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ARTICLE INFO ABSTRACT

Transitional waters, like the Capo Peloro lagoon, are ecologically and commercially valuable but particularly
vulnerable to plastic pollution. This study investigates, for the first time, how two bloom-forming macroalgae,
Chaetomorpha aerea and Hypnea cornuta, trap plastic debris in Ganzirri lake (Capo Peloro lagoon). Both species
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acted as natural traps for plastics, ranging from macroplastics (> 25 mm) to microplastics (< 5 mm). C. aerea
captured more macroplastic (4.91 items/kg) than H. cornuta (2.19 items/kg). The average abundance of
microplastics on C. aerea (0.35 items/g) and H. cornuta (0.51 items/g) was more than 100 times higher than
surrounding waters (0.003 items/ml). FTIR and Raman analysis identified 16 synthetic polymers, 3 elastomers,

and 2 anthropogenic microfibers, revealing a great polymer diversity. A wider spectrum of anthropogenic mi-
croparticles was isolated from macroalgae, with 11 different materials identified in C. aerea and 14 in H. cornuta,
compared to 7 found in the water. Wastewater from domestic laundry, dumping activities, mollusc farming, and
fisheries were identified as the main sources of plastics. While algae removal may help reduce plastic pollution, it
must be managed sustainably to prevent biodiversity loss or secondary pollution. The results highlight the
importance of integrat macroalgae management with broader conservation strategies to protect these vulnerable

ecosystems.

1. Introduction

The rapid surge in global plastic production, coupled with wide-
spread overuse and insufficient waste management practices, has led to
a concerning accumulation of plastic debris [1,2]. Once in the envi-
ronment, plastic items gradually fragment into smaller particles - mac-
roplastics (> 25 mm), mesoplastics (5-24.9 mm), and microplastics
(0.001-4.9 mm) - through a combination of abiotic (e.g., UV radiation,
mechanical forces) and biotic (e.g., microbial activity) processes [3,4].
Plastics of all sizes can pose serious threats to marine and freshwater
organisms [5-8] and disrupt aquatic coastal ecosystems [9,10]. These
impacts have broader consequences for food security, environmental
safety, and human health [11]. Additionally, plastic debris can act as a
carrier for pollutants, pathogens, and invasive species, further ampli-
fying its ecological risks [12,13].

Transitional waters (TWs), including coastal ponds and lagoons, are
distinctive ecosystems defined by shallow depths, significant tempera-
ture fluctuations, marked spatial and temporal variations in salinity,
high productivity, limited circulation, and low hydro-dynamism [14,
15]. These ecosystems are vital for providing key services such as
enhancing water quality by filtering pollution from rivers, offering
habitat and food for both resident and migratory species, and supporting
fish populations. TWs are also some of the most polluted environments,
heavily impacted by human activities like agriculture, improper waste
disposal, urban and industrial wastewater, and tourism [16,17]. In
recent decades, the conservation of TWs has gained increasing impor-
tance, as evidenced by initiatives such as the European Water Frame-
work Directive (WFD) 2000/60/EC, the Mediterranean Wetland
Initiative (1991), and the Land-Ocean Interactions in the Coastal Zone
(LOICZ, 1993).

Algae constitute a highly diverse group of photosynthetic organisms
that are fundamental to the functioning of aquatic ecosystems. Based on
their pigmentation, cellular structure, and storage compounds, algae are
typically classified into three main groups: green algae (Chlorophyta),
brown algae (Phaeophyceae), and red algae (Rhodophyta). In recent
years, algae have gained considerable interest for their role in pollutant
removal, particularly owing to their renewable nature, low cost, abun-
dance, and high adsorption capacity [18,19]. The presence of functional
groups such as carboxyl, sulfonate, hydroxyl, and amine on algal cell
walls enables effective interaction with contaminants, including
microplastics, through mechanisms like biosorption and surface adhe-
sion [20]. Recent studies demonstrated the ability of algal biomass to
remove microplastics from aqueous environments via coagulation,
flocculation, and electrostatic interactions [19,20].

These interactions are influenced by the physicochemical properties
of both algae and microplastic particles, including surface charge and
hydrophobicity. Their environmental compatibility further supports
their potential as sustainable agents for water and wastewater treatment
applications [21].

To date, studies investigating plastic retention in macroalgal species
have been limited to marine environments. Macroalgae such as Pyropia
yezoensis, Ulva prolifera, Sargassum horneri, Cladophora sp., Undaria pin-
natifida, and Ulva pertusa have been found to trap plastic litter in the

Yellow Sea [22-26]. Esiukova et al. [27], examining macroalgae from
the Baltic Sea, namely Furcellaria lumbricalis, Coccotylus truncatus, Poly-
siphonia fucoides, Cladophora rupestris, and Cladophora glomerata, high-
lighted their role as microplastic traps. More recently, Ben Haddad et al.
[28] reported that macroalgal blooms (Codium decorticatum) along the
Atlantic coast of Morocco acted as collectors of plastic debris.

Capo Peloro is a brackish coastal system located in northeastern
Sicily (Italy), comprising two adjacent brackish coastal lakes: Ganzirri
and Faro. The Capo Peloro lagoon has been extensively studied from
multiple perspectives due to its ecological importance, particularly its
rich biodiversity in both fish species [29] and molluscs [30-33], as well
as its environmental significance [15] It is also recognized as a sanctuary
for migratory birds [34-35]. In addition, the Capo Peloro lagoon holds
significant commercial value. Faro Lake is renowned for its shellfish
farming [36-38] while Ganzirri Lake is a key site for fishery of endemic
bivalve species. The lagoon complex is subjected to considerable
anthropogenic pressure, primarily driven by extensive urbanization. The
conservation of Capo Peloro lagoon is crucial for preserving the
ecological balance of the area and sustaining local biodiversity [15].
Ganzirri Lake is characterized by the presence of macroalgal species
such as Agardhiella subulata (Rhodophyta) [39], Hypnea cornuta (Rho-
dophyta) [40], Chaetomorpha aerea (Chlorophyta), and several species of
genus Gracilaria (Rhodophyta) [41]. Frequently, the blooms spread over
the lake, causing temporary dystrophic events and marked reduction of
the dissolved oxygen [15,42,43]. Between the end of spring and the
beginning of autumn, macroalgae reproduces rapidly, generating sig-
nificant amount of biomass that cause several problems, including the
reduction in water quality due to decreased in dissolved oxygen levels
and interfere with shellfish harvesting boats. We therefore decided to
study the ’trap’ effect of two macroalgal species, Chaetomorpha aerea
and Hypnea cornuta, present in Ganzirri Lake. In this study, we hy-
pothesized that bloom-forming macroalgae can effectively trap plastics,
making them an ideal way for treating plastics in a natural reserve. This
study aims to: 1) quantify the ability of the two species to trap plastic
waste, from macro to microplastics; 2) evaluate any differences between
the two macroalgal species in relation to the substrate and morphology;
and 3) evaluate if the removal of algae can be used as a strategy to
mitigate the impact of plastics within a natural reserve. It is important to
emphasize that the aim of this study is not to assess the microplastics
incorporated by the algae, but rather to quantify the plastics adhered to
and/or trapped within the macroalgal biomass. The expected results also
include the first evaluation of plastic pollution in a transitional envi-
ronment, providing insight into how the two challenges—MPs and
macroalgal blooms—interact with each other simultaneously.

The unique characteristics of the Capo Peloro lagoon, combined with
its ecological and biological significance, make it a crucial site for
studying plastic pollution in the coastal ecosystem [44], and the Ganzirri
Lake is an ideal area to study the interaction between plastics and
macroalgal blooms. The relationships between Mediterranean brackish
regions, representing unique and rare areas with fluctuating dynamics
difficult to understand, are crucial for research in this field. Moreover,
enhancing our understanding of the ecological dynamics that support
the sustainability of protected areas is essential for sustaining protected
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areas, as plastic litter threatens ecosystem services, causes economic
losses [45,46], and impact aquatic biota and coastal aquatic ecosystems
[10,47], with potential consequences for food security, safety, and
human health [48,49].

2. Methods and materials
2.1. Study area

Capo Peloro (Messina), located at the northeastern tip of Sicily (Italy)
between the Tyrrhenian and Ionian Seas (Mediterranean Sea), is a
transitional brackish aquatic system (Fig. 1). Since 2001, it has been part
of the “Oriented Natural Reserve of Capo Peloro”, which is designated as
a Site of Community Importance (SCI) under Council Directive 92/43/
EEC on the “Conservation of natural habitats and of wild fauna and
flora”. Additionally, it serves as an important feeding and nesting site for
birds due to its strategic location along migratory routes and supports a
rich diversity of avifauna. For this reason, it is included in a Special
Protected Area (SPA) for migratory birds under Council Directive 79/
409/EEC on the “Conservation of wild birds”, commonly known as the
Birds Directive. Capo Peloro has been designated as a "Heritage of
Ethnic-Anthropological Interest" under the declaratory provision 1342/
88, in recognition of its longstanding traditions in aquaculture, partic-
ularly the cultivation of mussels, clams, and cockles. Mussels are farmed
only in the Faro Lake, while endemic clams, little neck clams, and
cockles are harvested in the Ganzirri Lake.

The two lakes vary significantly in their geomorphological, hydro-
graphic, and trophic characteristics, including differences in
morphology, depth, and salinity levels [36,50]. In this study, we focused
exclusively on Ganzirri Lake. The lake covers an area of 40 ha, with a
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maximum depth of 8 m. Ganzirri Lake is connected to the Ionian Sea via
the “Due Torri” canal and the “Catuso” canal (covered canal equipped
with a grid that does not allow the passage of macrolitter). Ganzirri Lake
is linked to Faro Lake through the “Margi” canal. This channel network
facilitates the inflow of oxygen-rich seawater into the lakes, enhancing
water reoxygenation and maintaining conditions favorable for the
diverse organisms inhabiting these brackish ecosystem [30,37]. Sam-
plings were conducted in the northeastern sector of Ganzirri Lake. This
area was chosen because it is characterized by shallow bottoms
(maximum depth of 0.8 m) and was visually identified as a zone of
macroalgae accumulation (Fig. 1, Table 1). It was selected due to the
high concentration of plastic debris observed there, primarily attributed
to prevailing southeasterly winds [44,51]. Furthermore, the north-south
current in the Strait of Messina (known as scendente) carries plastic

Table 1
Stations, coordinates, and depths of samplings of Chaetomorpha aerea and Hyp-
nea cornuta from Ganzirri Lake.

Station Date Chetomorpha aerea Hypnea cornuta Water
Weight [g) Weight [g) [L)
Gl 23/05/2024 3725 2625 0
G2 23/05/2024 0 3225 0
Gl 19/06/2024 2750 3015 3
G2 19/06/2024 0 4780 3
Gl 8/07/2024 3675 4894 3
G2 8/07/2024 0 4644 3
Gl 17/07/2024 2400 960 3
G2 17/07/2024 0 4150 3
Gl 30/09/2024 2740 0 3
G2 30/09/2024 0 0 0
Total 15,290 28,293 21

T AMiD

15 AMHY

Fig. 1. Geographical location of Ganzirri Lake. Green dot = Sampling Point G1; Orange dot = Sampling Point G2. The map was generated using QGIS software

(version 3.42 Miinchen).
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waste from the Ionian Sea into the lake via the Due Torri canal, where it
becomes trapped in the algal mass when the current reverses direction
(south-north, known as montante). This area is also completely closed to
human activity, as it serves as a key resting area for migratory birds due
to the presence of perching structures [44]. Two sampling points were
selected, namely G1 and G2 (Table 1). H. cornuta was found at both
stations, with particularly high abundance at G2, while Chaetomorpha
aerea was observed exclusively at G1 (Table 1).
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2.2. Samplings

Five sampling campaigns were conducted between May and
September 2024, strategically planned to coincide with the peak of
macroalgal blooms and capture seasonal variations of plastic trapping
(Table 1). Collected macroalgae were photographed (Fig. 2) and an
aliquot of 50 g of each macroalgae species was immediately stored in
individual glass containers for subsequent MPs isolation. All plastic
items found trapped in macroalgae were placed in labeled bags and
transported to the laboratory. Water samples were taken from areas of
dense macroalgae growth or their immediate surroundings. To capture

Fig. 2. Sampling sites G1 (A, B) with Chaetomorpha aerea (C) and plastic items isolated from the algal biomass (D, E); sampling site G2 (F, G) with Hypnea cornuta (H)

and related plastic debris (I, J).
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only floating MPs, superficial sample waters were taken, using 1 L lab-
oratory glass bottles. At each station, three replicates were collected (in
total 3 liters per station, Table 1).

2.3. Plastic isolation

All collected plastics were photographed, weighed, counted, and
then categorized. The categories used for the macroplastics were:
beverage bottles (< 0.51 and > 0.51), cable ties, cigarette butts and
filters, cotton buds, fishing line/monofilament, macrofiber, plastic cup
or plastic cup fragments, plastic drink caps/lids, plastic packaging for
cigarette boxes, plastic pieces (from 2.5 cm to 50 cm), plastic wire,
polystyrene pieces (from 2.5 cm to 50 cm), rope (diameter < 1 cm and
> 1 cm), sanitary pads, snack wrap, soft plastic [fragments of enve-
lopes), plastic pieces (5 mm < x < 25 mm), and other type of plastic
litter. The density of each macro and mesoplastic category within each
sample of macroalgae, was expressed as the number of items per fresh
weight kilogram (items/kg) of macroalgae.

The macroalgae were analyzed by visual sorting for MPs isolation,
they were placed in an open Petri dish and observed under a stereomi-
croscope (Leica M205C). The suspected MPs were categorized and iso-
lated on slides for the characterization of polymer. Each water sample
was filtered using a vacuum filtration system with 0.45 pm pore-size
filter papers (@: 47 mm, Millipore). The filters were then examined
under a stereomicroscope, and the suspected particles were categorized
and isolated for identification assays. MPs were divided into five size
categories: < 1 mm, 1-1.9 mm, 2-2.9 mm, 3-3.9 mm, and 4-4.9 mm.
All plastic items ranging in size between 5 and 25 mm were classified as
mesoplastics.

2.4. Quality control

Lab cotton coats and latex gloves were worn in the laboratory to
prevent any contamination. In addition, the access to the laboratory was
restricted to minimize the risk of accidental airborne contamination. All
the operations were performed under a microbiological hood, with
workspaces and tools rigorously cleaned using ethanol and filtered
deionized water to eliminate any particle contamination. Additionally,
beakers were washed with distilled water and covered with aluminium
foil between each step to prevent airborne contamination. Opened Petri
dishes with a moist filter, were placed in working spaces (laboratory and
microbiological hood) during the whole sampling process to assess the
airborne contamination [52]. To avoid airborne contamination, the fi-
bers found on the control filters were recorded, quantified and compared
in term of size, shape and colour with those found in the samples. If the
fibers in the algae and water samples matched those of the control fil-
ters, they were excluded from the results as air contamination.

2.5. Polymer characterization by Raman and FTIR-ATR spectroscopy

The identification of the polymeric composition of the suspected
microparticles extracted from macroalgae and water was carried out by
Raman spectroscopy and Fourier Transform Infrared Attenuated Total
Reflection Spectroscopy (FTIR-ATR). The Raman characterization was
primarily used for microfibers and micro fragments with minimal
thickness, while the FTIR-ATR spectroscopy was applied to MPs which
had a high thickness [53]. For the microparticles analyzed with Raman
characterization, an Lab-RAM HR Evolution micro-Raman spectrom-
eter (Horiba Scientific) equipped with a 532 nm laser diode was
employed. Depending on the sample properties and the level of fluo-
rescence generated, either a 20 x or 50 x objective lens was selected.
The system’s aperture was adjusted between 50 and 500 pm, and grat-
ings of either 600 or 1800 grooves/mm were employed as appropriate. A
CCD detector cooled to 77 K was used to collect Raman signals over the
range of 200-4000 cm™! with an integration time varying between 5 and
10 s and a number of accumulations ranging from 2 and 100, depending
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on the Raman activity of the sample measured and the fluorescence
generated by it. The laser power was maintained below 5 mW to avoid
sample degradation, and several measurements were taken for each
sample to establish the reproducibility of spectra. Furthermore, different
parts of the same MP were tested to eliminate the influence of local
impurities on the MPs Raman spectra. Spectral data were initially pro-
cessed using the Labspec 6 software to remove fluorescence background,
apply baseline subtraction, and filter noise. For the microparticles
analyzed with FTIR-ATR spectroscopy, spectra were recorded by using a
single reflection horizontal ATR accessory equipped with a diamond
crystal fixed at a 45° incidence angle (Platinum ATR, Bruker). The
crystal was mounted on a Vertex 80 V FTIR spectrometer (Bruker). The
spectral range investigated was 400-4000 cm™ and, for each spectrum,
an average of over 64 scans with a resolution of 4 cm™ was used. A
background scan was recorded prior to the measurement and subtracted
from the sample spectra. Measurements were conducted in an evacuated
optics bench configuration to eliminate atmospheric moisture effects
and the ATR correction to each spectrum was applied using the OPUS
software [Bruker optics). For sample identification, the Bruker OPUS
commercial spectral search software was employed.

All the spectra (Raman and IR) were analyzed with the Bio-Rad
KnowlItAll informatics system, utilizing the SLoPP and SLoPP-E li-
braries [54] to determine the polymeric composition of the samples. The
Hit Quality Index (HQI) was used to describe the correlation between
the spectra of unknown samples and reference compounds. Spectra, or
portions of spectra, with a Hit Quality Index (HQI) of 80 % or higher
were included in the analysis.

2.6. Statistical analysis

The abundance of the data was tested for homoscedasticity and
normality using the Levene and Shapiro-Wilk tests. Since the data did
not meet the assumptions required for conducting a parametric analysis
of variance (ANOVA), even after log transformation, the Mann-Whitney
test, a nonparametric test, was used to assess if there were plastic density
differences between the two macroalgae. Statistical analyses were con-
ducted using GraphPad Prism 8.4.2.3. All results were considered sig-
nificant when p < 0.05. To compare microlitter composition between
algal species in term of size, shape, colour, and polymer, data were also
analysed using multivariate analysis with the package Primer 7 [55]
Abundance data (microplastic items/g), following log transformation,
was used to compute a Euclidean distance resemblance matrix. Analysis
of Similarities (ANOSIM) was performed to assess the significance of
differences in micro-litter composition between algal species.
Multi-Dimensional Scaling (MDS) ordination was then applied to visu-
alize the degree of similarity among the algal species.

3. Results
3.1. Macro and mesoplastic abundance

In the Chaetomorpha aerea, 75 macroplastics items were isolated with
a total density of 4.91 items/kg of fresh algae weight (w.w.) (Table 2).
Whereas, in Hypnea cornuta, 62 macroplastics items were identified with
a total density of 2.26 items/kg (Table 2). No significant differences
were detected between algal species in terms of abundance (Mann-
Whitney U: 184, p > 0.05). The main category found in C. aerea was soft
plastic (52 %) followed by plastic pieces (2.5cm < x < 50 cm,
14.67 %), fishing line or monofilaments (12 %), plastic cup or plastic
cup fragments (4 %), plastic pieces (> 50 cm, 2.67 %), polystyrene
pieces (2.5 cm < x < 50 cm, 2.67 %), snack wraps (2.67 %), beverage
bottles < 0.5 1, cable ties, cigarette butts and filters, cotton buds, plastic
wires, and ropes with diameter > 1 cm (1.33 %) and other items
(1.33 %) (Figs. 3 and 4).

In H. cornuta, the most abundant type of entrapped plastic waste was
soft plastic accounting for 40.32 %, followed by fishing lines (11.29 %),
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Table 2
Macroplastic items entrapped in Chaetomorpha aerea and in Hypnea cornuta.

Litter type Chaetomorpha aerea Hypnea cornuta

N items/kg N items/kg
Beverage bottles < 0.5 1 1 0.07 0 0
Beverage bottles > 0.5 1 0 0 1 0.04
Cable ties 1 0.07 0 0
Cigarette butts and filters 1 0.07 0 0
Cotton buds 1 0.07 0 0
Fishing line/Monofilament 9 0.59 9 0.33
Plastic cup or plastic cup fragments 3 0.2 3 0.11
Plastic drink caps/lids 0 0 1 0.04
Plastic packaging for cigarette boxes 0 0 4 0.15
Plastic pieces > 50 cm 2 0.13 0 0
Plastic pieces 2.5 cm > < 50 cm 11 0.72 5 0.18
Plastic wire 1 0.07 0 0
Polystyrene pieces 2.5 cm > < 50 cm 2 0.13 5 0.18
Rope [diameter > 1 cm) 1 0.07 3 0.11
Rope [diameter < 1 cm) 0 0 1 0.04
Sanitary pads 0 0 1 0.04
Snack wrap 2 0.13 0 0
Soft plastic [fragments of envelopes) 39 2.55 25 0.91
Other items 1 0.07 4 0.15
Total 75 4.91 62 2.26
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Fig. 3. Percentage of macroplastics found in Chaetomorpha aerea (upper panel)
and in Hypnea cornuta (bottom panel).

plastic pieces (2.5 cm < x < 50 c¢m, 8.06 %), polystyrene pieces (2.5 cm
< x < 50 cm, 8.06 %), cigarette plastic packaging (6.45 %), plastic cups
or plastic cup fragments (4.84 %), ropes with diameter (> 1 cm,
4.84 %), macrofibers (3.23 %), beverage bottles (> 0.5 1), plastic drink
caps/lids, ropes with diameter < 1 cm, sanitary pads (1.61 %), and
other plastics item (6.45 %) (Figs. 3 and 4).

Mesoplastic items included fragments of both hard and soft plastics
as well as fibers. In C. aerea, the mesoplastic density was 136 items per
kilogram. In H. cornuta, the mesoplastic density was 72 items per kilo-
gram. Additionally, two mesoplastic items were isolated from water,
corresponding to a density of 0.09 items per liter.
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3.2. Anthropogenic microparticles abundance

A total of 215 suspected microparticles were found entrapped in
macroalgae samples, in particular, 88 of these were entrapped in
C. aerea samples. The average abundance of MPs on C. aerea was 0.352
items/g (SD: 0.22) fresh algae weight. The types of anthropogenic mi-
croparticles identified in the study, along with their concentrations and
frequency of occurrence are reported in Table 3 and Fig. 5. The most
common size range was 1-1.9 mm (35.90 %), followed by 2-2.9 mm
(23.08 %), <1 mm (20.51 %), 3-3.9 mm (12.82 %), and 4-4.9 mm
(7.69 %) (Fig. 5 A.1). The debris types consisted mainly of fibers
(76.92 %), followed by fragments (21.79 %), and spheres (1.328 %)
(Fig. 5 A.2). Regarding colour, blue was the most common (32 %), fol-
lowed by black (30 %), white/transparent (19 %), grey (7 %), light blue
(5 %), red (5 %), brown (2 %), and green (1 %) (Fig. 5 A.3).

For what concerns H. cornuta, a total of 127 suspected MPs were
isolated. The average abundance of MPs on H. cornuta was 0.313 items/g
(SD: 0.31) fresh algae weight (Table 3). The most common size category
was 2-2.9 mm (27.73 %), followed by 1-1.9 mm (26.89 %), < 1 mm
(21.01 %), 3-3.9 mm (15.97 %), and 4-4.9 mm (8.40 %) (Fig. 5 B.1).
Fibers were the predominant type, accounting for 85.71 %, followed by
fragments (7.57 %), foams (3.36 %), and films (3.36 %) (Fig. 5 B.2).

Regarding the colour, the items entrapped in H. cornuta were mostly
black (34 %), followed by white/transparent (28 %), blue (28 %), light
blue (4 %), brown (3 %), and grey (3 %) (Fig. 5 B.3).

As regards MPs abundance from water samples, a total of 69 sus-
pected microparticles were isolated. The mean abundance was 3.3
items/L (SD: 0.04) (Table 3). The most common size category was
1-1.9 mm (45.45 %), followed by particles smaller than 1 mm
(34.85 %), 2-2.9 mm (13.63 %), 3-3.9 mm (4.55 %), and 4-4.9 mm
(1.52 %) (Fig. 5 C.1). The debris types consisted mainly of fibers [ 94.2
%), followed by fragments [ 5.8 %) [Fig. 5 C.2). In terms of colour, black
microparticles were the most common [41 %), followed by white/
transparent [21 %), blue [18 %), light blue [14 %), brown [5 %), and
red [1 %) [Fig. 5 C.3).

3.3. Polymer characterization

A subsample of macro- and mesoplastics, represented by plastic
fragments and macrofibers were analysed using FTIR-ATR spectroscopy.
In C. aerea, the main polymers identified were polyamide (PA), poly-
ethylene (PE), and polypropylene (PP), (17 %), followed by cellulose
acetate (CA, 13 %), styrene ethylene/butylene styrene (SEBS, 9 %),
ethylene propylene diene monomer (EPDM, 9 %) polyacrylamide (PAM,
5 %) (Fig. 6A). In H. cornuta, the dominant polymer identified was PA,
accounting for 50 %, followed by acrylic fiber (AC, 12 %), poly-
acrylamide (PAM, 12 %), polyacrylate (PAC, 13 %), and polytetra-
fluoroethylene (PTFE, 13 %) (Fig. 6B).

Among the 189 microparticles analysed, 69 exhibited spectra of
insufficient quality due to intense fluorescence interference, significant
peak overlap, and pronounced line broadening, rendering identification
impossible. The remaining 120 microparticles were successfully identi-
fied by comparison with established spectral libraries. These included 40
items from C. aerea, 36 from H. cornuta, and 44 from water samples.

The polymeric analysis of particles isolated from C. aerea showed a
mix of 11 different kind of anthropogenic microparticles. PU was most
represented polymers (20 %), followed by ethylene propylene diene
monomer (EPDM, 16 %), olefin fiber (OF, 8 %), polyethylene (PE, 8 %),
polypropylene (PP, 8 %), poly-1-butene (PB, 4 %), polyacrylonitrile
(PAN, 4 %), synthetic resin (4 %), polyethylene terephthalate (PET,
4 %), and polyethylene vinyl acetate (PEVA, 4 %) (Fig. 7 A.1). Cotton
fibers represented the 20 % of total items (Supplementary Fig. 1).

In H. cornuta, the compositional analysis revealed 14 different
anthropogenic microparticles. The predominant polymer was poly-
urethane (PU) [21 %), followed by polyacrylate (PAcr) (8 %), polyester
(PES) [8 %), polyethylene-co-polypropylene (PE-co-PP) (8 %),
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Fig. 4. Images of various mesoplastic samples entrapped in Chaetomorpha aerea and Hypnea cornuta, analysed using Fourier-transform infrared (FTIR) spectroscopy.
From the top left, there is a green fiber made of polyamide (PA; A), a blue fiber of polyethylene (PE; B), a white fiber of styrene-ethylene/butylene-styrene (SEBS; C),
a blue fragment of polyurethane (PU; D), a white/transparent fragment of polypropylene (PP; E), a red fragment of ethylene-propylene-diene monomer (EPDM; F), a
grey fragment of fabric cellulose acetate (CA; G), and a transparent film of polypropylene (PP; H).

polytetrafluoroethylene (PTFE) (8 %), polyurethane rubber (PU Rubber)
(7 %), poly(Styrene-co-Divinylbenzene) (PS-co-DVB) (4 %), polyamine
(PAM) [4 %), polyethylene (PE) [3 %), polyolefin (PO) [3 %), and
polypropylene (PP) (3 %). Cotton (15 %), cellulose acetate (CA) (4 %),
and dyed cellulose [4 %) were also isolated Fig. 7 B.1 and Supplemen-
tary Fig. 1).

Regarding to the results of the statistical analysis, ANOSIM was
applied to test the potential differences in microlitter composition. The
global R was equal to 0.007 [p > 0.05), indicating that there are no
statistically significant differences between the two species in terms of
microlitter composition(items/g). The relative nMDS is shown in Fig. 8.

For water samples, the main category of microparticles identified
included cotton (41 %), polyethylene vinyl acetate (PEVA) (19 %),
polyethylene (PE) (13 %), dyed cellulose (11 %), polyurethane (PU)
(8 %), polyacrylonitrile (PAN) (5 %), and cellulose acetate (CA) (3 %)
(Fig. 7 C.1).

4. Discussion

This study assesses the presence of plastic litter trapped in two
macroalgae species, Chaetomorpha aerea and Hypnea cornuta, in the
brackish waters of a protected area. The samplings were restricted to the
spring, summer, and autumn seasons. While these periods capture peak
macroalgal growth, no data were collected during the winter season,
when macroalgae are less abundant due to lower temperatures. This
seasonal gap limits the understanding of year-round plastic entrapment
dynamics. The reduced biomass in colder months likely diminishes the
capacity of macroalgae to retain macroplastic debris. Additionally,
further research across longer temporal scales would help generalize
these findings and assess interannual variability

4.1. Trapping capacity of macroalgae

In this study, we found that algae act as a trap for plastic litter
ranging from macro (> 25mm) to micro (< 5mm). Like other
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Table 3
Abundance of anthropogenic microparticles on macroalgae and in the water of
Ganzirri Lake [Cap-o Peloro Natural Reserve).
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macrophytes, including dune plants [56-57], mangroves [58-59], and
seagrass [27,60-63], macroalgae entangle a significant amount of
plastic litter [64] (Supplementary Table 1). In this study, C. aerea

Categorization Chaetomorpha Hypnea Water trapped more macroplastic items (4.91 items/kg) than H. cornuta (2.19
aerea cornuta items/kg). While the statistical analysis did not reveal significant dif-
items/g items/g 1telms/ ferences in plastic trapping between algae, these differences could

o become relevant over longer time scales or under changing environ-

Size <1mm 0.076 0.112 0.0010 mental conditions (e.g., global warming). Long-term studies are neces-

1-1.9 mm 0.148 0.152 0.0014 sary to clarify such potential differences.
2-2.9 mm 0.080 0.132 0.0004 . . .
3.3.0mm 0.036 0.072 0.0001 The average abundance of microplastics on C. aerea (0.35 items/g)
4-4.9 mm 0.012 0.040 0.0001 was 113 times higher than surrounding waters (0.0031 items/ml). This
Shape  Fibers 0.280 0.436 0.0030 difference was higher in H. cornuta for which the average abundance
Fragments 0.068 0.036 0.0002 (0.51 items,/g) was 162 times higher than surrounding waters. In marine
Films 0.000 0.020 0.0000 nvironment, Feng et al. [23] reported that the abundan f micro-
Foams 0.000 0.016 0.0000 environment, Feng et al. eported that the abundance of micro
Spheres 0.004 0.000 0.0000 plastics [MPs) in drifting Ulva prolifera was 595-3917 times higher than
Colour  Blue 0.112 0.132 0.0006 in seawater. Similarly, Gao et al. [24] found that in China, U. prolifera
Black 0.100 0.168 0.0012 could retain MPs at concentrations up to 10,000 times greater than those
_\;me/ . 0.068 0.144 0.0007 in the surrounding water. In contrast, Feng et al. [22], analyzing Pyropia
ransparen . . . P
Grey 0.012 0.016 0.0000 yezoensis, Ulva prolifera, Sargassum horneri, .Clad.ophora sP Undaria pin-
Light blue 0.020 0.028 0.0005 natifida, and Ulva pertusa, observed only a slight increase in MP retention
Red 0.016 0.000 0.0000 by macroalgae,about 1.57 times higher than in the surrounding water.
Brown 0.020 0.020 0.0002 These differences in retention may be attributed to variations in algal
Green 0.004 0.000 0.0000 - - . - .
species, sampling conditions, or analytical methods, as suggested by Li
et al. [26].
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C. aerea, with its unbranched thallus, grows throughout the water
column and features thick-walled ulvans and calcium carbonate deposits
in its cell walls [65]. These structural and biochemical characteristics
make the algal surface relatively rigid and smooth, which may limit the
physical entrapment and electrostatic adhesion of microplastics. The
presence of calcium carbonate may further hinder the attachment of
MPs by reducing surface charge interactions. In contrast, H. cornuta
attaches to substrates with its erect thallus, characterized by uniaxial
apices and cross-sections, which may be more efficient in trapping MPs.
Moreover, the cell wall of H. cornuta contains various types of carra-
geenans most likely kappa-carrageenan [66], which could facilitate the
adhesion of MPs through electrostatic interactions and/or electric
charges [67,68]. Carrageenans, being highly sulphated polysaccharides,
confer a negative charge to the cell wall surface, enhancing the binding
potential for positively charged or polar microplastic particles. This
could explain the higher density of MPs observed in H. cornuta, espe-
cially when compared to the seawater background levels. Additionally,
the morphological complexity of H. cornuta may promote the formation
and retention of microbial biofilms on its surface. These biofilms pro-
duce extracellular polymeric substances (EPS) that can increase the
adhesion of MPs through sticky, gel-like matrices. The interaction be-
tween MPs and biofilms on algal surfaces has been shown to be influ-
enced by seasonal and spatial variability, further contributing to
species-specific retention patterns [69,70]. Another possible explana-
tion lies in the ecological positioning of the species: H. cornuta tends to

form dense mats on substrates, which may passively accumulate MPs
through sedimentation and water movement, while C. aerea growth is
exposes it to more hydrodynamic forces, potentially reducing long-term
particle retention.

In general, the presence of MPs on the surface of macroalgae can be
explained by several mechanisms, as suggested by Goss et al. [60].
Macroalgae may trap MPs particles by producing chemicals or by using
electrostatic interaction [71]. MPs can adhere to macrophytes through
biofilms, which vary based on location and season, leading to differences
in adhesive properties among biofilm communities [69,70].

As regards the changes that plastics and macroalgae can undergo, we
must examine two types of problems. The macrophytes that cover the
plastics determine biofouling, which involves a significant change in the
surface of the plastic. This becomes rougher and more porous, exposed
to the attack of other organisms and, increasing its weight, will tend to
settle on the seabed, altering other habitats. This factor exponentially
increases the ecological implications that plastics have in the environ-
ment. This important problem is also accompanied by a purely biolog-
ical one, which focuses attention on the consequences that plant
organisms suffer from interactions with plastics. From the literature
data, it emerges that macrophytes can undergo significant morpholog-
ical alterations. For example, Tuuri & Leterme [72] showed that Elodea
sp., exposed to plastics, shows slowed growth and a significant decrease
in the number of shoots. These data lead us to suspect that morpho-
logical alterations may also occur in macroalgae exposed to plastics [73]
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Fig. 8. Non-metric multi- dimensional scaling (nMDS) ordination of the algae
according to micro-litter composition.

by the potential impact that these could have on the photosynthetic
process, on the supply of nutrients or on other physiological processes.
Knowledge in this field is still very limited; therefore, it would be
desirable to investigate these issues in the future.

4.2. Polymer composition and sources

The predominance of fibers observed in this study strongly indicates
textile-based pollution, likely originating from domestic wastewater
discharges and urban runoff. This finding aligns with previous research
highlighting microfibers as a major component of microplastic pollution
in aquatic environments [74]. The occasional presence of fragments,
foams, and films suggests the occurrence of secondary microplastic
pollution, most likely resulting from the environmental degradation of
larger plastic debris, such as packaging materials that enter the lake
system. Colour analysis further supports these source attributions. Black
fibers were the most dominant and are likely linked to tubular mussel
farming nets, which are typically black in colour. The presence of blue
fibers can be associated with polyester ropes used in mussel farming,
indicating degradation of aquaculture equipment. These associations
suggest that aquaculture and fishing activities are notable contributors
to the microplastic pollution observed, in addition to terrestrial sources.

The FTIR and Raman analysis identified 16 synthetic polymers (e.g.,
PA, PE, PP, PU, PES, PET, PAcr, PEVA, PAN, PTFE, CA, SEBS, PAM, PO,
PS-co-DVB, and synthetic resin), three elastomers (EPR, EPDM, and PU
rubber) and two anthropogenic microfibers (cotton and dyed cellulose).
A wider spectrum of anthropogenic microparticles was isolated in
macroalgae, with 11 items in C. aerea and 14 in H. cornuta, compared to
7 items found in the water. Notably, we also detected elastomers such as
EPR and EPDM, which have not been previously reported in similar
marine macroalgal contexts. Our results revealed a greater diversity and
complexity of polymer types compared to previous studies conducted in
marine environment the Baltic Sea [27], the Yellow Sea, see Supple-
mentary Table 1 [22-26].

This result is closely linked to the characteristics of the Ganzirri lake.
In fact, as previously reported by Bottari et al. [44], this is a highly
urbanised coastal area strongly affected by several anthropic activities
[e.g. tourism, fishing, and mariculture activities). In addition, pollutants
may also be introduced through runoff processes from human activities
and illegal wastewater discharges [75]. These factors, together with low
water circulation levels, make it a highly vulnerable site.

The most common anthropogenic microparticles found in the ana-
lysed samples (C. aerea, H. cornuta, and water) were cotton. The sig-
nificant presence of cotton, along with smaller amounts of PES, PAcr,
and dyed cellulose suggests an additional source of pollution, likely
associated with domestic wastewater discharges. Their occurrence could
be related to illegal wastewater discharges that have been observed
around the lake perimeter in a recent past. Moreover, microfibers
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released from textiles through urban runoff represent another source of
MPs contamination in coastal environments [76-78].

PE and PP are commonly associated with packaging and single-use
products due to their relatively short lifespans. These polymers are
among the most abundant in Mediterranean waters [79], in beach sed-
iments [35,80], and they have been already documented in various
marine species [78,81].

Moreover, the occurrence of PE, PP, and PA may be linked to the
degradation of abandoned fishing gear and the release of waste from
intensive mussel farming and fishing activities in the area. PU is a ma-
terial widely used in marine coatings to protect vessels from corrosion
and biofouling [82]. The presence of PU in this study could be likely
linked to fishing vessels operating in the lake.

However, this study also identified other synthetic polymers from the
elastomer class, such as EPR, EPDM, PU rubber, and synthetic resin.
Notably, EPR is commonly used in the automotive industry for tyres and
automotive parts, as well as in the production of tubes, O-rings, gaskets,
accumulator bladders, and wire and cable connectors [83]. The presence
of these elastomers is primarily associated with tyre wear on roads, with
these materials entering the marine environment through runoff pro-
cesses. This aligns with the fact that the Capo Peloro area experiences
significant traffic along its coast and urban runoff [84].

All these plastic materials degrade over time due to mechanical
stress, UV radiation, and biofouling, resulting in an ongoing influx of
progressively smaller plastics into the aquatic ecosystem. Once released,
these fibers not only contaminate the water column but also become
entangled in macroalgae, increasing the risk of plastic bioaccumulation
within the local food web, as has been previously observed in marine
environment studies [22]. This raises concerns for macro-herbivorous
organisms that consume these algae, as it may facilitate the entry of
MPs into marine food webs [85] similar to what has been observed in
seagrass-associated fishes [86] and detritivores invertebrates [87].

4.3. Algae removal

During late spring and early summer, C. aerea (and to a lesser extent
H. cornuta) reproduces rapidly, accumulating significant biomass within
Ganzirri lake. Mollusks farming cooperatives in the lake, in partnership
with the management authority, routinely oversee its removal. In the
past, both macroalgae were routinely collected and discarded; however,
in recent years, the disposal process has not been completed, resulting in
large amounts of these algae accumulating along the lake’s shores.
Consequently, plastic adhered to and/or trapped in macroalgae is simply
moved by the water to the edges of the lake. It is important to emphasize
that this practice is inappropriate, as it not only damages the area’s
aesthetics, but it could also interfere with the development of riparian
vegetation. In contrast, proper disposal would provide multiple envi-
ronmental recovery benefits. The collection of invasive algal species
from Ganzirri Lake could offer a triple opportunity: 1) mitigating their
negative impacts associated with excessive biomass, 2) removing plastic
from the environment, and 3) transforming macroalgae into valuable
resources, such as new bioactive compounds with biotechnological po-
tential in different fields, including food and feed industries, cosmetic
and pharmaceutical applications [68,88-93].

5. Conclusion

This study demonstrates the role of Chaetomorpha aerea and Hypnea
cornuta as effective collectors of plastic debris in transitional environ-
ments, highlighting their potential use as bioindicators and as tools for
monitoring and mitigating plastic pollution. Furthermore, this research
emphasizes the urgent need to include macroalgae management into
broader conservation frameworks to ensure the protection of biodiver-
sity and the maintenance of critical ecosystem services.

Proper removal of macroalgae can significantly contribute to envi-
ronmental sustainability by reducing the plastic pollution. To achieve
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this, regular cleaning programs, community engagement, and increased
public awareness are essential. Furthermore, addressing the root causes
of plastic pollution—such as overproduction and excessive con-
sumption—requires well-structured policies and targeted initiatives.
Local and regional administrations should be encouraged to establish
dedicated working groups to assess specific situations and implement
effective solutions.

This study lays the groundwork for future research on the role of
macroalgae in plastic pollution management and supports the devel-
opment of more sustainable strategies for for environmental
conservation.

Environmental Implications

This study provides the evidence that Chaetomorpha aerea and Hyp-
nea cornuta effectively collect plastic debris in transitional waters. Our
findings highlight the potential of macroalgae as bioindicators for
plastic pollution. These species offer a promising approach for moni-
toring and reducing plastic pollution in transitional waters. We
emphasize the need to integrate macroalgae management into conser-
vation strategies to protect transitional waters, particularly in areas like
Capo Peloro Lagoon, which face threats from urbanization and low
water circulation.
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