaller than 2.5 cm are defined
Mesoplastic. Although the term MP is often used generically to refer to any small piece of plastic,
and there is no universally agreed nomenclature [18–21], it is common to limit this term to particles less
than 5 mm in diameter [20,22,23]. Several proposed classifications are based on different methodologies
which have been adopted to collect and sort the material according to size, thus dividing them into small
(0.1–1 mm) and large (1–5 mm) MPs [21]. Regarding the origin of MPs, they are known as “secondary”
(e.g., fragments) when they result from the breakage of larger plastics [24–26], and as “primary” when
they are released into the aquatic ecosystem due to direct losses, during transfer and transport to/from
industries [20]. This second category includes microbeads (tiny microspheres used in cosmetics and
other detergents, and nanoparticles used in industrial processes) and resin pellets, also called nurdles,
a raw material used in molding and packaging to produce all kinds of plastic articles used in modern
society [18,27,28]. The latter generally have a diameter of about 2–5 mm [29], so they fall into the
category of LMPs. Considering that objects, especially plastic ones, left on the beach for months/years
are subject to photo-degradation at a higher speed than if they were at sea [24,25], their fragmentation
can lead to the production of very small plastic pieces. These, mixed with the substrate of the beach,
can produce a flow of particles that spills into the sea, adding to those directly released by rivers [30,31].
It is therefore important, in line with the protocol and standard monitoring strategies [32–34] to collect
information on the spatial and temporal distribution of marine waste on beaches, to identify the areas
of greatest accumulation, quantify the abundance and type of materials, and possibly trace their origin
and the contribution of different possible sources (rivers, tourism, etc.). Particularly at risk are the
Marine Protected Areas (MPAs) located in or near densely populated and industrialized areas, as these
suffer from a strong influx of AMDs which are difficult to remove, due to both the intrinsic difficulty of
reaching these areas (often isolated or not served by roads or structures) and regulations which limit
human intervention. ML monitoring on beaches should, therefore, consider the presence of parks and
protected areas, as well as the seasonality, urbanization, and morphological characteristics of the coast.

In the Mediterranean, a semi-closed basin in which the phenomenon of waste accumulation is
accentuated [35], increasing efforts have been made to detect the presence and determine the possible
sources of AMDs in the open sea, the seabed and coastal areas [4,5,36–69]. In this context, the area
of the upper Tyrrhenian Sea (north-western Mediterranean) and the neighboring Ligurian Sea are
very sensitive to this type of pollution [70–72], especially as they host the Pelagos Sanctuary [73].
Cozar et al. [56] estimated the concentration of ML in the Mediterranean Sea basin, in terms of surface
weight. The reported data showed that there was a fairly large range of values (from 22 to 1934 g/km2),
but noted that the area of the north-western Tyrrhenian Sea presented the greatest abundance. The latest
studies that have focused on the floating ML in the Mediterranean, and in particular, in the waters
surrounding the Italian peninsula, confirmed this [54,61,74]. The coasts included in these marine
areas within the Pelagos Sanctuary are of extreme environmental importance, as they are rich in parks
and MPAs located both near urban areas and in places that are not easily accessible and far from
sources of direct pollution. Previous surveys of beach macrowaste carried out within the Pelagos
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Sanctuary, in a particular macro-area that includes that of our current survey, found that natural
sites, and especially protected areas close to river mouths and/or located in places that are not easily
accessible, showed a higher density than other areas [68,69]. As these beaches suffer from a lack of
constant cleaning to remove accumulated debris including plastics, it is very plausible that these
materials will degrade and fragment. These areas could then become a place of accumulation of
meso- and micro- plastics. Despite the relative abundance of recent monitoring dedicated to beached
marine waste in the Mediterranean area, few such programs concern the Italian coasts overlooking the
Tyrrhenian part of this sea [5,53,68,69], and none has dealt with MPs.

The objective of this study is to characterize, in terms of size, color, morphology, and polymeric
nature, the LMPs sampled on three beaches (with different degrees of urbanization) in the North
Tyrrhenian area. Furthermore, it is intended to quantify the accumulation of MPs on the selected
beaches and study the differences in their spatial and temporal distribution, considering one year
(four seasons) of sampling and three different areas within each beach. The correlation between MP
densities and the different degrees of urbanization of the selected areas will be explored. Our selected
area is part of the Pelagos Sanctuary, frequented for breeding and foraging by different species of
cetaceans (striped dolphins or sperm whales are quite common). They can be damaged by the
increasing amounts of plastic and AMDs from both land and sea; among these, mistycetes, which are
filter-feeding mammals, are considered particularly at risk due to marine pollution in the form of
MPs [70–72]. Finally, we evaluated the potential role and effectiveness of portable Raman spectroscopy
for the direct in situ characterization of MP fragments. This technique, widely used [51,75,76] in the
study of polymeric materials (and not), is a nondestructive technique which provides data in a short
time, and can be used on samples without any preparation. The most common techniques used to
confirm the nature of MP samples are Infrared and Raman spectroscopies, which are complementary
techniques, because molecular vibrations which are Raman inactive can be FTIR active and vice
versa. However, Raman can achieve better spatial resolution, and furthermore, recent technological
progress provide compact and reliable systems for in situ analyses that are appropriate for this kind
of application.

2. Materials and Methods

2.1. Study Area and Sampling Sites

The selected area is a stretch of northern Tyrrhenian coast that includes two Tuscan provinces
(Pisa and Lucca) and three municipalities (Pisa, Vecchiano and Viareggio). The choice of the sites
was based on a report by Lippiatt et al. [77], taking into account factors such as the type of beach,
the inclusion of areas near the river outlets and at least one protected area of type A (high degree of
protection and prohibition of nautical activities, D. M. 979/1982 and D.M. 394/1991), in order to compare
the results obtained in that site, in terms of the average density and type of predominant particles,
with those of beaches with different tourist management approaches and cleaning frequencies. In this
framework, three beaches (sampling sites) were identified within the area selected for the monitoring
program (Figure 1): San Rossore (SR), Marina di Vecchiano (MV) and Viareggio (V). The sampling
sites had the same type of substrate (soft sand of similar granulometry), the same conformation (linear
beach with low slope and backdune environment), orientation (south-west) and wind exposure to
prevailing south-west or north-east winds.
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Figure 1. Geographical location of the three sampling sites, and distribution of the density of MPs 
sampled in the three sites (SR, MV and V). The anthropization gradients grow from the SR to the V 
site, and in geographical terms from south to the north. The x in the boxplot represent the mean 
values, the continuous lines the median values, the limits of the “boxes” the 75th and 25th percentile 
and the whiskers the maximum and minimum limit. In the SR site for the EPS fraction there is a high 
variability of the distribution (InterQuartile Range = 1254.68) as well as in the MV site (InterQuartile 
Range = 194.68). Image made using Stamen Watercolor/OSM base map in Qgis 2.18.2. 

They are located a short distance from important river mouths (Arno and Serchio), which are 
potential sources and/or ML inputs. The sea currents in this area have a prevailing northward flow. 
Due to their different proximity to urban areas and the different types of tourism management 
implemented, the beaches studied were classified according to the system proposed by Ariza et al. 
[44] (Urban (U) beaches are located in residential and tourist areas that are cleaned on a regular basis, 
especially during tourist season, and as public service; Urbanized (Uz) beaches are close to urban 
centers and may be visited by tourists but with a lower human presence compared to the previous 
category, and with fewer regular cleaning activities; Natural (Na) beaches exhibit low levels of 
human impact, mostly isolated or located in MPAs, in many cases in the most restricted subareas, 
e.g., zones with a high degree of protection and prohibition of boating activities. Cleaning activities 
are usually not performed, but may be carried out under exceptional circumstances, e.g., during 
focused awareness campaigns by NGOs and volunteers. These beaches mostly receive AMD as 
transported by marine currents, rivers, waves, and wind. In detail: SR is a “natural-Na” beach, within 
the Migliarino, Massacciuccoli and San Rossore Park Protected Marine Area (SRPRK), with a dune 
cordon parallel to the coastline, marking the boundary of the coast (Figure S2, Supplementary 
Material). It is located 5 km from the mouth of the Arno River (N 43° 40′ 47.408″, E 10° 16′ 40.466″). 
MV, just north of the mouth of the Serchio River (N 43° 47′ 1.704″, E 10° 16′ 0.016″), is an “urbanized-
Uz” beach, with tourist presence only in the summer months and without bathing facilities. V, the 
northernmost of the three sites (10 km north of the river Serchio), is an “urban-U” beach, located near 
an inhabited center and close to accommodation facilities which are active not only during the 
summer, but also outside the tourist season. 

Differences in tourist management and planning of beach use have also been considered, taking 
in account the period, frequency, and method of cleaning actions (Table 1).  

Figure 1. Geographical location of the three sampling sites, and distribution of the density of MPs
sampled in the three sites (SR, MV and V). The anthropization gradients grow from the SR to the V site,
and in geographical terms from south to the north. The x in the boxplot represent the mean values,
the continuous lines the median values, the limits of the “boxes” the 75th and 25th percentile and the
whiskers the maximum and minimum limit. In the SR site for the EPS fraction there is a high variability of
the distribution (InterQuartile Range = 1254.68) as well as in the MV site (InterQuartile Range = 194.68).
Image made using Stamen Watercolor/OSM base map in Qgis 2.18.2.

They are located a short distance from important river mouths (Arno and Serchio), which are
potential sources and/or ML inputs. The sea currents in this area have a prevailing northward
flow. Due to their different proximity to urban areas and the different types of tourism management
implemented, the beaches studied were classified according to the system proposed by Ariza et al. [44]
(Urban (U) beaches are located in residential and tourist areas that are cleaned on a regular basis,
especially during tourist season, and as public service; Urbanized (Uz) beaches are close to urban
centers and may be visited by tourists but with a lower human presence compared to the previous
category, and with fewer regular cleaning activities; Natural (Na) beaches exhibit low levels of human
impact, mostly isolated or located in MPAs, in many cases in the most restricted subareas, e.g., zones
with a high degree of protection and prohibition of boating activities. Cleaning activities are usually not
performed, but may be carried out under exceptional circumstances, e.g., during focused awareness
campaigns by NGOs and volunteers. These beaches mostly receive AMD as transported by marine
currents, rivers, waves, and wind. In detail: SR is a “natural-Na” beach, within the Migliarino,
Massacciuccoli and San Rossore Park Protected Marine Area (SRPRK), with a dune cordon parallel to
the coastline, marking the boundary of the coast (Figure S2, Supplementary Material). It is located
5 km from the mouth of the Arno River (N 43◦ 40′ 47.408”, E 10◦ 16′ 40.466”). MV, just north of the
mouth of the Serchio River (N 43◦ 47′ 1.704”, E 10◦ 16′ 0.016”), is an “urbanized-Uz” beach, with tourist
presence only in the summer months and without bathing facilities. V, the northernmost of the three
sites (10 km north of the river Serchio), is an “urban-U” beach, located near an inhabited center and
close to accommodation facilities which are active not only during the summer, but also outside the
tourist season.

Differences in tourist management and planning of beach use have also been considered, taking
in account the period, frequency, and method of cleaning actions (Table 1).
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Table 1. Selected characteristics of the sites: width of the beach (distance sea-dune) (m); proximity
to the river mouth (Km); distance from the nearest town (km); level of anthropization (U = Urban,
Uz = Urbanized, Na = Natural); type of cleaning: A absent, MAN manual, MIXED mechanized/manual.
Images (polygons) and the relative GPS coordinates identifying the selected stretch of beach in each
site are reported in Figure S2, Supplementary Material.

Site Name
(Acronym)

Total Width
(m)

Proximity to
the River

Mouth (km)

Distance from
the Nearest
Town (km)

Class
Cleaning
Actions
Period

Cleaning
Action Way

San Rossore
(SR) 30 5 6.2 Na never A

Marina di
Vecchiano

(MV)
50 0 4.3 Uz Late spring

/summer
MAN

/MIXED

Viareggio
(V) 60 10 0 U Every season MIXED

2.2. Monitoring Program and Microplastic Sampling Design

Sampling campaigns took place during the four seasons, with two temporal replicas for each
season (except for the winter, due to bad weather), starting on 24 July 2016 and ending on 21 June 2017.
The survey was carried out following the protocol recommended by the Marine Strategy Framework
Directives [33,78,79]. Samples were collected from the three chosen beaches, in order to study the
spatial and temporal distribution of MPs and characterize them in terms of dimension, color, polymeric
types, and physical aspect. The sampling area for each site was the afitoic (i.e., a beach area free of
wetlands, and therefore, of vegetation.) backshore of a stretch of a sandy beach, defined by a 100-m-long
transept parallel to the shoreline, whose depth goes from what we call the “first accumulation line”
of the material to the line of the dunes. This “first accumulation line” is the first zone close to the
sea where it is possible to collect MP, as the very first strip of sand after the shoreline is generally
wet and cannot be sampled with sieves. Measurements of the length and depth were taken for each
beach with a tape measure, and the GPS coordinates relative to the starting and ending point were
recorded (Table 1 and Figure S1 in Supplementary Material). As beaches are dynamic systems with
constantly changing conditions, any sampling of MPs should take into account that the shoreline and
accumulation line are very variable over relatively short periods of time. In this specific case, in the
Mediterranean Sea and in the studied Area, given the weakness of tidal phenomena and their minimal
influence on the extensions of the beaches, the foreshore is very small, and there is no significant
variation, even inter-seasonally. Either way, we took into account the maximum extent of the tide in
this area by choosing points of the beach starting at the limit of the “swash zone” (zone of the wave
run-up). These considerations, and the precautions taken in the choice of area, proved to be good,
also with regard to the state of the sea during the different seasons. In fact, despite several storm surges,
and even a flood of the Arno River during the autumn, neither the extension nor the slope of the beach
underwent substantial changes. This was further confirmed by what emerged from ML monitoring
conducted later, in the same stretch of beach, with the help of Unmanned Aerial Vehicle, UAVs [80].

The sampling design included three fixed factors (Site, Season and Zone) plus three random
replicas (sampling station) for each Zone. The “Zone” factor identified three transects parallel to
shoreline and with a distance from 4 m (for SR) to 25 m (for V) between them, depending on beach size
and characteristics. The transects were the sea area (Se) close to the shoreline, the intermediate area (I)
representing the ordinary berm and the dune area (D). This factor was deliberately introduced in this
work to study possible differences in the accumulation of MPs as a function of the distance from the
shoreline (Figure S1 in Supplementary Material).

Previous studies have observed that over half of the total plastic fragments recovered from beaches
is in the top 5 cm of sediment, and nearly 95% is found in the top 15 cm [81]. For the sake of simplicity,
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we decided, following the prescriptions of the MSFD [33], to consider only the surface layer (5 cm
depth) as a sufficiently representative sample. A first coarse “sorting” phase was done directly on
the beach, eliminating shells, pebbles and pieces of wood, and the remaining items were placed in an
aluminum box, labeled, and transferred to the laboratory.

2.3. Sample Analysis

Once at the laboratory, after a cleaning with distilled water, the samples were dried at room
temperature for at least 24 h. MP items were separated by natural objects with metal tweezers
prior to the density separation procedure. Density sorting was performed by flotation, i.e. a “density
sorting” [27,75,82], with the addition of a saturated solution of NaCl at 35%, ρ= 1034 g/cm3 (The subgroup
of the framework directive on marine environment strategies (MSFD, [33]) recommended the use
of NaCl for the separation of MP by density flotation), as it is a cheap and environment-friendly
salt. However, the use of a saturated solution of NaCl (ρ = 1.2 g/cm3) in tap water can lead to
underestimating the content of microplastics in sediments because the density of the solution is too
low to allow the flotation of all polymers, mainly those containing additives [82] while a saturated
solution of NaI (ρ = 1.6 g cm3) is sufficient to separate the polymers containing additives.) Floating
particles (including natural residual items and visible MP particles) were collected from the surface of
the saturated solution using metal tweezers, saved in glass Petri dishes, and dried in a muffle at 40 ◦C.
This procedure was repeated until no visible particles were floating, and particles were recovered in
Whatman® GF/C filters (~1.2 µm pore; ø = 47 mm). Filters were then observed under a Nikon® AZ100
stereomicroscope, to recover MPs with smaller dimensions. This additional “visual sorting” was
necessary to reduce the margin of error caused by possible changes in polymer density (and, therefore,
in their buoyancy) due to the additives incorporated in the production process [82], biofouling or
degradation due to aging [19]. All possible precautions were taken to avoid contamination of the
samples (for example, use of 100% cotton lab-coats).

All collected items were counted, measured and then separated into size classes (1–2, 2–3, 3–4,
4–5 mm), and into three macrocategories (Figure 2), i.e., resin pellets (RP), fragments (FR) and expanded
polystyrene (EPS), placing them in different decontaminated aluminum containers. Each FR piece was
characterized also by its color (White Old = WH-OL, White-Glossy = WH-GL, Transparent = TR, Amber
= AM, Yellow = YE, Green = GR, Black = BK, Gray = GY, Red = RE, Blue = BL, Other colors = OT),
as well as each RP piece (Transparent-Glossy = TR-GL; white = WH; amber = AM; colored = COL),
as also shown in the Figures S3 and S4 in Supplementary Material. Differences in color classification
between FR and RP were due to the different nature of the two MP types, respectively secondary
MPs proceeding from macro objects containing additives and colorants added during production,
and primary MPs mostly constituted by virgin polymers without additives, with a typically glossy and
semitransparent appearance when they are new, but opaque white or with “amber” shades, more or
less dark, when they are older.

A representative subsample of the total number of recovered particles (about 1/4) were analyzed
to identify the plastic polymer composition of the material. Fragments were analyzed at the Applied
and Laser Spectroscopy Laboratory of the Institute of Organometallic Compounds of CNR, Pisa, Italy
by using an i-Raman Plus spectrometer by BWTek©, coupled to a microscope and a portable PC.
The measurements were done accumulating three spectra with acquisition time of 30 s. The power
of the laser beam (@785 nm) was about 350 mW. The spectra were acquired with a resolution of
1 cm−1 in a range from 200 cm−1 to 3200 cm−1. The i-Raman Plus is a portable instrument which
was used to evaluate its effectiveness for future in situ characterizations of MPs. Despite a lower
resolution associated with this kind of compact instrumentation, almost all the collected samples
were identified by comparing the acquired spectrum with a database of spectra of the main polymers.
Only in a few cases (about 3% of items), the Raman spectra could not be interpreted due to high
fluorescence, because of the unevenness of the sample surface, or color and oxidation of the surface
layer. The spectra of the samples collected on the beaches presented a greater complexity (number of
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peaks) than the standard reference samples. This finding was confirmed by results in the literature,
and may be attributed to the presence of additives, dyes and inorganic substances (titanium oxides,
iron etc.) incorporated in the matrix, as also identified by the Raman system.
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Figure 2. Physical appearance and color of some microplastics among those sampled, divided into the
three types considered. Legend: FR = fragments, RP = resin pellets, EPS = expanded polystyrene.

The RP items were analyzed using a ATR PerkinElmer GX spectroscope, equipped with PIKE
MIRacle™ ATR, with germanium crystal and 45◦ angle incidence of radiation on ATR crystal
(background acquisition and analysis with 8 scans, wavelengths 4000–650 cm−1), at the Spectroscopy
Laboratory of Department of Chemistry and Industrial Chemistry, Pisa University.

The identification of each sample was made by comparing the spectrum acquired by the instrument
with a database of spectra of the main polymers available in the literature and by comparison with
standard libraries [75,76,83–101]. It must be noted that also in this case, the spectra of the samples
collected on the beaches were more complex (larger number of peaks) than those of the standard
reference samples, due to the presence of possible additives, dyes or inorganic substances (titanium
oxides, iron, etc.) incorporated into the matrix, or due to aging.

2.4. Data Analysis

As a sampling variable, we used both the number of particles collected (for color and dimensional
classification) and the density expressed in number of particles per square meter (for spatial and zonal
distribution), following previous studies and also the MSFD. The mean density value for each site was
obtained considering all time replicas of the same beach, as well as the seasonal mean density was
obtained considering replicas within the same season for each beach. For each season, two replicates
were made, except in winter, when only one was possible. The analysis of the mean zonal density
of MPs was carried out by counting the debris separately collected in each of the three beach areas.
The obtained variables are total density, seasonal density, and zonal density for each of the three
sites. The normality of the distribution of variables was checked by the Shapiro-Wilk test. For the
study of spatial distribution and the temporal distribution of MPs, comparisons by site, sampling
area and season were conducted considering the individual samples (out of a total of 189 samples),
and were made using the nonparametric Kruskal-Wallis test for non-normal distribution variables.
The significance level for all analysis was set at 95% (p = 0.05). The data are reported as mean ± SD
and median (interquartile range - IQR). All calculations were performed using StataSE/15 (Stata Corp.,
College Station, TX, USA). Results of color and dimensional classification of collected MP are expressed
by the total number of sampled objects for each site and for each category (color or size), averaged
over the time replicas made for each season (Tables S1–S3 in Supplementary Material).
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3. Results

3.1. MP Classification

During monitoring, 26,486 MP with an average size between 1 mm and 5 mm were collected from
the three beaches (16,165 in SR, 7621 in MV and 2700 in V), through 189 samplings. The particles were
divided into three classes: expanded polystyrene (EPS, for a total of 18,274 items, 69%), fragments
(FR, for a total of 4767 items, 18%) and pellets (RP, for a total of 3443 items, 13%).

3.2. Spatial and Temporal MP Distribution

The data collected allowed us to obtain local and seasonal density values for MPs, and so to
examine in detail the spatial and temporal distribution of them in the three sampled sites. The SR site
presented the highest total (the three MP typologies combined) mean density (958.7 ± 792 items/m2;
n = 18), followed by the MV site (471.3 ± 333 items/m2; n = 18) and the V site (175.4 ± 42 items/m2;
n = 18). A mean value of 535.13 ± 389 MP particles per square meter was calculated for the entire
sampling. In Table S1 (Supplementary Material), the density values (number of items/m2) obtained for
each site and season are reported, calculated considering the temporal and spatial replicas.

The density values recorded at the SR and MV sites were characterized by a high dispersion,
mainly due to the EPS typology (Figure 1). The three categories of MPs monitored (FR, RP and EPS)
had different origins (primary in the case of RP, secondary in the case of FR and EPS) and also different
dispersion patterns, due both to localized anthropogenic pollution (mainly for FR) and to contributions
from the sea and rivers (for EPS and, in particular, for RP), as reported in Table 2. For this reason,
the spatial distributions of the three distinct categories of MPs were analyzed separately.

Table 2. The Table shows the identified categories of MPs, their origin, and the way they are dispersed
in the environment.

MP Type Origin Dispersion Modes

FR Secondary By river and sea, and particularly from localized anthropogenic pollution

RP Primary Dispersion by river and sea

EPS Secondary Especially by river and sea, and also from localized anthropogenic pollution

The boxplot graphs in Figure 1 summarizes the obtained results. The SR site showed a very
high mean density value for the EPS fraction (SR 760 ± 836 items/m2), followed by the MV site
(340 ± 323 items/m2), and by the very low value of V site (6.5 ± 4 items/m2). In contrast, the SR
mean density value for the fraction of RP (SR 114 ± 99 items/m2) was comparable with those of the
other sites (MV 97 ± 98 items/m2; V 72 ± 58 items/m2). The fraction of FR (SR 84 ± 67 items/m2;
MV 34 ± 32 items/m2; V 95 ± 71 items/m2) showed a maximum value in V, with an opposite trend with
respect to the other two MP categories. In both SR and MV, the EPS fraction showed high variability
due to significant differences between the individual samples. The data are reported in Table S2,
Supplementary Material).

The temporal trend of the density values over the four different seasons was also studied. A greater
seasonal variability was evidenced in SR and MV with respect to V (Figure 3). In the two first sites,
the highest MP density values were found in autumn, while in V, the highest density value was in
winter, even if it was very close to the autumn values. Interestingly, in summer, the SR site showed
much higher density values of MP compared to MV and V sites.

In order to verify the reliability of the seasonal and spatial differences observed, a statistical
analysis was carried out to compare the density of the different MP categories, separately, over the
four seasons, for the three sites (Table S2, Supplementary Material). In SR, the EPS fraction showed
considerable seasonal variability, statistically relevant (Kruskall Wallis test, p = 0.044), with very high
accumulation values in autumn and summer and lower values in winter and spring. The RP and FR
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fractions showed rather homogeneous density values in all seasons, without statistically significant
differences (Kruskall Wallis test, p > 0.05). In MV, the EPS represented the most abundant category
in all seasons, but it showed very high mean density values especially in autumn, with statistically
significant differences (Kruskall Wallis test, p = 0.038) compared to other seasons.Water 2020, 12, x FOR PEER REVIEW 10 of 29 
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There were no significant differences in the density values of FR and RP among the four seasons
considered (Kruskall Wallis test, p > 0.05). In all seasons, however, the density values of the RP were
higher than those of the FR. In V, we noted a different trend from the other two sites, as in all seasons,
density values of the FR were higher than those of RP and EPS. In this site, no significant differences in
the fraction of RP and EPS emerged (Kruskall Wallis test, p > 0.05); only for FR did the Kruskall Wallis
test yield a value slightly lower than the threshold (p = 0.049). In Table S2 (Supplementary Material) it
is possible to see how the differences between the sites, for each one season, are statistically relevant
for the EPS and FR types (Kruskall Wallis test always less than 0.05), while they are not for the RP.

Basically, of the three MP categories considered, only for the RP were there no statistically relevant
differences in distribution, i.e., neither spatial (between site and site) nor temporal (for each site).

3.3. Zonal Analysis

Our sampling scheme allowed us to examine the distribution of MPs along the width of the three
studied beaches, from shoreline to the upper parts, by selecting three zones within the beach: Dune (D),
Intermediate (I) and Sea (Se) (with “Dune” we mean the area of beach just behind the dune, but not
the area of the dune itself). The zonal analysis of MPs was carried out independently for the three
types of MP sampled (Figure 4), since they had different hydrodynamic characteristics and dispersion
modes. For all the three MP typologies, the trend was an accumulation on the upper parts (D), for all
the beaches, except for EPS in V, which had the highest value in the I zone.
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Table S3 (Supplementary Material) reports the obtained values and the results of the statistical
analysis (Krushal-Wallis test). For FR and RP, significant differences were found in the distribution
of MP density values in the three areas of the beach, for all three sites. For EPS, on the other hand,
this applied to SR and MV sites, which also showed great variability (great dispersion of values and very
high IQR difference), while it does not apply to V site that was characterized by very low abundance
of EPS particles and no significant distinctness in the distribution of EPS in the three different zones
(Kruskall Wallis test, p = 0.188). The statistical analysis also revealed significant differences between
sites. For instance, comparing the density values of the sampled EPS in the D zone for the three sites
(Kruskall Wallis test, p = 0.001), as well as in the I zone (Kruskall Wallis test, p = 0.001) and in the Se
zone (Kruskall Wallis test, p = 0.005). For FR, significant variances between the three sites existed
only for the D zone, but not for the other two which were closer to the sea (Table S3, Supplementary
Material). On the other hand, for the RP, there were no differences between the sites for any of the
three areas.

Again, the RP were dissimilar from the other MP categories, showing more comparable behavior
among sites than the other MP categories considered.

3.4. Dimensional Analysis

The fragmentation of the pieces of collected plastic, and therefore, the relative frequencies of the
size classes, can be associated with the degree of degradation and the time spent on the beach. It is also
related to the main fragmentation mechanisms acting in the environment, thus providing information
for the implementation of better anti-pollution measures.

Two of the MP types present in our sample, FR and EPS, are subject to fragmentation starting
from the macro-objects brought to the beach; therefore, we undertook dimensional characterization
of them. As shown in Figure 5, the largest FR (4–5 mm) represents the most significant fraction for
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all seasons and in all considered sites, except for MV during winter. We found that, as the size class
decreases, the abundance of the related fragments also decreases. For the EPS fraction, in contrast,
no regular pattern in the abundance distribution of the sampled particles in relation to the four size
classes is detectable (Figure 6); however, in general, the most abundant classes in all seasons are the
intermediate ones.
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3.5. Color Analysis

The color classification of all items (excluding EPS) was done separately for FR and RP. RP, in fact,
are marketed in two distinct types: precolored (additives) and “natural” (virgin polymer), typically
glossy white and/or semitransparent. For the latter, the permanence in the environment, especially in
highly oxidative one such as the sea, influences their degradation and leads to changes in aspect and
color [102–106]. Accounting for color differences in the sampled RP can give information about the
percentage between relatively new and aged RP. The latter, due to the supposedly longer stay at sea,
may contain a considerable amount of Persistent Organic Pollutants (POPs) and absorbed pollutants,
representing a danger for marine fauna [107–109]. RP were also classified according to their shape
(89% were round, 8% were cylindrical and 3% disc-shaped) and for their appearance; some of them
showed considerable weathering, being fractured, with porous surfaces which, in some cases, was so
accentuated as to make the original appearance of the pellet unrecognizable (Figure S3, Supplementary
Material). The vast majority (97.3%) fell in the 2–4 mm size class, so no size classification was made for
these MP categories. As for color classification, the RP results are shown in Figure 7.

Seasonal trends did not show appreciable changes for color distribution for any of the three sites,
but a slight increase in the number of white resin pellets in winter for MV and, especially, for SR was
observed. Combining the seasonal data in yearly values for each beach, we found that the relative
frequency of pellets colors was consistent across the three sites: all of them were dominated by the
“white” category (WH, 71% in SR, 72% in MV and 56% in V), followed by “colored” (COL, 16% in SR,
18% in MV and 32% in V), amber (AM, 7% in SR, 8% in MV and 7% in V) and “transparent-glossy”
(TR-GL, 6% in SR, 2% in MV and 4% in V). The frequency values of the two predominant categories
(WH and COL) were very similar for the two SR and MV sites, and the annual average values of the
sampled RP were also very similar (Table S5, Supplementary Material). V site was slightly different
both for number of sampled pellets and for relative proportion amongst the different color categories.

Regarding the color of plastic FRs, this parameter has been investigated in several studies as a
possible factor related both to a greater or lesser tendency to fragmentation (correlated with additives
and dyes in the polymer matrix of the objects [110], and to the possible selectivity for certain colors
by marine species known to ingest plastic fragments [111]). In our chromatic analysis, for all sites,
we noted the prevalence of white/glossy (WH-GL) FR, followed by blue (BL) and white old (WH-OD)
and so by all the other colors, with GR as the most abundant (Figure 7). Combining seasonal data
in yearly values, we determined that, in percentage, the most abundant color category (WH-GL)
represented 31% in SR, 36% in MV and 36% in V (Figure S4, Supplementary Material). It is interesting
to note that BL and GR coloration are due to phthalocyanines, organic dyes that resist color loss
very well, even in unfavorable environments such as at sea or on beaches under solar radiation
(Figures S4, S7, S8, S11, S12, and S17 in Supplementary Material). Probably, due to the nature of other
dyes used, the RE, YE, etc. pigments faded more than the BL and GR, and so they represented a lower
percentage amongst the colored MPs.
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3.6. Polymeric Characterization

Polymeric classification of the collected samples allowed us to ascertain which types of plastics were
most frequently used and which were released into the environment. Since the analytical methodologies
involve the use of advanced instrumentation and are typically very time-consuming, these measurements
are generally carried out on a representative subset of the total samples. In our case, a representative
subsample of the whole sample was analyzed by micro-Raman spectroscopy (for FR) and ATR (for RP)
spectroscopy. To estimate the seasonality, samples belonging to one of the two spring sampling campaigns
and to one of the two autumn sampling campaigns were chosen for the analysis. In this way, about one
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quarter of the total number of MP sampled in our study were considered for polymeric characterization,
divided into FR (825 items), RP (1130 items) and EPS (6849 items (Table S7, Supplementary Material).

In Figure 8, we can see the polymeric percentages inside the beaches and in the two considered
seasons. Apart from slight differences, the percentage of the different polymers were approximatively
the same for both types of MPs (RP and FR) on all the beaches and for the two seasons.
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Polyethylene (PE) dominated all the samples, followed by Polypropylene (PP) and, particularly
in the FR fraction, by Polystyrene (PS) and other polymers, such as Ethylene-vinyl acetate (EVA).
By averaging the data of the two seasons, we found that EPS was the most abundant morphological
and polymeric type (about 76%), followed by the fraction of RP (18%, of which 78% in PE and 21% in PP,
1% other) and from the one of FR (13%, divided into the different polymeric categories according to the
following proportions: 67% PE, 25% PP, 7% other). The most abundant polymer found was, therefore,
PS in its expanded form (76%), followed by PE (15%), PP (5%), and other polymers (including PS) in
percentages of approximately 4%. The ratio between PE and PP was 3:1.

A further analysis was made to investigate whether there was a correlation between the specific
polymer and the size of the fragments, which could suggest a greater tendency to degrade or fracture
of some types of polymers. In Figure 9 (bottom charts, on the right), we can see that, for PE, 40% of
the samples (208 items) were between 4–5 mm, 33% (172 items) were between 3–4 mm, 28% (143 items)
between 2–3 mm and less than 1% were between 1–2 mm (3 items). For PP, in contrast, there was no
evident differentiation according to dimension; the most abundant dimensional class was between 2–3 mm.
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For polymeric type distribution, instead, larger differences are visible, specially between PP and PE.
Data are available in Table S8 in Supplementary Material.
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From the same data, normalized to the total number of FRs for each dimensional class
(bottom charts, on the left), consistent differences emerged amongst polymeric type distribution.
Finally, a similar analysis was made to search for a possible correlation between the color of the
fragment and its size, in order to understand if color parameters have any influence on the fragmentation
of plastic objects (Figure 9, graphics on top); no correlation emerged between color distribution and
dimensional class.

4. Discussion

One of the aims of this work was to overcome the lack of data concerning MPs on beaches in this
part of the North-West Mediterranean Area, evaluating abundances, spatial and temporal distribution
and characterization of LMPs sampled in three sites of North Tyrrhenian coast, located inside in the
very sensitive area of the Pelagos Sanctuary. The beaches, similar in conformation, substrate type,
dynamics of currents and wind and geographical location, were selected in order to represent different
degrees of urbanization, to assess whether there were similarities and differences in MP abundance,
and to identify the causes.

The analysis carried out showed that SR, the natural (Na) and protected beach with the lowest
degree of urbanization, was the site with the highest MP density (959 ± 792 items/m2;), followed by MV,
the urbanized (Uz) site (471 ± 333 items/m2 and V, the urban (U) beach (175 ± 42 items/m2), as visible
in Figure 1. Due to the paucity of these kind or MP beach surveys in neighboring coasts, we can
compare these values only with those found in a previous study on North Mediterranean beaches,
in the Adriatic coast (mean density of 178.8 items/m2 for urban beaches in Slovenia, [60]).

The higher density of MPs found in the Na Site of SR, rather than in the Uz and U beaches of MV
and V, respectively, was probably related to the greater regularity of cleaning operations performed
on the latter two beaches. Within the area of the SRPRK, in fact, the protection measures prevent the
frequent removal of waste, which accumulates during the year, causing the paradoxical consequence of
a higher average density of waste in protected beaches than in neighboring U and Uz areas, as already
reported in previous studies carried out in the same area on beached macro ML [68]. The subsequent
fragmentation of unremoved waste probably contributes to the particularly high density of MPs in
these areas [112]. This fact led us to consider the possibility that the MPAs could become a potential
reservoir of MPs. Figure 1 shows a relationship between the gradient of “beach urbanization” and the
calculated total mean density of MPs for each of the three sites of this work.

However, the three types of MPs considered in our classification had different physical
characteristics and distinctive ways of being introduced and dispersed on the beach. The EPS,
which arrives in the form of macro-objects, easily disintegrates into very small fragments which may
be scattered by the wind and wave motion. Virgin plastic RP are primary MPs, have a higher density
than EPS and their presence on beaches is linked to dispersion processes (at sea directly or carried by
rivers) during storage or transport [83,113,114]. The FR are the result of the disintegration of plastic or
multimaterial macroscopic objects, a process that, to a large extent, can occur directly in situ, due to
either mechanical processes or photo-degradation [24,25]. In Figure 3, the obtained mean densities for
each season and for each one of the three sites are plotted, together (graphs on the left) and individually
(graphs on the right) for the three types of MPs. It is worth noting that from V to MV and then to
SR, not only the total values of MP density (sum of the three categories) increased, for all seasons
and as mean yearly value, but also the relative MP abundances changed: SR and MV were similar,
with higher EPS values (especially in SR) characterized by a great dispersion. V showed, in contrast,
the predominance of FR and very low number of EPS items, in all seasons. RP distribution was,
instead, homogeneous for all sites. As in Figure 1, in Figure 3 there is also an “urbanization gradient”;
the abundance and dispersion observed for the three types of MP seems to be associated with the three
different types of beach (Na, U and Uz).

A statistical analysis (Table S2, Supplementary Material) confirmed what emerged from Figure 3,
i.e., that for RP, there are no statistically relevant differences in distribution, i.e., neither spatial (between
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site and site) nor temporal (for each site). This means that, during the year, the processes that leads to
the accumulation of RP probably has similar modes at all sites, while this is not the case for the other
two categories of MPs, whose accumulation must be affected by processes that act differently on the
three beaches. The frequency and manner in which cleaning is carried out certainly has a significant
influence, but the way in which waste arrives on the beach, e.g., coming from land (tourist attendance)
or from the sea (proximity of rivers, ports, currents and winds), is also important. In this regard,
Antunes et al. [114] identified correlations between these factors and the densities of different MP types
on some beaches in Portuguese coast. FR seem to be related to tourism, which introduce macroplastics
from the ground and, by trampling, can cause the fragmentation of coarse debris into smaller fragments,
increasing their density in the surface layer. In our case, only V had the characteristics of a U beach. In V,
there was a greater abundance of FRs, which decreased, becoming comparable with RP, only during
summer, probably due to the frequent cleaning activities that remove macroplastics; in the same site,
the RP, connected to sea and river transport, did not show relevant seasonal variations (Table S2 in
Supplementary Material). In MV and SR, in all seasons, the average density values of the RP were
higher than those of the FRs, and neither category showed relevant differences among seasons (Table S2
in Supplementary Material). In these beaches (respectively Uz and Na), tourism is less frequent,
and the presence of two river mouths near these beaches (Arno and Serchio), both running through
inland areas (Figure 1) characterized by the presence of companies producing plastic materials that
make extensive use of virgin RP, is of great importance. These two beaches are also characterized by
the large value of EPS, closely related to fishing activities; the fishing village of Marina di Pisa is at the
Arno mouth, and in this area, the current is predominantly directed northward from the Tyrrhenian
to the Ligurian Sea [115–117]. A higher density for EPS was found in autumn and winter, both in
SR and MV (Figure 3), when abundant rainfall increases the flow of rivers, and as a consequence,
the contribution of debris to the sea. The high frequency of storm surges can promote the beaching
of debris dispersed at sea [112], and, at the same time, cleaning actions are not enforced. The large
dispersion value of EPS, common to both sites, reflects the high dispersion capacity of this extremely
light material, easily carried by the wind.

High densities values of EPS within MPs samples have also been found in Portuguese sites,
similarly characterized by intense fishing activity [114]. In V, the low presence of EPS in all seasons
derives from the removal of the coarsest fragments (typically EPS boxes or their macrofragments)
during cleaning operations all year round. In addition, on this U beach, natural obstacles, such as
beached trunks, are quickly removed, and the wind can more easily move the EPS MPs from the beach.
In beaches with less frequent cleaning, such as MV, or no cleaning, such as SR, the presence of beach
trunks provides accumulation points for EPS macro-detritus that break down in situ. For this category
of MP, the relevant differences between the three sites that emerge from the statistical analysis, for any
season considered, were due to the differences in beach management. We found much higher values in
SR than in MV for all seasons but, above all, during the summer, when cleaning takes place in MV but
not in the Na site of SR.

The behavioral differences of FR, RP and EPS between the sites and seasons studied indicate
that the processes that determine the accumulation of items can be independent from the site/season
(for RP), or dependent on the site/season (for EPS and FR), in the latter case as influenced by contingent
and local factors: supply of material from the ground due to the presence of tourists, fishing activities,
fragmentation favored and accelerated by human trampling and mechanized cleaning operations.

Concerning “vertical” (or zonal) distribution inside the beach, the significant differences detected
for the LMP accumulation in the three zones, and especially the highest density values detected in the
D zone, agree with results of other studies dealing with the dynamics of the accumulation of ML on the
beaches [46,80]. This is justified by the fact that the area closest to the shoreline is the most dynamic
part of the beach, and is the most affected by the daily movement of the sea, while the intermediate
area is affected by the medium intensity wave mode. The dune zone, on the other hand, is reached by
the sea only during rather heavy sea storms which mostly occur in autumn. This area is also the place
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where, especially in Na or Uz beaches out of the holiday season, trunks and natural material act both
as a trap for objects deposited by the waves [5]. In addition, the prevailing winds tend to carry some
of the material to the inland area of the beach (EPS especially), finding an obstacle in the dunes and
trunks [118]. In our study, all the three types of MPs considered show the same behavior with higher
accumulation in the D zone. On the contrary, Karapanagioti et al. [104] found differences between RP
and FR (they did not consider the EPS fraction) concerning the vertical distribution.

The analysis of the morphological properties of the sampled MP, in particular size and color, allows
us to make several considerations. First of all, the dimensional analysis confirms that, depending on
the nature of the initial macro-debris, the processes that act on them and produce MPs may be different
and have different time scales. Figure 5 show that the predominant dimensional class, for FR, is the
larger one, while for EPS (Figure 6) seems to be the intermediate/smaller one. Moreover, for FR the
ratio among dimensional classes are the same for every season, while for EPS a seasonality emerges.
In winter and autumn, the predominant classes are the smaller one (3–2, 2–1), while during spring and
summer the larger ones (3–4 and 2–3) prevail. This fact could be related to the strength of atmospheric
agents, such as winds and storms (responsible for the fragmentation of macro-objects), during the
bad seasons. The crumbling of EPS is in fact a process that has a very rapid time scale, and different
weather conditions have visible effects on a short period, while this does not apply to fragmentation
process of macroplastic. Confirming this in MV we found, during summer, a very low quantity of EPS
(Figure 6) due, as already said, to the cleaning actions that typically remove large EPS objects from this
Uz beach. As these operations start in late spring, the rapid (few months) decline of EPS fragments on
the beach is possible only if the fragmentation process is a fast process.

In previous works dealing with MPs, color is mentioned, in some case, as incidental data only;
in other ones, on the contrary, it is stressed the role it can have regarding a possible preferential
selection mechanism for ingestion by marine biota [111,119]. Moreover, some authors speculated that
an emerging correlation between color and fragment dimension could be a sign that the presence
of particular dyes in the polymeric matrix affects the degradation and fragmentation process [110].
For FR, we found a good agreement with the color percentages reported in a study that devoted a lot of
attention on color classification [100]. In particular, by combining our distinct classes of “White” colors
in a unique one (WH), as they do, we find that the color class sequence from the most abundant to the
lesser one is in good agreement with their, even if the percentages are different (our WH correspond to
50.5%, their WH the 71.8%; our BL is 20% vs. 8.5% of their value; our GR is 7.0% vs. 7.5%; our RE is
4.3% vs. 2.6%; our YE 2.2% vs. 1.2%). Another difference concerns the black colored plastic pieces:
we find few of them while, on the contrary, Young and Eliott [100] found that they represented 7.3%
of their samples. Moreover, besides distinguishing different types of White (WH-GL for the “new”
white fragments, and WH-OD for the “older” ones), in our sample we also distinguished the Amber
fragments. This color is the one that plastic originally Transparent and Glossy assumes due to ageing,
presumably after a long stay in an oxidizing environment. It is the same color that we find also in some
aged resin pellets [81,102–106]. The other colors, that we put together in a unique category (OT) where
4.2% of the total, while Young and Eliott [100] further classified them in orange, purple and brown,
for a total of 1.1%. Interesting is the agreements amongst the most populated “colored” class: both in
our and in Young & Eliott [100] classification, BL and GR fragments are the most frequent pigmented
MP found. This is probably due to the capacity of Phthalocyanines dyes to better withstand the effect
of both marine environment and solar radiation. In any case, the different percentages of the various
color classes coming from different studies are, in our opinion, difficult to compare. It is hard to think
of a color classification that is objectively unique and that can serve as a standard. In addition, the fact
that there are many possible shades for the same color can lead, during classification process, to some
subjective factor in placing objects in one color class rather than another.

As concern RP, a particular coloration can be indicative of origin, degree of degradation and/or
contact with pollutants; the “amber color” degree (often called “yellowing”) has been used as parameter
for determining the time a plastic pellet has remained in the environment, leading some authors
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to propose pellets as “environmental tracers” for hydrophobic compounds pollution [102–104,106].
Some of them proposed a subdivision into classes of “yellowing” based on the different gradations
of the “amber color” reached by pellets due to aging, in order to correlate them with the amount
of POPs absorbed during their stay in the marine environment. In fact, the increased presence of
toxic compounds in dark colored RP particles is of concern, as many organisms are exposed to these
materials through accidental ingestion or trophic transfer [119,120]. Since our aim was not such kind
of investigation, we limited ourselves to a less detailed colorimetric classification (see Material and
Methods). The results show that in our samples we have an abundance of White RP. These pellets are
relatively new, since the original color (TR-GL) become Amber only after about 6 months [105]. We have
not found large seasonal variations to this trend and this confirms the general picture already described,
i.e., that the pellets, being brought from the sea and coming mainly from the rivers, are subject to
fewer variations both spatial (site to site) and seasonal, not affected by local dynamics that occur on
the beaches, such as fragmentation, cleaning activities, etc. Probably, the slight increase detected in
the number of white RP found in MV during winter is due to the higher contribution of this material
in that season by the Arno River, along which many small and medium industries producing plastic
material are located.

Regarding polymeric type, there are a wide range of polymers annually produced. Some of them
float on seawater (PE, PP and, mostly, EPS, PS in a lesser extent), and consequently are able to travel
long distances being found far away from their sources [6]. PVC, PA, PET or PVA may sink, due to their
intrinsic high density, potentially accumulating in benthic sediments. On the beach is very common to
find RP of PE and PP, with a ratio of about 3:1. Very few RP of PS can be found and practically none of
other materials. The finds of this study confirm the ratio between PE and PP (Figure 8 and Table S7
in Supplementary Material). As regard FR, as they can be produced by fragmentation of material
directly on the beach, we expect to find also other polymers than PE, PP and PS. However, PE and PP
are the most widely used polymers in plastic products (particularly used in the packaging industry,
such as bottles, packaging, etc.), as confirmed by studies on MP characterization in beaches and in the
sea. These studies agree on the prevalence of PE MPs, followed by PP and other categories, with a 3:1
ratio between the first two in the Mediterranean area [56,61]. Recent works by Young and Elliott [100]
in the Hawaii islands, or Karthik et al. [121] in the coasts of India, found a ratio between one-ninth
and a one-third between PE and PP in the beach FR. Our finds agree with the Mediterranean results.
Moreover, we do not find a distinctly prevailing polymeric differentiation between beaches, neither in
general nor within the two seasons of the subsample considered in performing the polymeric analysis
(Figure 8).

Finally, looking at Figure 9, we note that, for the subsample of chemically characterized FR
(This subsample presents a color distribution very similar to the one of global sample (Figure S4 in
Supplementary Material). This supports our assumption that the results we found for the subsample
of which we also know the polymeric types can be considered valid also for the whole FR sample.),
there is about the same number of items for every dimensional class of PP, while for PE the larger FR
class contains a larger number of items. Differences amongst dimensional classes for the polymeric
distribution emerges also looking the normalized graph in Figure 9. PE items could so have fracturing
mechanisms different from PP objects. For the same sample of FR, the color distribution does not
seem to present different trend for the different dimensional classes; especially, from the normalized
graph (Figure 9) very small percentage differences emerges. The frequencies of FR colors seem to be
consistent across all four size classes (Figure 9 and Figure S4, Supplementary Material), confirming the
results of Young and Elliot [100].

5. Conclusions

In this study, we have shown the results of one year of LMP sampling in an area of particular
environmental interest, included in the Pelagos Sanctuary, a highly protected Marine Park which
is particularly sensitive to MP pollution, due to the high number of marine mammalians it hosts.
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Although several previous works have carried out off-shore MP monitoring in the waters of this area,
data on the presence, type and distribution of MP in the coastal area were not available, and the present
work hopes to help fill this gap.

Our data evidenced an anticorrelation between degree of urbanization of the sampled site and
the estimated density of LMP in it. These results confirm what has already been found regarding
macrodetritus by Giovacchini et al. [68] in the same area of Tyrrhenian coast, and are probably due to
the different management strategies for each site.

However, the scenario that emerges from our study is more complex, as in order to understand
which factors influence the spatial and temporal distributions of LMPs on beaches, it is necessary to
consider not only the total density, but also the composition of the sampled particles. A statistical
analysis highlighted, in fact, that the seasonality and the degree of urbanization of the beaches affect
FR, EPS and RP differently, and, moreover, the proximity of rivers and fishing activities also need to
be considered [58,66]. This fact was further confirmed by a dimensional analysis performed on EPS
and FR, highlighting how the fragmentation of macrodetritus, and the consequent dispersion and
accumulation of second-generation MP, follow different processes depending on the source material.

An important outcome of our study is that RP represent a large percentage amongst LMPs sampled
in beaches, in all seasons. They are mainly discharged into the sea through river inputs, and, being first
generation MPs, their dispersion could be reduced through the adoption of stricter rules and controls
on their transport and stocking.

Contrary to the hypothesis of some previous authors, our data did not show any correlation
between the color of the MP and their size, while there seems to be a relationship between this and
polymeric type. So, while color does not seem a good parameter to indicate a lower or higher propensity
to fracture in plastic objects, it may be fundamental, in further investigation, to take into account more
deeply the processes of degradation of different polymers in the marine environment, in order to
better understand, and also predict, which objects are more susceptible to fragmenting and on what
time scale. In this sense, polymeric analyses of MPs are important, and it is important to be able to
perform them on a large number of samples, and quickly. This is why in our study, the feasibility of a
mobile Raman system was tested on the FR samples. This approach proved to be reliable, reveling
several advantages: it can be used directly, without sample pretreatment, does not require the absence
of ambient light (as is necessary for the standard laboratory Raman instrument); and it allows easy
recognition of polymers, together with the possible presence of inorganic substances. These results
suggest the value of using a portable instrument during the sampling for prescreening procedures and
to optimize the collection itself. The role of technology (including the Raman spectroscope) for analyses,
which, today offers the possibility of performing remote sensing analyses and in-the-field analysis in
several scientific fields [122,123], should certainly be increased. All these improvements could speed
up the identification of specific types of waste, helping in the identification of such materials that have
the potential to cause major environmental problems.

Marine pollution is everybody’s problem, and as such, there is a strong need to find different
solutions that must involve all actors (civil society, academia, industry, etc.). As researchers, we can
make our contribution by increasing awareness of the problem and disseminating the results as widely
as possible [124]. These results should then be the starting point for different stakeholders to implement
the social policies and community actions which are necessary to reduce the negative impacts of plastic
use in modern society as much as possible.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3389/s1.
Table S1. Total microplastics analysis (n = 21). Table S2. Analysis by type of plastic (n = 21).Table S3. Zonal Analysis
(n = 21). Table S4. Abundance of FR and EPS belonging to the different size classes in the four seasons. Table S5.
Seasonal and yearly abundance of resin (RP) divided into different colorimetric classes, for each beach. Table S6. a.
Seasonal abundance of fragments (FR) divided into different colorimetric classes, for each beach. Table S6. b.
Percentage abundance of fragments (FR) divided into different colorimetric classes, for each beach, Table S7.
Main polymers detected in fragments (FR) and resin pellets (RP) for the items analyzed by infrared spectroscopy
(sub-sample). Table S8_a. Number of fragments (FR) of different polymeric type for each dimensional category
(as absolut value and as value normalized within dimensional category). Table S8. b. Number of fragments (FR) of
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different color classes for each dimensional category (as absolut value and as value normalized within dimensional
category). Table S9. The table shows, for Polyethylene, the molecular vibrations. Table S10. The table shows,
for Polypropylene, the molecular vibrations. Table S11. The table shows, for Polystyrene, the molecular vibrations.
Table S12. The table shows, for Ethylene, the molecular vibrations. Table S13. The table shows, for Ethylene
Vinyl Acetate (EVA), the molecular vibrations. The Spectra is reported in Figure S15. Table S14. The table shows,
for Epoxy Resin, the molecular vibrations, The Spectra is reported in Figure S16. Figure S1. The sampling design is
multifactorial, where the site factor is crossed (orthogonal) with the seasonality, and the Zone factor is hierarchical.
Figure S2. Beaches images. SR is San Rossore beach. Figure S3. A few other examples of the RP type of the
sampled MP, with the different colour shades due to ageing, from Transparent-Glossy (TR-GL), to White (WH),
and then Amber (AM). Figure S4. Frequencies of color classes for the three sites. Figure S5. Raman spectrum from
a fragment of polyethylene. Figure S6. Raman spectrum of a fragment of Polyethylene with the characteristic
peak of Titanium Oxide (TiO2) at 143 cm−1. Figure S7. Spectrum of a fragment of Polyethylene with green
pigment. Figure S8. Spectrum Raman of a fragment of Polypropylene with blue phthalocyanine Cu(C32H16N8).
Figure S9. Raman spectrum of a fragment of Polypropylene. Figure S10. Spectrum Raman of a fragment of
Polypropylene with Titanium Oxide (TiO2), peaks at 143 cm−1 and 639 cm−1. Figure S11. Raman spectrum of
a fragment of Polypropylene with green phthalocyanine Cu(C32H16N8). Figure S12. Spectrum Raman of a
fragment of Polypropylene with blue phthalocyanine Cu(C32H16N8). Figure S13. Raman Spectrum of a fragment
of Polystyrene. Figure S14. Ethylene Raman Spectrum. Figure S15. Raman spectrum of a fragment of ethylene
vinyl acetate. Figure S16. Raman spectrum of an epoxy resin fragment. Figure S17. Example of a fragment
classified as a pigment.
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62. Blăsković, A.; Fastelli, P.; Čižmek, H.; Guerranti, C.; Renzi, M. Plastic litter in sediments from the Croatian
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