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Abstract

The archipelago of the Aeolian Islands in the Tyrrhenian Sea is a globally important natural laboratory. The archipelago,
declared a UNESCO World Heritage Site for its unique geology and biodiversity, offers a unique opportunity to study plastic
pollution. This study presents an initiative to assess the occurrence of plastic pellets on the beaches of five Aeolian Islands.
It provides an insight into the polymer composition and the effects of degradation. Collected pellets were analyzed using
stereomicroscopy and Fourier transform infrared spectroscopy (FTIR). Hierarchical cluster analysis (HCA) based on the
results of the FTIR data has proved to be an effective statistical method in identifying different clusters corresponding to
different degradation phases of the collected pellets. The infrared analysis identified polyethylene (80%) as the main polymer,
with a small amount of polypropylene (20%). It was found that the surfaces of some pellets undergo changes during weather-
ing that alter the polymer surfaces. By combining data on plastic pellets from the Aeolian Islands and surrounding coastal
areas, we are gaining a more comprehensive understanding of the distribution patterns of microplastics. The results of the
monitoring and characterization are expected to support the developing of waste management and remediation strategies for
this environmentally sensitive region.
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Introduction

The accumulation and dispersal of pre-production plastic
pellets, commonly known as nurdles, has been extensively
documented worldwide (e.g., Thompson 2006, 2015; Bal-
asubramanian et al. 2010; Hidalgo-Ruz et al. 2012; Reisser
et al. 2013; Sharma et al. 2021). Losses during the transpor-
tation and processing of raw materials for plastic production
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have resulted in extensive pollution of oceans, seas, and
coastal areas by plastic pellets (GESAMP 2016; Llorca et al.
2020). Plastic pellets are only a few millimeters in size (1 to
5 mm) and, once released, are easily transported by ocean
currents (Turner and Holmes 2015). Due to their small size,
they, like other types of plastic debris, can be easily ingested
by marine life, which can result in plastic entering food webs
and impacting ecosystem health (Fendall and Sewell 2009;
Tanaka et al. 2013; Setild et al. 2014; Deudero and Alomar
2015). As for other types of plastic debris, there is plenty
of information on the distribution of plastic pellets (e.g.,
Carpenter and Smith 1972; Gregory 1977; Zbyszewski et al
2014; Fernandino et al. 2015; Karlsson et al. 2018; Corcoran
et al. 2020; Operation Sweep the Creek; The Great Nurdle
Hunt). However, our understanding of the main sources and
pathways through which plastic pellets enters the oceans and
seas is extremely limited (National Oceanography Center
Report 2021), and long-term monitoring data are needed to
understand their dispersion patterns and sources.
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The Mediterranean Sea is considered a hotspot for micro-
plastic pollution due to its semi-enclosed nature, large
coastal communities, and industrial activities along the
coasts (UNEP/MAP 2016). Many studies have documented
the widespread occurrence of plastic pellets on Mediterra-
nean beaches (Laglbauer et al. 2014; De Lucia et al. 2014;
Cozar et al. 2015; Faure et al. 2015; Donato et al. 2024).
Satellite models indicate that this is a zone where plastic
accumulates, originating from the surrounding watersheds
and the Atlantic Ocean (Marti et al. 2020). Sources of plas-
tic pellet contamination include spills during manufactur-
ing, improperly secured cargo, and inland runoff that car-
ries pellets into coastal waters (O’Brine and Thompson
2015; GESAMP 2016). Once the pellets are in the sea, they
spread via ocean currents and wash up on the coasts (Reis-
ser et al. 2013; Karlsson et al. 2018). Recent research has
shown that the presence of plastic pellets in the sediments
of the Mediterranean Sea is qualitatively consistent with
nearby industrial polymer production (Suaria et al. 2016;
Frias et al. 2018; Donato et al. 2024). Accordingly, this study
investigated pellet contamination on the Aeolian beaches
to provide information supporting protection effort under
the European Union’s Marine Strategy Framework Directive
(MSFD 2008/56/EC).

Italy, with over 8,000 km of coastline around the Mediter-
ranean and its main islands, is a major entry point for plastic
pellet pollution (Istat 2015). As an industrialized country
with petrochemical production facilities close to population
centers, Italy represents a potential major source of plastic
pollution to the surrounding marine ecosystems (UNEP/
MAP 2016). Previous studies have documented the ubiqui-
tous presence of plastic pellets on beaches from the northern
Aderiatic to Sicily, with concentrations of up to 1200 pellets/
m? reported (Schmid et al. 2021; Cozzarini et al. 2023; De
Falco et al. 2019; Gomiero et al. 2021; Donato et al. 2024).
The identification of polymers has linked the found plastic
pellets to probable pollution from Italian processing plants
(Karlsson et al. 2018; Gomiero et al. 2021). The dynamics
of coastal transport cause the litter to concentrate along the
coasts by the longshore drift cells created along the Ital-
ian peninsula, while population centers and industrial areas
continuously contribute to the pellets entering the sea via
stormwater runoff and sewage (Caruso et al. 2022).

Microplastics pose a direct threat to the ingestion of
marine organisms as they are similar in size to common
prey. Once in the gastrointestinal tract, microplastics can
cause intestinal blockages, inhibit growth, and impair food
intake (Wright et al. 2013; Au et al. 2015; Fossi et al. 2018;
Consoli et al. 2019). A large number of Mediterranean taxa,
including many commercially important species, have been
found to ingest plastic pellets (Bour et al. 2018; Pellini et al.
2018; Bergami et al. 2019; Solomando et al. 2022). In addi-
tion, they can disturb fragile ecosystems and impair valuable
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services such as carbon sequestration and coastal protection.
However, more targeted data on the amount of pellets, dis-
persal pathways, and long-term trends in the Mediterranean
are needed to develop mitigation strategies.

The overall aim of our study is to contribute to the deep-
ening of knowledge on plastic pellet pollution in coastal
areas and in particular on the beaches of the important Aeo-
lian archipelago in the Tyrrhenian Sea. In detail, our objec-
tives are the following: (1) to provide an initial basis for
ongoing monitoring actions by characterizing microplastic
pollution on five major islands through stereomicroscopy
and Fourier transform infrared spectroscopy (FTIR); (2)
to propose a statistical method to assess the degradation of
pellets using Hierarchical Cluster Analysis (HCA); and (3)
to draw attention to the presence of microplastics in envi-
ronments normally considered pristine, while motivating
actions to protect their integrity.

The Aeolian volcanic islands, known as the “seven pearls
of the Mediterranean,” form a unique landscape that has
been declared a UNESCO World Heritage Site for its excep-
tional geology and biodiversity (PDG-UNESCO 2013). Due
to their location in the Mediterranean Sea and their depend-
ence on marine ecosystems, these islands are highly vulner-
able to microplastic pollution from the surrounding waters.
Providing facts and recommendations can raise awareness
of this problem and encourage sustainable practices, thereby
protecting this invaluable UNESCO site. Our research
directly supports the objectives of the EU Marine Strategy
Framework Directive (MSFD 2008/56/EC) on the assess-
ment and management of pollution in coastal ecosystems.
The MSFD specifically targets plastic pellet pollution and
emphasizes the need for member states to assess the impact
of pollutants on the marine environment. MSFD Descriptor
10 “Marine Litter” and the corresponding criterion DI0CI
highlight the importance of ensuring that the composition,
quantity, and spatial distribution of litter on the coast, in the
surface water layer, and on the seabed are at levels that do
not harm the coastal and marine environment. This under-
scores the necessity of addressing marine litter impacts and
enhancing knowledge and monitoring of less-studied litter

types.

Materials and methods

We selected the islands of Vulcano, Lipari, Salina, Panarea,
and Stromboli as test sites to monitor and assess plastic pel-
let pollution and to obtain data on their chemical composi-
tion and the impact of their degradation. In this paper, we
present our sampling and analysis approach applied in the
Aeolian Islands to enhance the understanding of the dynam-
ics and impacts of plastic pellet pollution in this ecologi-
cally sensitive region. The sampled pellets were chemically
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characterized using Fourier transform infrared spectroscopy
(FTIR), while surface alteration were assessed using ster-
eomicroscopy. FTIR data underwent hierarchical cluster
analysis (HCA) to reveal underlying relationships or group-
ings between sample features based on surface degradation
characteristics.

Study site
The Aeolian Islands form an active volcanic archipelago
with seven main islands and seamounts (Romagnoli et al.

2013; Peccerillo 2017), located in the southern Tyrrhe-
nian Sea north of Sicily, in southern Italy. Geologically,

olian Islands:

* 1

7y

Vulcano

Fig. 1 a Map showing the location of the Aeolian Islands (marked
by the red star) in the Tyrrhenian Sea, Mediterranean. b Map of the
Aecolian archipelago with the individual islands labeled: ¢ Stromboli,

they were formed by intense volcanic activity over hun-
dreds of thousands of years during the Quaternary, span-
ning approximately from 250 to 300 ka to present (Lucchi
et al. 2013; Peccerillo 2017). While the northern coasts are
characterized by rugged morphology and small bays, the
southeast shores facing Sicily are characterized by shel-
tered sandy beaches.

Five islands of the Aeolian volcanic archipelago were
selected for this study: Lipari, Vulcano, Salina, Panarea,
and Stromboli, located in the central and western sec-
tors (Fig. 1). Alicudi and Filicudi were excluded as their
beaches consist mainly of coarse gravel. Here below the
descriptions of the sampled beaches:

Stromboli

Salina

Panarea

Lipari

d Panarea, e Lipari, f Vulcano, and g Salina. The yellow stars on the
island maps represent the sampling sites for plastic pellets in this
study
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Vulcano The beach “Sabbie Nere” (14°57'19.219 "E,
38°25'6.786 "N) is situated on the southeast coast of the
island. This beach is notable for its unique medium to fine-
grained black sand, composed of volcanic minerals, stretch-
ing approximately 800 m in length.

Lipari “Marina Lunga” beach (14°57'15.487 "E,
38°2818.923 "N) is located on the southeast coast of the
island. It consists predominantly of gravel and sand, extend-
ing for about 1 km in a wide crescent shape that offers partial
protection from the waves. The seabed gently slopes near
the shore, facilitating the accumulation of pellets and other
detrital materials in shallow waters.

Salina The pellets were discovered on a small beach beneath
the pier of Salina harbor (14°52'17.535 "E, 38°33"29.064
"N). This beach comprises gravel and sand, forming a small
bay where sediment deposition is sheltered by the beach’s
enclosed shape, effectively protecting it from strong wave
energy.

Panarea The beach “Cala Zimmari” (15°3'58.223 "E,
38°37'43.807 "N) is situated on the south side of Panarea
Island, bordered to the southwest by the headland “Punta
Milazzese.” This “red beach” is characterized by fine-
grained, red-colored sand, and features several detrital, fan-
shaped deposits. “Panarea Porto” is located on the central
and eastern coast of Panarea, the beach (15°4'37.127 "E,
38°38'15.784 "N) is short in length (about 40 m) and rela-
tively narrow. It consists mainly of fine to medium-grained
light brown sand, derived from the weathering and erosion
of the island’s volcanic bedrock.

Stromboli The beach of Scari (15°14'19.632 "E,
38°47'49.854 "N) is positioned on the eastern side of Strom-
boli Island, just below the village of Borgo San Vincenzo. It
comprises two sections separated by a pier and is character-
ized by lava gravel and black sand, formed from volcanic
ash and minerals deposited over time due to the island’s
volcanic activity.

Sample collection

In the coastal areas studied, the beach depth remained rela-
tively stable due to the lack of significant daily tidal fluc-
tuations. However, to minimize the potential influence of
seasonal variations and fluctuating environmental conditions
on particle accumulation rates, samples were systematically
collected from all designated beaches over a span of two
months, specifically from August to November 2023, using
defined sampling transects.

During sampling, plastic pellets were collected from the
uppermost 5 cm of sediment. To avoid contamination, the
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pellets were retrieved from the beach line using metal twee-
zers. The collected pellets from each site were then carefully
stored in separate 50 mL glass centrifuge tubes for further
analysis. Pellets were collected and analyzed from the fol-
lowing beaches: Panarea-Cala Zimmari with 30 samples,
Panarea-Porto with 30 samples, Vulcano with 30 samples,
Salina with 28 samples, Stromboli with 30 samples, and
Lipari with 30 samples. A statistically significant amount of
plastic pellets was collected at each site, ensuring the meth-
od’s suitability for our objective, which included analyzing
both spatial and temporal variability in sample abundance.
Subsequently, all collected pellets were transported to the
laboratory for chemical composition analysis and assessment
of degradation using Fourier transform infrared spectros-
copy and stereomicroscopy.

Laboratory analyses

The plastic pellets were comprehensively characterized by
a combination of visual inspection and analytical methods.
An initial macroscopic inspection allowed the description of
key properties such as shape and color of each pellet. Then,
individual pellets were carefully cut open so that both the
core and the surface areas could be closely examined under
magnification. A ZEISS AXIO ZOOM V16 stereomicro-
scope in conjunction with a digital camera facilitated the
inspection of the pellets at the macro level and enabled the
detection of visual features indicating degradation or change.

This methodological approach should provide informa-
tion on how the chemical composition can vary within a sin-
gle pellet. Chemical characterization was performed using
Fourier transform infrared spectroscopy (FTIR) to identify
the specific types of plastic polymers in the samples. The
combination of microscopic examination and FTIR ana-
lyzes provided a comprehensive understanding of both the
physical changes and chemical profiles of the plastic pellet
samples.

To assess the degradation processes caused by composi-
tion and weathering in the marine environment, the color
change or “yellowing” of the pellets was evaluated using
the Yellowness Index (Y1), derived from the color palette
of Abaroa-Pérez et al. (2022). To investigate the degrada-
tion processes and chemical transformations of the plastic
pellets, a hierarchical cluster analysis of the FTIR spectra
was conducted.

Fourier transform infrared spectroscopy (FTIR)

Measurements were performed using an Agilent Cary 630
FT-IR spectrometer equipped with ATR sampling modules
with a sampling press, single-reflection zinc selenide (ZnSe),
and diamond. The plastic pellets were cleaned and prepared
for FTIR-ATR analysis by soaking them in deionized water
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for 10 min. The spectra were collected in the 4000 and
650 cm-1 ranges with a resolution of 4.000 after 50 scans.
The FT-IR spectra were baseline corrected and smoothed.
This preprocessing was necessary to enhance resolution and
interpretation by reducing noise and ghost peaks. The Poly-
mer and Polymer Additives Library (supplied by AGILENT)
was used to verify the polymer types and scans. Using the
AGILENT database of plastic polymers and additives, the
specific composition of each plastic pellet was determined.

Statistical analysis

Hierarchical cluster analysis (HCA) is a statistical method
for grouping classes based on their similarity across multiple
variables. It creates a hierarchical structure in which similar
objects are grouped into clusters, which are then combined at
higher levels of the hierarchy. The relationships between the
different clusters can be visualized using a dendrogram. The
hierarchical cluster analysis (HCA) performed in this study
was based on the full FTIR spectral data, which ensured that
all wavelengths and all bands of the functional groups were
taken into account when creating the clusters. This approach
allowed to determine the relationship between the chemical
composition of the samples and their degree of degradation.

In HCA, Ward’s minimum variance method was used to
create homogeneous clusters with minimal deviation. This
method aims to minimize the sum of squares within the clus-
ters at each step of the clustering process. Specifically, the
approach calculates the mean values for all variables within
each cluster and then determines the squared Euclidean dis-
tance between each object and the cluster’s mean values.
These distances are summed for all objects within the clus-
ter and the two clusters with the smallest increase in the
total sum of squared distances are combined at each stage.
This process continues until only one cluster remains. The
result is a hierarchical structure that reflects the relationships
between the different clusters.

The input to the HCA algorithm was an M-matrix of
dimensions n X m, with each row representing a spectrum
and the columns representing the FTIR absorbance val-
ues at specific wavenumbers. The HCA algorithm treated
each spectrum as a vector with components representing
the intensities measured in the sampled spectral region and
grouped the elements according to a similarity criterion
calculated based on dissimilarities or distances between
objects. By using the full spectrum FTIR data, the clustering
was able to capture the relationships between the chemical
composition and the degree of degradation of the polymer
samples. This analysis categorized the pellets into distinct
groups based on their degree of degradation aiming to gain
a comprehensive understanding of the degradation processes
and mechanisms.

Results and discussion
Pellets distribution and characteristics

A total of 180 pellets were collected on the beaches of the
Aeolian Islands, although the quantities of pellets varied
considerably at each sites:

— Panarea-Cala Zimmari had the highest density with 80
pellets/m? discovered on the surface; this higher den-
sity can be attributed to the unique location and geo-
morphology of the beach, which is characterized by a
distinct indentation of the coastline.

— Panarea-Porto had a lower density of 30 pellets/m* on
the surface.

— Vulcano had a density of 40 pellets/m? based on the 30
samples collected.

— Salina, Stromboli, and Lipari had densities of 20, 30,
and 40 pellets/m? respectively, with 28 and 30 samples
collected from each island.

These variations in pellet density reflect the heterogene-
ous distribution of plastic pellet pollution across the Aeo-
lian Islands. The higher densities observed at Panarea-
Cala Zimmari suggest the existence of localized pollution
hotspots, possibly influenced by the geographical loca-
tion and coastline morphology. It is hypothesized that the
geomorphology and coastal dynamics of each sampling
site play a significant role in shaping the distribution and
accumulation patterns of the pellets.

In terms of color and shape, different types of plastic
pellets were observed along the coastlines of the islands
in the central and eastern part of the Aeolian archipelago.
In general, spherical and disk-shaped pellets with a diam-
eter of up to 2 mm and larger made up a large part of the
collection. In addition to the typical spherical and disk
shapes, other shapes such as cylindrical pellets and mas-
terbatch (used in plastic manufacturing to carry pigments
or other additives) were also found among the samples
(Giugliano et al. 2022). Many pellets were transparent to
translucent and colorless in appearance. However, some
opaque and yellowish pellets were also present. Approxi-
mately 90% of the pellets collected ranged in color from
white to yellow. The remaining 10% had other colors (see
Fig. 2).

Polymer characterization
The interior of each pellet was analyzed ensuring that

the data collected would remain uncontaminated and
objective, unaffected by degradation processes that could
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Fig.2 Photos of plastic pellets collected on the beaches of the Aeo-
lian archipelago. The selected particles show the different sizes,
colors, and shapes representative of all the plastic pellets collected
(Giugliano et al. 2022). White and light-yellow pellets accounted for
most of the specimens found

potentially affect the outer surface of the pellets. Two
polymers, polyethylene (PE) and polypropylene (PP),
were identified (Fig. 3). Our results are consistent with
previous studies conducted in the coastal areas of the Tyr-
rhenian Sea (Pedrotti et al. 2016; Caldwell et al. 2020;
Piazzolla et al. 2023; Donato et al. 2024), which reported
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Fig.3 FTIR-ATR spectra (red line) of PE (A) and PP (B) identified
as representative of the composition of the inner part/core (red line)
of all analyzed plastic pellets from the beaches of Vulcano, Lipari,
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the composition and distribution of plastic pellet pollution
at different beach sites along the Ionian and Tyrrhenian
coasts, mainly characterized by the polymers polyethylene
(PE) and polypropylene (PP).

Surface features

Stereomicroscopy was used to identify the mm-sized
changes in the surfaces of plastic pellets caused by the
effects of weathering and the marine environment. Examina-
tion under the microscope revealed that many of the pellets
are rigid and have white, off-white, or yellowish pigmenta-
tion (Fig. 4). Many of the pellets examined have undergone
a yellowing process, going from the white of virgin pellets to
yellow, orange, or light brown. Previous studies have found
that the color change or “yellowing” of plastic pellets indi-
cates alteration processes and that the diversity of colors is
determined by the composition and/or degree of weathering
in the marine environment (Endo et al. 2005; Ogata et al.
2009; Fanini and Bozzeda 2018; Yamashita et al. 2018; De
Monte et al. 2022). Jiang et al. (2021) interpreted the extent
of weathering based on the yellowing index (YI) and the
surface erosion area. Pellets with a YI>60% or a surface
corrosion area >40% were categorized as weathered (Ogata
et al. 2009; De Monte et al. 2022). Based on the color pal-
ette relating pellet color and YI (Abaroa-Pérez et al. 2022),
80% of the collected pellets ranged in Y1 values between 10
and 50%, while the remaining 20% are characterized by a
YI>60%. Higher YI values (%) were attributed to a strong
degradation of the microplastic samples due to the photooxi-
dation process of the plastic (Da Costa et al. 2018; Chamas
et al. 2020; Abaroa-Pérez et al. 2022).
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Salina, Panarea, and Stromboli. Reference spectra (black line) of PE
and PP were plotted for comparison
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Yellowness Index (Y1) values at percentages (%

60% 65% 70% 75% 80% 85% 90% 95% 100%

20% 25% 30% 35% 40% 45% 50% 55%

Fig.4 Stereomicroscopic images showing the surface characteristics
of plastic pellets collected from the beaches of the Aeolian Islands,
characterized by an increase in the yellowing index. A—G Slightly to
strongly degraded surfaces of white pellets; H-R different degrees
of degradation of yellowed and orange pellets; S—V examples of

strongly altered dark/brown surfaces of pellets. Figures G, H, I, L,
S, T, U show fissured and broken surfaces. The color palette for the
values of the yellowing index (%) from Abaroa-Pérez et al. (2022) is
shown below the photos for comparison
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«Fig.5 Dendrogram of the hierarchical clustering analysis (HCA).
Similarity: Euclidean normalized distance; method: Ward’s linkage.
The dendrogram clearly discriminates between groups of plastic pel-
lets based on their degree of degradation, from low to high, identifies
4 main clusters C1, C2, C3, C4. A representative FTIR spectrum for
the different groups identified has been included for clarity. The gray
areas in the spectra show the changes in the hydroxyl, carbonyl, and
carbon—oxygen chemical bonds during weathering. The left arrow
indicates the progressive yellowing of the pellets, while the right
arrow indicates the degree of their degradation

Different surface features provide valuable insights into
the transformation and potential impact of plastic pollution
in the marine environment. One of the most striking features
is the fading of color as degradation progresses. Starting
from the transparent pellets (Fig. 4A, B, C, D), there is a
gradual shift toward increasingly degraded opaque yellow-
orange-brown pellets (Fig. 4E/V). This transition is accom-
panied by changes in transparency, opacity, and light scat-
tering properties, which have a significant impact on the
visual appearance and potential ecological interactions of
these degraded plastic pellets. The original bright colors
fade over time due to prolonged exposure to sunlight and
chemical reactions.

Another notable change is the development of surface
roughness. As the plastic pellets degrade, their once smooth
surfaces become rough (Fig. 4E, F, H, I), pitted (Fig. 4M,
N, O, P, Q; Corcoran et al. 2009), and fractured (Fig. 4E,
G, H, L, T, U, V), providing additional surface area for
chemical reactions (e.g., hydrolysis, oxidation; Chamas
et al. 2020) and probably microbial colonization (Fig. 4L,
0). In addition, the constant exposure to waves and abrasive
forces leads to surface erosion, which leaves visible abrasion
marks on the surface of the plastic pellets (Fig. 4D, E, F).
These erosive factors further contribute to the degradation
process and affect the structural integrity of the plastic pel-
lets. Finally, the formation of cracks (e.g., Fig. 4G, L) and
fissures (e.g., Fig. 41, T, U) on the surface of the degraded
plastic pellets significantly increases their susceptibility to
physical and chemical degradation (Abu-Hilal and Al-Najjar
2009). Ultraviolet (UV) radiation from the sun promoted
oxidative degradation of the plastics, and the combined
effects of this weathering and physical abrasion led to the
formation of cracks and eventual embrittlement of the plastic
pellets (Corcoran et al. 2009). These surface cracks act as
points of attack for further degradation processes and can
accelerate the fragmentation and release of microplastics
into the marine environment.

HCA based on FTIR data to correlate chemical
composition and degradation

FTIR analyses were performed on the surfaces of plastic
pellets to investigate the molecular composition and detect

signs of chemical degradation. The results showed remark-
able variations in intensity and the appearance of specific
absorption bands over the entire FTIR spectral range. These
spectral changes served as evidence of molecular structural
changes, including the breaking of bonds and the formation
of new functional groups. Specifically, new absorption peaks
appeared in the OH stretching region (at about 3400 cm™}),
between 1500 and 1800 cm™!, which can be attributed to
the stretching mode of the carboxyl groups (Fig. 5A). A
large and intense peak between 850 and 1200 cm™" (centered
at about 1010 cm™") was observed in the Si-O stretching
region. These peaks are associated with weathering (Bran-
don et al. 2016; Fernandez-Gonzalez et al. 2020; Tang et al.
2022; De Monte et al. 2022; Campanale et al. 2023). Plastic
pellets from a particular group contained peaks for hydroxyl
groups from broad central peaks at 3350 cm™! (R — OH)
and 1100 cm™' (C — O) belonging to a mixture of primary,
secondary, and tertiary alcohols. Infrared spectroscopy
revealed peaks at 1640 cm™! and 910 cm™!, indicating vinyl
molecular groups in the pellet samples. It is noteworthy
that only a few clearly defined peaks were detected between
1650-1750 cm™!, indicating that only a small enrichment of
carbonyl groups (C-O) has taken place.

Three likely areas for weathering-related changes in the
infrared spectra have been identified from previous stud-
ies (Socrates 2004; Pavia et al. 2008; Rajakumar et al.
2009; Brandon et al. 2016; Biber et al. 2019; De Monte
et al. 2022): Hydroxyl groups (broad peaks from 3100 to
3700, centered at 3300-3400 cm'l), alkenes or carbon
double bonds (1600-1680 cm™') and carbonyl groups
(1690-1810 cm™!, centered at 1715 cm™"). The increase
in the absorption signal in the spectral range from 1000 to
1400 cm ™! in the FTIR spectrum of the carbonyl group was
associated with the photo-oxidative process to which the
polymeric material is subjected (Cai et al. 2018; Biber et al.
2019; Chamas et al. 2020; Abaroa-Pérez et al. 2022).

In order to categorize the plastic pellets according to
their degree of degradation, a hierarchical cluster analy-
sis was performed. By comparing the FTIR spectral fea-
tures of all analyzed pellets, characteristic changes in the
intensity and position of the absorption bands could be
observed. These changes provided insight into the degra-
dation processes, such as oxidation, hydrolysis, and frag-
mentation, and allowed a comprehensive understanding of
the chemical composition and structural integrity changes
that occur during the degradation process. This statistical
method proved to be effective in identifying different clus-
ters corresponding to different degradation phases. The
resulting dendrogram (Fig. 5) illustrates the relationships
between the identified clusters. There are several distinct
clusters, with each group containing data points with
similar spectral profiles. The hierarchical structure shows
larger clusters at the top, containing subsets of smaller,
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finer clusters further down. The clear separation between
the clusters indicates that they contain distinctly different
data points, which facilitates interpretation of the under-
lying patterns and allows meaningful comparisons to be
made. Four distinct clusters were identified, namely C1,
C2, C3, and C4, as shown in Fig. 5. Cluster C1 comprises
pellets with minimal degradation, indicating a relatively
well-preserved condition. C2 and C3 represent an inter-
mediate level of degradation with moderate changes. In
contrast, C4 includes significantly degraded samples. A
representative FTIR spectrum was assigned to each identi-
fied cluster, showing the characteristic peaks of change.

In addition, the analysis revealed specific degradation pat-
terns that are unique to different polymer types. Polyethylene
(PE) pellets showed a gradual decrease in the intensity of
C-H stretching vibrations as degradation progressed, indi-
cating a progressive chain break. The appearance of car-
bonyl (C=0) absorption bands indicates oxidation and
the formation of new functional groups within the polymer
structure. These changes indicate chemical reactions such
as chain scission and oxidation processes leading to frag-
mentation and degradation. In contrast, there was a progres-
sive increase in the intensity of the C—H bending vibrations,
indicating changes in the molecular structure. This increase
indicates chain scission and the formation of shorter poly-
mer chains. In addition, new absorption bands related to
oxidation appeared, indicating oxidative degradation. The
changes in surface morphology varied between seawater and
sand exposure. Samples immersed in seawater developed
porous textures, while pellets stored in sand did not exhibit
this change (De Monte et al. 2022). These differences cor-
relate with chemical changes in the polymer chains on the
surface of the pellets due to the marine conditions. Seawa-
ter accelerates both physical and chemical degradation pro-
cesses, including abrasive hydraulic effects, hydrolysis, and
accelerated photodegradation, which are more pronounced
compared to when pellets are temporarily buried in sand (De
Monte et al. 2022).

The carbonyl (CI) and vinyl (VI) indices were calculated
for all analyzed pellets (see supplementary material) to cor-
roborate the results of the HCA analyses. These indices are
used to characterize the degree of weathering and surface
oxidation in polymers (Bayo et al. 2022). In particular, the
most degraded groups C3 (Tab. 1S) and C4 (Tab. 2S) identi-
fied in the dendrogram showed CI values between 0.34 and
1.80 and VI values between 0.45 and 1.56 for the PE pellets.
In contrast, the less degraded groups C1 and C2 showed
lower values for both indices. In particular, the PP pellets of
the C2 group (Tab. 3S) had CI values between 0.18 and 0.50
and VI values between 0.13 and 0.35. The C1 group (Tab.
45), which consisted exclusively of PE pellets, showed the
lowest degradation with CI values between 0.02 and 0.35
and VI values between 0.02 and 0.24. The values of the two
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calculated carbonyl and vinyl indices confirm and support
the results of the cluster analyses.

All the data obtained show that the plastic pellets found
at the Aeolian sites exhibited varying degree of degradation.
Most pellets showed only minimal signs of degradation, sug-
gesting limited exposure to physical weathering processes.
However, other pellets displayed significant changes in
chemical composition and physical properties, indicative
of different degradation pathways. In addition, the yellow-
ing observed in some pellet samples is likely attributed to
solar radiation in the marine environment, a common factor
contributing to the degradation of plastics (Abaroa-Pérez
et al. 2022). The range of decomposition observed among
the pellet samples indicates the variety of weathering and
degradation processes occurring in coastal environments.
This highlights the complex and dynamic nature of plastic
pollution in marine settings, where pellets can undergo dif-
ferent degradation pathways influenced by environmental
factors.

Challenges in tracing the provenance of plastic
pellets in the Aeolian Islands

Given the complexity of the factors involved, it is difficult
to determine the exact origin of the plastic pellets found on
the coast of the Aeolian Islands. The islands do not host
local plastic pollution facilities, eliminating then as direct
source. However, there is extensive plastic production and
processing on the Italian mainland (ECCO-Climate Techni-
cal Report 2022). The plastic industry sector manufactures
finished plastic products from imported polymers, most of
which are imported in the form of plastic pellets. The waste
management and disposal practices associated with the
production and processing industrial activities, and there-
fore the possible sources of pellets in seawater, are not fully
understood. One plausible source could be the Tyrrhenian
Sea, which serves as an important transport and transship-
ment center in the Mediterranean region. It is likely that
untreated plastic pellets are imported, exported, stored, and
transhipped through this sea area as part of larger supply
chains and logistics networks. Accidental spills or leaks dur-
ing these transport activities could release the pellets into
the marine environment (Karlsson et al. 2018). Apart from
the Italian plastics industry, the proximity of the Aeolian
Islands to the western Mediterranean Sea raises the possi-
bility that plastic pellets from production facilities in other
countries bordering this sea could also contribute to the
observed pollution. The almost closed nature of the Medi-
terranean Sea, combined with the persistent input of litter
from rivers, land, and the atmosphere further complicates
efforts to determine the origin of this pollution (Millot and
Taupier-Letage 2005; Hanke et al. 2013; Pedrotti et al.
2022). Given the ubiquity of plastics in the Mediterranean
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Sea (Morales-Caselles et al. 2021), it is likely that the plastic
pellets in the Aeolian Islands originate from a combination
of sources throughout the region rather than from a single,
identifiable point of release. The near-enclosed nature of
the Mediterranean restricts the movement of surface water,
resulting in a constant input of debris from estuaries, over-
land rivers, and winds into the continental shelf area (Hanke
et al. 2013; Pedrotti et al. 2022). Plastics make up more
than 80% of the observed marine litter and represent the
largest proportion of floating litter in the ocean, sometimes
accounting for up to 100% of items (Morales-Caselles et al.
2021). This contrasts with the predictable patterns of plastic
accumulation in oceanic gyres, where circulation patterns
can be used to identify sources. In the Mediterranean Sea,
the strong seasonal variability and intense mesoscale activ-
ity of surface currents prevent the formation of stable areas
where plastic can concentrate (Millot and Taupier-Letage
2005; Pedrotti et al. 2022). Several models have suggested
that seasonal plastic accumulation is influenced by proximity
to sources such as large cities and rivers (Zambianchi et al.
2017; Liubartseva et al. 2018). However, these models do
not match the field data. The isolated geographical location
of the Aeolian Islands, combined with the complex circula-
tion patterns (currents and winds) of the Mediterranean Sea,
makes it particularly difficult to clearly identify the specific
sources of the plastic pellets found along their coasts.

Addressing plastic pellet pollution in the Aeolian
Islands: proposed mitigation strategy

Our research shows that plastic pellet pollution is affecting
the Aeolian Islands, a well-known Italian island archipel-
ago. While sampling the coasts of Lipari, Vulcano, Salina,
Panarea, and Stromboli, we encountered plastic pellets at
every site we visited. During manual sieving of sand, plastic
pellets were found frequently embedded in the sampled fine
coastal sediments. Preliminary analysis indicates that pollu-
tion is widespread across the archipelago, with particularly
high levels observed on some islands, such as Panarea.
The presence of plastic pellets in these coastal areas is
significant a cause for concern. They pose a danger to marine
life and seabirds that may ingest them, reflecting a broader
issue for plastic pollution affecting these fragile coastal habi-
tats. Marine fauna are particularly vulnerable, as ingesting
pellets, mistaken for food, can lead to intestinal blockages
or internal injuries (Tuuri and Leterme 2023; Jiang et al.
2023). To address this threat and understand the extent of
plastic pellet pollution in the marine environment, future
research needs to focus on monitoring and assessing the
distribution of plastic pellets in marine sediments through
comprehensive marine surveys. By studying the presence
and distribution of pellets in marine sediments, researchers
can gain valuable insights into the extent of the problem and

develop targeted strategies to combat plastic pollution in the
Aeolian Islands and protect the health of marine ecosystems.
Our study sheds new light on the urgent action needed to
curb the discharge of plastic pellets and microplastics at its
industrial sources. If plastic pellet pollution is not curbed,
it will jeopardize the very features that led to the islands’
World Heritage designation, namely their natural beauty,
endemic wildlife, and balanced marine ecosystems.

To mitigate this plastic pollution threat, coordinated
action at multiple levels is urgently needed. Regional coop-
eration between municipalities and national governments,
guided by the EU Marine Strategy Framework Directive,
can effectively tackle the problem. Waste reduction must be
a priority and strategies such as taxing single-use plastics
can help reduce the amount of waste entering the marine
environment. At the local level, strict guidelines for manag-
ing plastic waste, controlling sources of release, and raising
awareness of the dangers of littering among residents and
tourists are essential. Beach clean-ups, the installation of
sand fences and public education campaigns on the proper
disposal of waste and the handling of pellets can strengthen
long-term habitat management. At a global level, promot-
ing more sustainable practices in the plastics industry, sup-
porting the circular economy, and developing biodegradable
polymers are necessary. These efforts, in combination with
engagement activities, can bring about behavioral change in
island communities.

Conclusions

The coastline of the Aeolian Islands is an important area
for studying the distribution and structural properties of
stranded plastic pellets. In this framework, we investigated
the distribution and composition of plastic pellet pollution
on the beaches of five of the Aeolian Islands in the Tyrrhe-
nian coast. Through visual inspection and FTIR, we were
able to identify the physical properties and polymer compo-
sition of the pellets.

The beaches of the Aeolian Islands, a UNESCO World
Heritage Site, are heavily polluted with plastic pellets. The
FTIR analysis revealed that 80% of the plastic pellets are
made of PE and 20% of PP, the main polymers used in
the plastics industry. The extent of pollution varied from
island to island, with the highest concentrations found on
Panarea, suggesting that the strong seasonal variability and
intense mesoscale activity of surface currents, together
with the geographical location of the beaches studied,
influence the distribution of plastic pellets. Our study
highlights the different characteristics resulting from the
degradation of plastic pellets at the surface. Changes in
optical properties, color fading, surface roughness, ero-
sion, and cracking all contribute to the complex dynamics
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of plastic pollution in marine ecosystems. Morphological
analysis showed clear signs of degradation in some pel-
lets, such as yellowing and changes in opacity, which may
affect their toxicity and fate in the environment. Hierarchi-
cal cluster analysis (HCA) proved to be a suitable statisti-
cal method for analyzing the FTIR spectral data and effec-
tively identified different clusters reflecting different stages
of pellet degradation. It should be noted that the accumu-
lation of pellets may be subject to seasonal and cyclical
variations related to weather events and periods of rough
seas. As a remote archipelago, the Aeolian Islands serve
as a natural laboratory to study the effects of microplastics
in presumably unpolluted areas. Monitoring pellet quanti-
ties, characterizing their composition and degradation is
crucial for assessing the associated risks and supporting
mitigation strategies. Protecting this biodiversity hotspot,
a cradle of natural beauty and exceptional biodiversity,
requires a holistic approach that considers the interrela-
tionship between human pressures, the health of marine
ecosystems and conservation efforts simultaneously.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-024-34796-4.

Acknowledgements The authors thank the ECCSEL NatLab-Italy pro-
ject—Extraordinary MIUR contribution (FOE) for the participation of
Italy in the activities related to the international ECCSEL infrastructure
(European Carbon Dioxide Capture and Storage Laboratory Infrastruc-
ture), and the Development and maintenance of the natural laboratories
of Panarea (Aeolian Islands) and Latera (Lazio)—provided the Panarea
lab facility to carry out the field and lab experiments for this research.

Author contribution Marcella Di Bella, Giuseppe Sabatino: writing—
conceptualization, writing—original draft, methodology, investigation,
formal analysis, data curation, supervision, validation. Giuseppe De
Rosa: methodology, investigation, formal analysis, data curation, vali-
dation, writing—review and editing. Michela D’Alessandro, Valentina
Esposito, Marco Graziano, Alessandro Tripodo: investigation, valida-
tion, writing—review and editing. Cinzia De Vittor, Valentina Volpi:
writing—review and editing, supervision, funding acquisition.

Funding Open access funding provided by Istituto Nazionale di
Oceanografia e di Geofisica Sperimentale within the CRUI-CARE
Agreement. This research was funded under the National Recovery
and Resilience Plan, Mission 4 Component 2 Investment 3.1 “Fund
for the realization of an integrated system of research and innovation
infrastructures”- Call for tender No. 3264 of 28 December 2021 of the
Italian Ministry of University and Research funded by the European
Union—NextGenerationEU—PNRR IR0000020, Concession Decree
No. 244 of 8 August 2022 adopted by the Italian Ministry of University
and Research, CUP F53C22000560006, ECCSELLENT—Develop-
ment of ECCSEL-R.I. Italian facilities: user access, services, and long-
term sustainability.

Availability of data and materials The datasets used and/or analyzed

during the current study are available from the corresponding author
on reasonable request.

Declarations

Ethical approval Not applicable.

@ Springer

Consent to participate Not applicable.

Consent for publication All authors support this manuscript for pub-
lication.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abaroa-Pérez B, Ortiz-Montosa S, Herndndez-Brito JJ, Vega-Moreno
D (2022) Yellowing, weathering and degradation of marine pel-
lets and their influence on the adsorption of chemical pollutants.
Polymers 14:1305. https://doi.org/10.3390/polym 14071305

Abu-Hilal A, Al-Najjar T (2009) Marine litter in coral reef areas along
the Jordan Gulf of Aqaba, Red Sea. J Environ Manag 90(2):1043—
1049. https://doi.org/10.1016/j.jenvman.2008.03.014

Au SY, Bruce TF, Bridges WC, Klaine SJ (2015) Responses of Hyalella
azteca to acute and chronic microplastic exposures. Environ Toxi-
col Chem 34(11):2564-2572. https://doi.org/10.1002/etc.3093

Balasubramanian V, Natarajan K, Hemambika B, Ramesh N, Sumathi
CS, Kottaimuthu R, Rajesh Kannan V (2010) High-density poly-
ethylene (HDPE)-degrading potential bacteria from marine eco-
system of Gulf of Mannar, India. Lett Appl Microbiol 51(2):205-
211. https://doi.org/10.1111/j.1472-765X.2010.02883.x

Bayo J, Rojo D, Olmos S (2022) Weathering indices of microplas-
tics along marine and coastal sediments from the harbor of
Cartagena (Spain) and its adjoining urban beach. Mar Pollut Bull
178:113647. https://doi.org/10.1016/j.marpolbul.2022.113647

Bergami E, Krupinski Emerenciano A, Gonzalez-Aravena M, Card-
enas CA, Hernandez P, Silva JRMC, Corsi I (2019) Polystyrene
nanoparticles affect the innate immune system of the Antarctic sea
urchin Sterechinus neumayeri. Polar Biol 42:743-757. https://doi.
org/10.1007/s00300-019-02468-6

Biber NFA, Foggo A, Thompson RC (2019) Characterizing the dete-
rioration of different plastics in air and seawater. Mar Pollut
Bull 141:595-602. https://doi.org/10.1016/j.marpolbul.2019.02.
068

Bour A, Avio CG, Gorbi S, Regoli F, Hylland K (2018) Presence of
microplastics in benthic and epibenthic organisms: Influence of
habitat, feeding mode and trophic level. Environ Pollut 243:1217-
1225. https://doi.org/10.1016/j.envpol.2018.09.115

Brandon J, Goldstein M, Ohman MD (2016) Long-term aging and deg-
radation of microplastic particles: comparing in situ oceanic and
experimental weathering patterns. Mar Pollut Bull 110(1):299-
308. https://doi.org/10.1016/j.marpolbul.2016.06.048

Cai L, Wang J, Peng J, Wu Z, Tan X (2018) Observation of the degra-
dation of three types of plastic pellets exposed to UV irradiation
in three different environments. Sci Tot Environ 628:740-747.
https://doi.org/10.1016/j.scitotenv.2018.02.079


https://doi.org/10.1007/s11356-024-34796-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/polym14071305
https://doi.org/10.1016/j.jenvman.2008.03.014
https://doi.org/10.1002/etc.3093
https://doi.org/10.1111/j.1472-765X.2010.02883.x
https://doi.org/10.1016/j.marpolbul.2022.113647
https://doi.org/10.1007/s00300-019-02468-6
https://doi.org/10.1007/s00300-019-02468-6
https://doi.org/10.1016/j.marpolbul.2019.02.068
https://doi.org/10.1016/j.marpolbul.2019.02.068
https://doi.org/10.1016/j.envpol.2018.09.115
https://doi.org/10.1016/j.marpolbul.2016.06.048
https://doi.org/10.1016/j.scitotenv.2018.02.079

Environmental Science and Pollution Research

Caldwell J, Muff LF, Pham CK, Petri-Fink A, Rothen-Rutishauser
B, Lehner R (2020) Spatial and temporal analysis of meso- and
microplastic pollution in the Ligurian and Tyrrhenian Seas. Mar
Pollut Bull 159:111515. https://doi.org/10.1016/j.marpolbul.2020.
111515

Campanale C, Savino I, Massarelli C, Uricchio VF (2023) Fourier
transform infrared spectroscopy to assess the degree of alteration
of artificially aged and environmentally weathered microplastics.
Polymers (basel) 15(4):911. https://doi.org/10.3390/polym 15040
911

Carpenter EJ, Smith KL (1972) Plastics on the Sargasso Sea surface.
Science 175(4027):1240-2124. https://doi.org/10.1126/science.
175.4027.1240

Caruso G, Bergami E, Singh N, Corsi I (2022) Plastic occurrence,
sources, and impacts in Antarctic environment and biota. Water
Biol Secur 1(2):100034. https://doi.org/10.1016/j.watbs.2022.
100034

Chamas A, Moon H, Zheng J, Qiu Y, Tabassum T, Hee Jang J, Abu-
Omar M, Scott SL, Suh S (2020) Degradation rates of plastics in
the environment. ACS Sustain Chem Eng 8(9):3494-3511. https://
doi.org/10.1021/acssuschemeng.9b06635

Consoli P, Romeo T, Angiolillo M, Canese S, Esposito V, Salvati E,
Scotti G, Andaloro F, Tunesi L (2019) Marine litter from fishery
activities in the Western Mediterranean Sea: the impact of entan-
glement on marine animal forests. Environ Pollut 249:472-481.
https://doi.org/10.1016/j.envpol.2019.03.072

Corcoran PL, Biesinger MC, Grifi M (2009) Plastics and beaches: A
degrading relationship. Mar Pollut Bull 58(1):80-84. https://doi.
org/10.1016/j.marpolbul.2008.08.022

Corcoran AL, de Haan Ward J, Arturo IA, Belontz SL, Moore T, Hill-
Svehla CM, Robertson K, Wood K, Jazvac K (2020) A compre-
hensive investigation of industrial plastic pellets on beaches across
the Laurentian Great Lakes and the factors governing their distri-
bution. Sci Total Environ 747:141227. https://doi.org/10.1016/j.
scitotenv.2020.141227

Coézar A, Sanz-Martin M, Marti E, Gonzalez-Gordillo JI, Ubeda B,
Galvez JA, Irigoien X, Duarte CM (2015) Plastic accumulation
in the Mediterranean Sea. PLoS One 10(4):e0121762. https://doi.
org/10.1371/journal.pone.0121762

Cozzarini L, Marsich L, Ferluga A (2023) Qualitative and quantitative
contaminants assessment in recycled pellets from post-consumer
plastic waste by means of spectroscopic and thermal characteri-
zation. Polym Eng Sci 63(4):1126. https://doi.org/10.1002/pen.
26269

Da Costa JP, Nunes AR, Santos PSM, Girdo AV, Duarte AC, Rocha-
Santos T (2018) Degradation of polyethylene microplastics in sea-
water: insights into the environmental degradation of polymers. J
Environ Sci Health Part A 53:866-875. https://doi.org/10.1080/
10934529.2018.1455381

De Falco F, Di Pace E, Cocca M, Avella M (2019) The contribution of
washing processes of synthetic clothes to microplastic pollution.
Sci Rep 9:6633. https://doi.org/10.1038/s41598-019-43023-x

De Lucia A, Caliani G, Marra I, Camedda S, Coppa A, Alcaro S, Cam-
pani L, Giannetti T, Coppola M, Cicero D, Panti AM, Baini C,
Guerranti M, Marsili C, Massaro L, Fossi G, Matiddi MC (2014)
Amount and distribution of neustonic micro-plastic off the West-
ern Sardinian coast (Central-Western Mediterranean Sea). Mar
Environ Res 100:0-16. https://doi.org/10.1016/j.marenvres.2014.
03.017

De Monte C, Locritani M, Merlino S, Ricci L, Pistolesi A, Bronco S
(2022) An in situ experiment to evaluate the aging and degrada-
tion phenomena induced by marine environment conditions on
commercial plastic granules. Polymers 14:1111. https://doi.org/
10.3390/polym14061111

Deudero S, Alomar C (2015) Mediterranean marine biodiversity under
threat: reviewing influence of marine litter on species. Mar Pollut

Bull 98(1-2):58-68. https://doi.org/10.1016/j.marpolbul.2015.
07.012

Donato A, Spadaro D, Giuffrida D, Sabatino G, Di Bella M, Trusso
S, Ponterio RC (2024) Monitoring plastic pellet pollution in
coastal environments through handheld Raman spectroscopy: data
from the Mediterranean coasts (Southern Italy). Mar Poll Bull
202:116312. https://doi.org/10.1016/j.marpolbul.2024.116312

ECCO-Climate Technical Report (2022) https://eccoclimate.org/it/la-
plastica-in-italia/

Endo S, Takizawa R, Okuda K, Takada H, Chiba K, Kanehiro H, Ogi
H, Yamashita R, Date T (2005) concentration of polychlorinated
biphenyls (PCBs) in beached resin pellets: variability among indi-
vidual particles and regional differences. Mar Poll Bull 50:1103—
1114. https://doi.org/10.1016/j.marpolbul.2005.04.030

EU Marine Strategy Framework Directive (2008) https://www.eumon
itor.eu/9353000/1/j4nvk6yhcbpeywk_j9vvik7mlc3gyxp/vitgb
giogxml

Fanini L, Bozzeda F (2018) Dynamics of plastic resin pellets deposi-
tionon a microtidal sandy beach: Informative variables and poten-
tial integration into sandy beach studies. Ecol Indic 89:309-316.
https://doi.org/10.1016/j.ecolind.2018.02.027

Faure F, Demars C, Wieser O, Kunz M, De Alencastro LF (2015) Plas-
tic pollution in Swiss surface waters: nature and concentrations,
interaction with pollutants. Environ Chem 12:582-591. https://
doi.org/10.1071/EN14218

Fendall LS, Sewell MA (2009) Contributing to marine pollution by
washing your face: microplastics in facial cleansers. Mar Poll Bull
58(8):1225-1228. https://doi.org/10.1016/j.marpolbul.2009.04.
025

Fernandez-Gonzalez V, Andrade-Garda JM, Lopez-Mahia P, Muni-
ategui-Lorenzo S (2020) Impact of weathering on the chemical
identification of microplastics from usual packaging polymers in
the marine environment. Anal Chim Acta 1142:179-188. https://
doi.org/10.1016/j.aca.2020.11.002

Fernandino G, Elliff CI, Silva IR, Bittencourtc ACSP (2015) How
many pellets are too many? the pellet pollution index as a tool to
assess beach pollution by plastic resin pellets in Salvador, Bahia,
Brazil. J Integr Coast Zone Manag 15(3):325-332. https://doi.
org/10.5894/rgci566

Fossi MC, Peda C, Compa M, Tsangaris C, Alomar C, Claro F,
Ioakeimidis C, Galgani F, Hema T, Deudero S, Romeo T, Batt-
aglia P, Andaloro F, Caliani I, Casini S, Panti C, Baini M (2018)
Bioindicators for monitoring marine litter ingestion and its
impacts on Mediterranean biodiversity. Environm Poll 237:1023—
1040. https://doi.org/10.1016/j.envpol.2017.11.019

Frias J, Pagter E, Nash R, O’Connor I, Carretero O, Filgueiras A, Viiias
L, Gago J, Antunes J, Bessa F, Sobral P, Goruppi A, Tirelli V,
Pedrotti ML, Suaria G, Aliani S, Lopes C, Raimundo J, Caetano
M, Palazzo L, De Lucia GA, Camedda A, Muniategui S, Grueiro
G, Fernandez V, Andrade J, Dris R, Laforsch C, Scholz-Bottcher
BM, Gerdts G (2018) Standardized protocol for monitoring micro-
plastics in sediments. JPI-Oceans BASEMAN project. https://doi.
org/10.13140/RG.2.2.36256.89601/1

GESAMP (2016) Sources, fate and effects of microplastics in the
marine environment: part two of a global assessment. Kershaw
PJ, Rochman CM (eds)(IMO/FAO/UNESCOIOC/UNIDO/WMO/
TAEA/UN/UNEP/UNDP Joint Group of Experts on the Scientific
Aspects of Marine Environmental Protection). Rep Stud GES-
AMP 93:1-220. http://www.gesamp.org/site/assets/files/1275/
sources-fate-and-effects-of-microplastics-in-the-marine-envir
onment-part-2-of-a-global-assessment-en.pdf

Giugliano R, Cocciaro B, Poggialini F, Legnaioli S, Palleschi V, Locri-
tani M, Merlino S (2022) Rapid identification of beached marine
plastics pellets using laser-induced breakdown spectroscopy: a
promising tool for the quantification of coastal pollution. Sensors
22:6910

@ Springer


https://doi.org/10.1016/j.marpolbul.2020.111515
https://doi.org/10.1016/j.marpolbul.2020.111515
https://doi.org/10.3390/polym15040911
https://doi.org/10.3390/polym15040911
https://doi.org/10.1126/science.175.4027.1240
https://doi.org/10.1126/science.175.4027.1240
https://doi.org/10.1016/j.watbs.2022.100034
https://doi.org/10.1016/j.watbs.2022.100034
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/j.envpol.2019.03.072
https://doi.org/10.1016/j.marpolbul.2008.08.022
https://doi.org/10.1016/j.marpolbul.2008.08.022
https://doi.org/10.1016/j.scitotenv.2020.141227
https://doi.org/10.1016/j.scitotenv.2020.141227
https://doi.org/10.1371/journal.pone.0121762
https://doi.org/10.1371/journal.pone.0121762
https://doi.org/10.1002/pen.26269
https://doi.org/10.1002/pen.26269
https://doi.org/10.1080/10934529.2018.1455381
https://doi.org/10.1080/10934529.2018.1455381
https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.1016/j.marenvres.2014.03.017
https://doi.org/10.1016/j.marenvres.2014.03.017
https://doi.org/10.3390/polym14061111
https://doi.org/10.3390/polym14061111
https://doi.org/10.1016/j.marpolbul.2015.07.012
https://doi.org/10.1016/j.marpolbul.2015.07.012
https://doi.org/10.1016/j.marpolbul.2024.116312
https://eccoclimate.org/it/la-plastica-in-italia/
https://eccoclimate.org/it/la-plastica-in-italia/
https://doi.org/10.1016/j.marpolbul.2005.04.030
https://www.eumonitor.eu/9353000/1/j4nvk6yhcbpeywk_j9vvik7m1c3gyxp/vitgbgiogxml
https://www.eumonitor.eu/9353000/1/j4nvk6yhcbpeywk_j9vvik7m1c3gyxp/vitgbgiogxml
https://www.eumonitor.eu/9353000/1/j4nvk6yhcbpeywk_j9vvik7m1c3gyxp/vitgbgiogxml
https://doi.org/10.1016/j.ecolind.2018.02.027
https://doi.org/10.1071/EN14218
https://doi.org/10.1071/EN14218
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.1016/j.aca.2020.11.002
https://doi.org/10.1016/j.aca.2020.11.002
https://doi.org/10.5894/rgci566
https://doi.org/10.5894/rgci566
https://doi.org/10.1016/j.envpol.2017.11.019
https://doi.org/10.13140/RG.2.2.36256.89601/1
https://doi.org/10.13140/RG.2.2.36256.89601/1
http://www.gesamp.org/site/assets/files/1275/sources-fate-and-effects-of-microplastics-in-the-marine-environment-part-2-of-a-global-assessment-en.pdf
http://www.gesamp.org/site/assets/files/1275/sources-fate-and-effects-of-microplastics-in-the-marine-environment-part-2-of-a-global-assessment-en.pdf
http://www.gesamp.org/site/assets/files/1275/sources-fate-and-effects-of-microplastics-in-the-marine-environment-part-2-of-a-global-assessment-en.pdf

Environmental Science and Pollution Research

Gomiero A, Birger @ysad K, Palmas L, Skogerbg G (2021) Applica-
tion of GCMS-pyrolysis to estimate the levels of microplastics
in a drinking water supply system. J Hazard Mater 416:125708.
https://doi.org/10.1016/j.jhazmat.2021.125708

Gregory MR (1977) Plastic pellets on New Zealand beaches. Mar Poll
Bull 8(4):82-84. https://doi.org/10.1016/0025-326X(77)90193-X

Hanke G, Galgani F, Werner S, Oosterbaan L, Nilsson P, Fleet D, Kin-
sey S, Thompson R, Van Franeker J, Vlachogianni T, Palatinus
A, Scoullos M, Veiga J, Matiddi M, Alcaro L, Maes T, Korpinen
S, Budziak A, Leslie H, Gago J, Liebezeit G (2013) Guidance on
monitoring of marine litter in European Seas.https://doi.org/10.
2788/99475

Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M (2012) Microplastics
in the marine environment: a review of the methods used for iden-
tification and quantification. Environ Sci Technol 46:3060-3075.
https://doi.org/10.1021/es2031505

ISTAT (2015) https://www.istat.it/wp-content/uploads/2015/09/2-Envir
onment.pdf

Jiang X, Lu K, Tunnell J W, Zhanfei Liu (2021) The impacts of weath-
ering on concentration and bioaccessibility of organic pollut-
ants associated with plastic pellets (nurdles) in coastal environ-
ments. Mar Pollut Bull 170:112592. https://doi.org/10.1016/j.
marpolbul.2021.112592

Jiang R, Deng Z, LiJ, Xiao Y, Xu Y, Wang J, Li T, Zhang C (2023) The
“journey” of microplastics across the marine food web in China’s
largest fishing ground. Water 15:445. https://doi.org/10.3390/w1503
0445

Karlsson TM, Arneborg L, Brostrom G, Almroth BC, Gipperth L, Has-
sellov M (2018) The unaccountability case of plastic pellet pollu-
tion. Mar Poll Bull 129:52-60. https://doi.org/10.1016/j.marpolbul.
2018.01.041

Laglbauer BJL, Franco-Santos RM, Andreu-Cazenave M, Brunelli L,
PapadatouM Palatinus A, Grego M, Deprez T (2014) Macrode-
bris and microplastics from beaches in Slovenia. Mar Pollut Bull
89(1):356-366. https://doi.org/10.1016/j.marpolbul.2014.09.036

Liubartseva S, Coppini G, Lecci R, Clementi E (2018) Tracking plas-
tics in the Mediterranean: 2D Lagrangian model. Mar Pollut Bull
129:151-162. https://doi.org/10.1016/j.marpolbul.2018.02.019

Llorca M, Alvarez-Mufioz D, Abalos M, Rodriguez-Mozaz S, Santos
LHMLM, Leén VMIJ, Campillo A, Martinez-Gémez C, Abad E,
Farré M (2020) Microplastics in Mediterranean coastal area: toxicity
and impact for the environment and human health. Trends Environ
Anal Chem 27:e00090. https://doi.org/10.1016/j.teac.2020.e¢00090

Lucchi F, Peccerillo A, Keller J, Tranne CA, Rossi PL (2013) The Aeolian
Islands Volcanoes. Geological Society, London, Memoirs 37:397—
471. https://doi.org/10.1144/M37.13

Marti E, Martin C, Galli M, Echevarria F, Duarte CM, Cézar A (2020)
The colors of the ocean plastics. Environ Sci Technol 54(11):6594—
6601. https://doi.org/10.1021/acs.est.9b06400

Millot C, Taupier-Letage I (2005) Circulation in the Mediterranean Sea.
5:29-66.https://doi.org/10.1007/b107143

Morales-Caselles C, Viejo J, Marti E et al (2021) An inshore—offshore
sorting system revealed from global classification of ocean litter. Nat
Sustain 4:484-493. https://doi.org/10.1038/541893-021-00720-8

National Oceanography Center Report (2021) https://noc.ac.uk/files/
documents/science/reportplastics-entering-the-global-ocean-noci-
december-2021.pdf

Ogata Y, Takada H, Mizukawa K, Hirai H, Iwasa S, Endo S, Mato Y,
Saha M, Okuda K, Nakashima A, Murakami M, Zurcher N, Booya-
tumanondo R, Zakaria MP, Dung LQ, Gordon M, Miguez C, Suzuki
S, Moore C, Karapanagioti HK, Weerts S, McClurg T, Burres E,
Smith W, Velkenburg MV, Lang JS, Lang RC, Laursen D, Danner
B, Stewardson N, Thompson RC (2009) International pellet watch:
global monitoring of persistent organic pollutants (POPs) in coastal
waters. 1. Initial phase data on PCBs, DDTs, and HCHs. Mar Pollut

@ Springer

Bull 58:1437-1446. https://doi.org/10.1016/j.marpolbul.2009.06.
014

Pavia D, Lampman G, Kriz G, Vyvyan J (2008) Introduction to spectros-
copy. Cengage Learning, United States

Peccerillo A (2017) Cenozoic volcanism in the Tyrrhenian Sea region
(2" ed). Springer International Publishing AG. https://doi.org/10.
1007/978-3-319-42491-0

Pedrotti ML, Petit S, Elineau A, Bruzaud S, Crebassa JC, Dumontet B,
Marti E, Gorsky G, C"Ozar A, (2016) Changes in the floating plastic
pollution of the mediterranean sea in relation to the distance to land.
PLoS One 11:1-14. https://doi.org/10.1371/journal.pone.0161581

Pedrotti ML, Lombard F, Baudena A, Galgani F, Elineau A, Petit S,
Henry M, Troublé R, Reverdin G, Ser-Giacomi E, Kedzierski M,
Boss E, Gorsky G (2022) An integrative assessment of the plastic
debris load in the Mediterranean Sea. Sci Tot Environ 838:155958.
https://doi.org/10.1016/j.scitotenv.2022.155958

Pellini G, Gomiero A, Fortibuoni T, Ferra C, Grati F, Tassetti AN,
Polidori P, Fabi G, Scarcella G (2018) Characterization of micro-
plastic litter in the gastrointestinal tract of Solea solea from the
Adriatic Sea. Environ Pollut 234:943-952. https://doi.org/10.1016/].
envpol.2017.12.038

Piazzolla D, Bonamano S, De Muto F, Scanu S, Bernardini S, Sodo A,
Della Ventura G, Marcelli M (2023) Microlitter occurrence, distri-
bution, and summertime transport trajectories in the coastal waters
of the north-eastern Tyrrhenian Sea (Italy). Geosyst Geoenviron
2(4):100192. https://doi.org/10.1016/j.geogeo.2023.100192

Rajakumar K, Sarasvathy V, Chelvan AT, Chitra R, Vijayakumar C
(2009) Natural weathering studies of polypropylene. J Polym Envi-
ron 17:191-202. https://doi.org/10.1007/s10924-009-0138-7

Reisser J, Shaw J, Wilcox C, Hardesty BD, Proietti M, Thums M, Pat-
tiaratchi C (2013) Marine plastic pollution in waters around Aus-
tralia: characteristics, concentrations, and pathways. PLoS One
8(11):e80466. https://doi.org/10.1371/journal.pone.0080466

Romagnoli C, Casalbore D, Bosman A, Braga R, Chiocci FL (2013)
Submarine structure of Vulcano volcano (Aeolian Islands) revealed
by high-resolution bathymetry and seismo-acoustic data. Mar Geol
338:30-45. https://doi.org/10.1016/j.margeo.2012.12.002

Schmid C, Cozzarini L, Zambello E (2021) A critical review on marine
litter in the Adriatic Sea: focus on plastic pollution. Environm Poll
273:116430. https://doi.org/10.1016/j.envpol.2021.116430

Setild O, Fleming-Lehtinen V, Lehtiniemi M (2014) Ingestion and
transfer of microplastics in the planktonic food web. Environ Pollut
185:77-83. https://doi.org/10.1016/j.envpol.2013.10.013

Sharma S, Sharma V, Chatterjee S (2021) Microplastics in the Mediter-
ranean Sea: sources, pollution intensity, sea health, and regulatory
policies. Front Mar Sci 8:634934. https://doi.org/10.3389/fmars.
2021.634934

Socrates G (2004) Infrared and raman characteristic group frequencies:
Tables and charts. 3rd ed. John Wiley & Sons

Solomando A, Pujol F, Sureda A, Pinya S (2022) Evaluating the pres-
ence of marine litter in cetaceans stranded in the Balearic islands
(western Mediterranean Sea). Biology 11:1468. https://doi.org/10.
3390/biology11101468

Suaria G, Avio CG, Mineo A, Lattin GL, Magaldi MG, Belmonte G,
Aliani S (2016) The Mediterranean Plastic Soup: synthetic polymers
in Mediterranean surface waters. Sci Rep 6:37551. https://doi.org/
10.1038/srep37551

Tanaka K, Takada H, Yamashita R, Mizukawa K, Fukuwaka M, Wata-
nuki Y (2013) Accumulation of plastic-derived chemicals in tissues
of seabirds ingesting marine plastics. Mar Pollut Bull 69:219-222.
https://doi.org/10.1016/j.marpolbul.2012.12.010

Tang CC, Chen YT, Zhang YM, Chen HI, Brimblecombe P, Lee CL
(2022) Cracking and photo-oxidation of polyoxymethylene degraded
in terrestrial and simulated marine environments. Front Mar Sci
9:843295. https://doi.org/10.3389/fmars.2022.843295


https://doi.org/10.1016/j.jhazmat.2021.125708
https://doi.org/10.1016/0025-326X(77)90193-X
https://doi.org/10.2788/99475
https://doi.org/10.2788/99475
https://doi.org/10.1021/es2031505
https://www.istat.it/wp-content/uploads/2015/09/2-Environment.pdf
https://www.istat.it/wp-content/uploads/2015/09/2-Environment.pdf
https://doi.org/10.1016/j.marpolbul.2021.112592
https://doi.org/10.1016/j.marpolbul.2021.112592
https://doi.org/10.3390/w15030445
https://doi.org/10.3390/w15030445
https://doi.org/10.1016/j.marpolbul.2018.01.041
https://doi.org/10.1016/j.marpolbul.2018.01.041
https://doi.org/10.1016/j.marpolbul.2014.09.036
https://doi.org/10.1016/j.marpolbul.2018.02.019
https://doi.org/10.1016/j.teac.2020.e00090
https://doi.org/10.1144/M37.13
https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1007/b107143
https://doi.org/10.1038/s41893-021-00720-8
https://noc.ac.uk/files/documents/science/reportplastics-entering-the-global-ocean-noci-december-2021.pdf
https://noc.ac.uk/files/documents/science/reportplastics-entering-the-global-ocean-noci-december-2021.pdf
https://noc.ac.uk/files/documents/science/reportplastics-entering-the-global-ocean-noci-december-2021.pdf
https://doi.org/10.1016/j.marpolbul.2009.06.014
https://doi.org/10.1016/j.marpolbul.2009.06.014
https://doi.org/10.1007/978-3-319-42491-0
https://doi.org/10.1007/978-3-319-42491-0
https://doi.org/10.1371/journal.pone.0161581
https://doi.org/10.1016/j.scitotenv.2022.155958
https://doi.org/10.1016/j.envpol.2017.12.038
https://doi.org/10.1016/j.envpol.2017.12.038
https://doi.org/10.1016/j.geogeo.2023.100192
https://doi.org/10.1007/s10924-009-0138-7
https://doi.org/10.1371/journal.pone.0080466
https://doi.org/10.1016/j.margeo.2012.12.002
https://doi.org/10.1016/j.envpol.2021.116430
https://doi.org/10.1016/j.envpol.2013.10.013
https://doi.org/10.3389/fmars.2021.634934
https://doi.org/10.3389/fmars.2021.634934
https://doi.org/10.3390/biology11101468
https://doi.org/10.3390/biology11101468
https://doi.org/10.1038/srep37551
https://doi.org/10.1038/srep37551
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.3389/fmars.2022.843295

Environmental Science and Pollution Research

Thompson RC (2006) Plastic debris in the marine environment: conse-
quences and solutions. Mar Nat Conserv Eur 193:107-115

Thompson RC (2015) Microplastics in the marine environment: sources,
consequences and solutions. In: Bergmann M, Gutow L, Klages M
(eds) Marine Anthropogenic Litter. Springer International Publish-
ing, Cham, pp 185-200

Turner A, Holmes LA (2015) Adsorption of trace metals by microplastic
pellets in fresh water. Environm Chem 12:600-610. https://doi.org/
10.1071/EN14143

Tuuri EM, Leterme SC (2023) How plastic debris and associated
chemicals impact the marine food web: a review. Environ Pollut
321:121156. https://doi.org/10.1016/j.envpol.2023.121156

UNEP/MAP (2016) Marine litter assessment in the Mediterranean:
2015. United Nations Environment Programme Mediterranean
Action Plan Regional Activity Centre for Specially Protected
Areas. Tunis

Wright SL, Rowe D, Reid MJ, Thomas KV, Galloway TS (2013) Bio-
accumulation and biological effects of cigarette litter in marine
worms. Sci Rep 3:2781. https://doi.org/10.1038/srep14119

Yamashita R, Tanaka K, Yeo BG, Takada H, Franeker JAV, Dalton M,
Dale E (2018) Hazardous chemicals in plastics in marine environ-
ments: International Pellet Watch. In: Takada H, Karapanagioti
HK (eds) Hazardous chemicals associated with plastics in envi-
ronment. Springer, Berlin Heidelberg, Cham, pp 163—184. https://
doi.org/10.1007/698_2018_299

Zambianchi E, Trani M, Falco P (2017) Lagrangian transport of marine
litter in the Mediterranean Sea. Front Environ Sci 5:1-15. https://
doi.org/10.3389/fenvs.2017.00005

Zbyszewski M, Corcoran PL, Hockin A (2014) Comparison of the dis-
tribution and degradation of plastic debris along shorelines of the
Great Lakes, North America. J Great Lakes Res 40(2):288-299.
https://doi.org/10.1016/j.jg1r.2014.02.012

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1071/EN14143
https://doi.org/10.1071/EN14143
https://doi.org/10.1016/j.envpol.2023.121156
https://doi.org/10.1038/srep14119
https://doi.org/10.1007/698_2018_299
https://doi.org/10.1007/698_2018_299
https://doi.org/10.3389/fenvs.2017.00005
https://doi.org/10.3389/fenvs.2017.00005
https://doi.org/10.1016/j.jglr.2014.02.012

	Plastic pellet pollution in the Aeolian Islands UNESCO site (Italy, Western Mediterranean Sea): results of a comprehensive characterization and monitoring study
	Abstract
	Introduction
	Materials and methods
	Study site
	Sample collection
	Laboratory analyses
	Fourier transform infrared spectroscopy (FTIR)
	Statistical analysis

	Results and discussion
	Pellets distribution and characteristics
	Polymer characterization
	Surface features
	HCA based on FTIR data to correlate chemical composition and degradation
	Challenges in tracing the provenance of plastic pellets in the Aeolian Islands
	Addressing plastic pellet pollution in the Aeolian Islands: proposed mitigation strategy

	Conclusions
	Acknowledgements 
	References


