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Deliverable(DV) 4.34 fiMultiscale modeling framework for contaminants transport and reaction with
uncertainty quantification in marine coastal systemsé represents theeconddocument to be delivered
in the frame ofTask4.3 . €ontAminants and microplastic fate and transport in coastal and marine areas
and their bioaccumulation and magnification: novel observation methodologies; modellingtisace
distribution of emerging contaminants; bottom sea distribution and verticaksfloixplastic; plastic food
we b ; reduci nad WaknRaekage(\WR) A3 ydon the vertical Spoke
d e g r adBW.BAbdestribes theesearch activitigsmethodologiesand results achievedp to the
month36 of theReturn Foject

The Deliverable presents a comprehensive overview of multidisciplinary research activities addressing the
distribution, transport, and impact of contaminantsoastal and marine environmenisth special focus
on microplastics (MPs), macro litter, mercury, and pharmaceutitlaésactivitiesintegratefield sampling
and surveysadvanced modeling tools, and innovative analytical techniques to understand contaminant
dynamics and their implicatiors human health and biotadifferent spatial and tempdrscales.

The modeling component addresses fhte and transport of contaminan{mercury, plastics, and
pharmaceuticals) in the sea up to biota (mercusyigspatially explicit modelshat integratedifferent
approacheto simulate theontaminant pathways from coastal inputs to marine biota.

Sampling and analyticalctivities provide critical data and approaches to charactesiz&minant sources,
distributions, and effect§hemes addressedtime Deliverable include:

1 Monitoring and modeling of macro and micro litter in coastal zpnes

1 Assessment of MPs in surface waters and benthic fish, with evaluatiomai exposureia seafood

1 Investigation ofsediment contaminatioim port areas, accounting for marine dynamics and riverine
inputs

1 High-resolution mapping and modelirg plastic and bioplastic transport using drdresed and in
situ observations with integrated uncertainty quantification;

1 Hyperspectral imagingechniques for precise identification and classification of plastics in various
environmental matrices

1 Evaluation ofphysiological responsesf aquatic plants exposed to MPs, and potential use of
phytoremediatiorin contaminated waters

In detall, he contributiorof the OGS grougocuses on spatially explicit models for simulating the fate and
transport of coastal pollutants, including mercury, plastics, and pharmaceuticals, up to their
bioaccumulation in marine organisms. Multiple modeling approaches are employed, such as &magrangi
transport, biogeochemical cycles, food web modeling, and genddhdBA activities are focused che
analysis and distribution of macro and micro litter in coastal zones throughtewhlitiology monitoring
and modelingwith a focus on beach litter and MPs found in sediments and the water colNifthgroup
assesses the presence of MPs in surface waters and benthic fish (e.g., red mullet) across Mediterranean
ports, with a specific evaluation of human exposamd MP intake in different population groups from
contaminated fishin addition, thdJNIFI teamexamines the physiological effects of MRsnodelaquatic
plants Spirodela polyrhizagrown in water with bludluorescent MPsinvestigating the role of root
exudates in MPaggregation and exploring phytoremediation potential in contaminated wabiGE
investigateshe presence d¥Ps in port sediment® analyze the influence of marine hydrodynamics and
freshwater inputsSediments are treated with® with different methods to better remove plant material
and extract MPs. Water dynamics and physical parameters were acquired with ADCP and CTD probes.
UNIPA groupconducts highresolution mapping of plastic and bioplastic sport through drone and in
situ surveys, coupled with multiscale modeling approache®rporating uncertainty quantification.
UNIROMAL developsnnovative HSlbased strategide identify and classify macr@and microplastics in
complex matricesuch asandy beacheendmarine sedimentsncluding the use of a custom HSI miero
scanner for improved MRdetection.
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In line with the aims of WR.3, activities envisaged in Tadk3.2 are focused on the analygiscesses related
to pollutants distribution, transport, and their bioaccumulation and magnifidatiorarine and coastal
areasand related matrices (i.e., sediments, water column, and IBgtedmbiningfield surveys,analytical
strategiesand innovative modelintpols, the activities envisaged in the frame of tiissk contribute to
the definition of arintegrative framework fothe analysis ofontaminant behavior arhvironmentafisks
in marine coastal systegrgipporting both environmentahd public healtlprotection.

Task participantavho belorg to sixinstitutions(OGS, UNIBA, UNIFI, UNIGE, UNIPA, and UNIROMA1)
have contributedto theDeliverablepreparatiorby summarizing the proposed methodological approaches
and thé scientificresults in the form of a dedicated thematic chapter. The document is therefore composed
of severthematic chapteneferringto a single research group. Ongoing collaboratamd joint activities
among twaoor moreresearctgroups aralsohighlightedin thetext.
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The Northern Adriatic Sea is a shallow, semtlosed marine basin characterised by strongi &z
interactions, marked physical variability and theoogurrence of multiple natural and anthropogenic
pressures. Its geomorphological setting, intenseingenfluence, high productivity and dense human
presence make it particularly vulnerable to environmental degradation and to the cumulative effects of
pollutants, maritime activities, and climatelated stressors.

Over the last decade, the OGS research team has developed a comprehensive set of tools for analysing the
transport and transformation of tracers and contaminants in the Northern Adriatic Sea and its lagoons. These
capabilities have been built through selemajor research projects, including HARMONIA,
SHAREMED, NAMIRS, ICCC, and NECCTON, and rely on advanced hydrodynamic and biogeochemical
modelling systems.

In the present work, these consolidated modelling tools have been applied and further extended, benefiting
from new developments carried out within parallel initiatives such as the PNRR National Biodiversity
Future Centre (NBFC) andtherHorizdh &clrdpe projectiNECCAQNt Theset i e s
complementary efforts have enabled basiale assessments of pollutant loading, fate, and transport for
both traditional and emerging contaminants, including oil, mercury, microplastics, and selected
pharmacaticals. The resulting highesolution simulations provide spatially explicit distributions of
multiple pollutants under variable oceanographic conditions, supporting integratedishudssessments
for the Adriatic Sea.

In particular, the MITgcm ocean circulation model (Querin et al., 2016) the SHYFEM hydrodynamic model
for coastal seas and lagoons (Umgiesser et al., 2003; Rosati et al., 2024), the BEETHY model
(Rosati et al., 2022) and the Lagrangian partideking model LTRANSZlev (Laurent et al., 2020) have
been used to reproduce midtiale transport patterns, and dispersion and transformation processes, also
coupled to biogeochemical modules.

The lagrangian computation relies on the LTRARI8v particle tracker (Laurent et al., 2020) coupled to
OILTRANS (Berry et al. 2011) and to other modules that simulate the fate of specific substances. In this
framework particles are transported and subjbdb transformation processes such as weathering and
chemical degradation which are explicitly resolved also including dependence to environmental conditions
(seawater temperature, |light penetrati amtbipare Wit hin this system, pol
simulated under dynamically varying ocean conditions (Melaku Canu et al., 2019). These conditions are
provided by a higresolution implementation of the MITgcm hydrodynamic model, at a spatial resolution
of 1/128° (850 m x 600 m) with 27 vertidevels, which supplies threBmensional currents, temperature
fields, and meteorological forcing (Marshall et al., 1997; Querin et al., 2016).

Together, these tools allow the simulation of pollutants distribution in time and of their pathway from point
sources, and they provide spatial maps of hazard to target organisms or habitats, includiexpsocioc
targets (Melaku Canu et al., 2015, el Canu et al., 2019, Bandelj et al., 2024)

The Northern Adriatic is a shallow marine area bordered by Italy, Slovenia, and Croatia, characterized by wide
continental shelves, sandy coastlines, and strong seasonal and interannual variability driven by atmospheric
and landbased forcing. Its coastabne hosts dense human activities and major industrial centres, making
it highly exposed to multiple pressures.

n.a.
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n.a.

The plastic, oil and pharmaceutical transport simulations were perfarsiegl the LTRANSZlev (Laurent
et al., 2020) modeling framework. The Lagrangian model simulates the release of particles from the point
sources and tracks their trajectories byapplying advection and diffusion processes driven-by three
dimensional hydrodyamic fields provided by the MITgcm ocean circulation model. In addition to velocity
fields, the Lagrangian simulations use relevant physical and chemical seawater properties, such as
temperature and salinity, to represent substapeeific behaviours and transformation processes.

The hydrodynamic forcing was derived from a higBolution MITgcm hindcast covering the Northern
Adriatic Sea for the period 2012021 (Giordano et al., 2025a). The model configuration employs a
horizontal resolution of 1/128° (approximately 600 x 85rthee longitudinal and latitudinal directions)
and 29 vertical layers with thicknesses ranging from 1 to 11 m. Initial and open boundary conditions are
provided by the CMS Mediterranean Physics Reanalysis (Escudier et al., 2022), while surface atmospheric
forcing is supplied by COSMQI products from ARPAE. Further details on the hydrodynamic setup are
reported in Giordano et al. (2025b).

Oil spill was simulated by explicitly modelling transport and transformation processes, including spreading,
evaporation, emulsification, and vertical dispersion, following the approach described in Melaku Canu et
al. (2019). The modelling chain reproduces the dimiwof oil spills released at specific locations along
major shipping routes, accounting for the probability of spill occurrence. Each simulation provides spatial
distributions of oil at the sea surface, within the water column, and alongasidiro® (Melaku Canu et al.,

2015; Bruschi et al., 2021). Simulations were performed for each day of the simulated years to capture the
full range of meteorological and oceanographic conditions and to account for different oil types (Bandelj
et al., 2024).

Plastic pollution was simulated by considering macroplastic inputs from riverine sources and microplastic
inputs from both rivers and wastewater treatment plants (WWTPs). Two particle categories were defined:
(i) nearsurface buoyant particles, representing macroplastdsaoyant microplastics, and (ii) passive
particles, vertically mixed within the upper water column, representing neutral or slightly negatively
buoyant microplastics. A madmsed approach was adopted, whereby a specific mass of-raadro
microplastics was associated with each particle based on the release frequency at each source, the
corresponding water discharges (n¥),sand plastic concentrations (g¥nfrom rivers and WWTPs. The
combined contributions from all sources were used to estimate plastic concentrations in surfaceiwaters (0
3 m depth), expressed in g Km

Pharmaceutical pollution was represented by modelling the dispersion and transformation of Ibuprofen and
Diclofenac. The modelling framework was developed within the PNRR National Biodiversity Future
Centre (NBFC), Spoke 2, Activity 1ldatasetdiah@int@nalPol | uti ono, buil ding on
project collaborations. In the present study, this framework was applied to support-askakisessment
for the Adriatic Sea. In addition to transport processes, the Lagrangian model accounts for ptiaahaceu
degradation mechanisms, including photolysis and microbial degradation, modulated by environmental
forcings such as irradiance and temperature.

Mercury speciation, transport, transformation and bioaccumulation of MeHg in Adriatic plankton were
simulated using the OGSTRFM-Hg model (Rosati et al., 2022). This model couples mercury dynamics
with hydrodynamics and biogeochemical cycles of carbon and mistriextending to a planktonic food
web composed of four phytoplankton functional groups, four zooplankton groups, and one bacterioplankton
group (Vichi et al., 2015).

The spatial distribution and magnitude of potertiareleases were derived from marine traffic density and
vessel typology along the main shipping routes of the Adriatic Sea (Bandelj et al., 2024).
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Each spill event was represented by an ensemble of 200 Lagrangian particles, whose trajectories were
computed by applying advection and diffusion processes using a sexmrdRungéKutta scheme,
including wind drag and a constant horizontal diffusivifyl® m? st. Oil weathering sulprocesse®
spreading, evaporation, emulsification, and vertical dispedsieere dynamically parameterised following
standard formulations of oil behaviour (Jokuty et al., 2022). Particles were considered stranded when
approabing within 10 m of the coastline. Model outputs were storedretu8 intervals for ten days after
release, allowing the assessment of both shad mediursterm exposure patterns.

Oil types were selected to represent the main traffic classes (bunker C, diesel, and Arabian Light crude). Their
physical and chemical properties (API gravity, viscosity, SARA fractions) and evaporation laws were
assigned according to established referatatasets (see Bandelj et al., 2024 for details). Each release
scenario was simulated repeatedly over a full meteorological year to ensure statistical robustness across
seasonal circulation regimes. Aggregated exposure fields (surface, subsurface, ratet] sil) were
summarised at operational time horizons corresponding to 30% and 50% cumulative stranding, typically
occurring within 68185 hours after release depending on oil type, and used to generate exposure maps.

Riverine plastic emissions were derived from the global probabilistic model of Meijer et al. (2021) and
complemented with estimates from the WWF (2018) report. River inputs were partitioned using a mass
based approach assuming 65% macroplastics and 35% microplasticeplelstits were represented as
buoyant floating particles, while microplastics were simulated as particles with a range of densities,
affecting both their buoyancy and release depth at river mouths. Wastewater treatment plants (WWTPs)
were nhcluded as point sources of microplastics, released at the depth of sewage diffusers, down to a
maximum depth of 50 m.

Microplastic emissions from WWTPs were estimated by combining average mass loads expressedin mg PE
yr 1 with discharges proportional to population equivalent and effluent concentrations dependent on
treatment level, accounting for the large variability reported in the literature. An average target emission of
200 mg PE yr 1 was adopted and obtained through an iterative calibration procedure, whereby pepulation
equivalent emission factors for each treatment category were adjusted according to th&tiv@imu
removal efficiencies.

The simulations yielded average surface microplastic concentrations of approximately 1122 Igvken
than the ~217 g kra reported for the Adriatic Sea. To account for external inputs and legacy plastics, a
uniform background concentration of 105 g Rwas added. Final concentration maps were computed by
combining floating and neutrally buoyant microplastics within the upper 3 m of the water column,
consistent with available observational evidence on sampling depth and vertical distribution, arsgéxpres
as surface mass per unit area (g4m

Emerging pollutants: Lagrangian particles representing Ibuprofen and Diclofenac were released from WWTP
locations at the depth of sewage diffusers, down to a maximum of 50 m. For river sources, particles were
released both at the surface and at the estimated local river(deptit 30 m). In rivers with estimated
depths between 10 and 30 m, additional releases were distributed along the water column at 10 m intervals.
Particles were released daily from each source over gdigesimulation period (2012021), and their
trajectories, driven by prescribed hydrodynamic fluxes, were followed for one year after release.

Pharmaceutical loadings from rivers and wastewater treatment plants (WWTPs) were defined using
concentration data provided by the University of Ancona within the framework of the National Biodiversity
Future Centre (NBFC). Measured concentrations in fivagers and in WWTP effluents were combined
with sourcespecific water discharge data to estimate the total pharmaceutical inputs from each point source
to the Adriatic Sea.

The first year of the simulation (2017) was used as algpiphase, allowing the system to reach stable
concentration levels, while modelled pharmaceutical concentrations were computed by averaging the
remaining four years (2018021).
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The oil spill modelling framework provides spatially explicit exposure and hazard maps by combining the
probability of spill occurrence along shipping routes with hydrodynamic and meteorological conditions. As
an illustrative exampleFigure4.1.1 shows the evolution of a representative bunker oil spill released along
a major shipping route under specific environmental conditions. In this case, shortly after the release (11
hours), oil is transported over large offshore areas and reachéa eoags both at the surlaand within
the water column. The most exposed coastal segments in this case are located along the ltalian coast
between Venice and the Po River delta, extending southward towards Ravenna and Ancona, as well as
along the northern part of the Croatian mglaof Cres and the adjacent mainland coast near Rijeka. As
transport and weathering processes evolve: after two days from the release, stranded oil affects most of the
northern Italian coastline and along the Istrian Peninsula.

H 11 after release

a0 Opensea oi dispersed in

Onensea il dispersed in the water column w0

Figure 4.11: Potential bunker oil slicks released along the main shipping routes of the northern Adriatic (expert set of
release sites) pose a threat to coastal areas at short time scales (11 hours after release), both at the surface and in the
water column.

The simulated distributions afacroplasticsand microplastics in surface waters30n depth), averaged over
four years following a ongear spirup, show marked spatial heterogeneity across the Adriatid-&pad
4.1.2). Higher concentrations are consistently found in proximity to major river mouths and along coastal
regions influenced by riverine inputs, while offshore concentrations decrease due to dilution and dispersal.
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Figure 4.12:Macroplastics (left) and b) Microplastics (right) modelled concentrations in surface wa@nmné¢ers
depths).

Rivers dominate the microplastic inputs to surface waters, accounting for approximately 121wgHareas
wastewater treatment plants contribute less than 1 g Khoating microplastics from rivers represent the
largest fraction, followed by neutrally buoyant microplastics, while contributions from WWTPs are
negligible at the basin scale. When including an additional uniform background concentration to account
for external sources and legacy plastics, the total mean surface microplastic concenteati@s re
approximately 217 g kri. These results suggest that a substantial fraction of microplastics present in the
Adriatic Sea originates from sources outside the model domain or from releases predating the simulated
period, highlighting the long residence times of plastic debrisémtarine environment.

To the best of our knowledge, this work represents the first attempt to model thediaterging pollutants
in the Adriatic Sea. The modeled distributions of Ibuprofen and Diclofenac in the surfabenf@epth)
and deeper water (< 5 m depth) of the Adriatic Sea, averaged over the four years of simulation, are shown
in Figures 4.13. Concentrations tend to be higher at the surface than in deeper waters, with a few exceptions
in close coastal areas such as the central Croatian coast. A general degreds#ng moving offshore is
predicted for all drugs investigated, consistent with dilution and degradation processes. However, modeled
concentrations of ibuprofen are generally much higher than those of diclofenac, due to the different
degradation ratesombined with different levels of loadings. These contrasting behaviors agree with
available observations in the Gulf of Trieste and the Ancona coast. More field data would be needed to
better address the spatial and temporal variability of different conaigcand carry out a robust validation
of the model results. Nonetheless, at the state of the art, the capability to reproduce the main differences
among different drugs through the model demonstrates that the approach adopted is conceptually robust
and carbe informative for thiclass of chemicals.

VIWTPs contribution (0§ m)

WWTPS contribution (5 m)

Figure 4.13: Average distribution of Ibuprofen in (a) the surfacé ®m depth) and (d) deeper water (< 5 m depth) of
the Adriatic Sea. Contributions from rivers (b, e) and wastewater (c, f) are shown for the same water layers.

18



Ministero
dell’Universita
* adella Ricerca

Finanziato
dall'Unione europea
NextGenerationEU

l -'l [taliadomani

PLANG NAZIONALE
DI RIFRESA E RESILIENZA

The OGSTMBFM-Hg mercury model provided key insights into the spatial, seasonal, and interannual
variability of Hg species concentrations in the Adriatic Sea, providing a solid background to support
environmental monitoring and risk assessments. The modeled concentrations of iMeligrent
phytoplankton and zooplankton functional types are shown in Figure 4.1.4. The highest MeHg
concentrations were predicted in the plankton food web of the coastal areas of the North Adriatic and in the
open water of th&outh Adriatic.
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Figure 4.14: Average MeHg concentrations in different functional groups of phytoplankton and zooplankton in the upper
100 m depth from a muliear simulation.
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Marine and beach Ilitter, which is defined as fiany persistent, manu
di scarded, disposed of or abandoned in the marine and coast al envir
constantly growing worldwide environmental issoerhanagers and researchers due to the million tons of
litter entering every year oceans and seas from different sources. In this context, the high density of beach
litter (BL (items >2.5 cm) and microplastics (MPparticles < 5 mm) poses a constant emwvinental risk
to coastal areas and related ecosystems. Effective monitoring programs and management plans are therefore
required to enhance coastal conservation and protection. The Mediterranean region represents one of the
areas most affected by the pese of ML and BL (UNERMAP, 2015), due to the sernlosed
conformation of the basin and limited water exchange, thus favoring the litter accumulation both on the sea
surface and along the coasts. For this reason, monitoring activities are carriecheuiatonal level by
countries facing the Mediterranean Sea. By way of example, in ltaly, the Institute for Environmental
Research and Protection (ISPRA), on behalf of the Environmental Ministry, coordinates the national beach
monitoring activities that arlocally carried out by the Regional Environmental Agencies (ARPA). Data
derived from the irsitu monitoring activities are then elaborated to calculate the linear density and the CCI
values, which are therefore used as indicators for the beach chasdwiarin the frame of the United
Nations Sustainable Development Goals and the European Marine Strategy Framework Directive
(2008/56/EC). The most updated data show that the BL linear density along the ltalian beaches remains
very high (median of 250 lgr/100 m) compared to the threshold value (20 objects/100 m) set at the
European level for achieving Good Environmental Status (Hanke et al., 2025). As highlighted by Rizzo et
al. (2024), the integrated analysis of BL, MPs, and shoreline evolution st®ualhbidered a mandatory
requirement for the integrated genvironmental characterization of any coastal site. For this reason, the
activities performed in the frame of Task 3.2 were aimed at proposing atechitiology approach to
identify, characterizeand model BL and MPs in the different coastal and marineesuibonments (i.e.,
beach sediments, marine sediment from the upper shoreface, lower shoreface, and offshore) and on the
water surface, allowing the definition of the beach quality state froml@-disciplinary perspective.

Field surveys and laboratory analyses, coupled with the exploitation of UAV images, hyperspectral data, and
machine learning tools, contribute to assessing the level of pollution and the consequent environmental
quality. Furthermore, based on BL and MPegities, a numerical model has been applied to simulate the
litter dispersion in the marine environment.

The assessment of BL distribution was carried out by applying both standsitdpnocedures and innovative
methods based on the use of drones and imaging classification approaches (both manual and automatic)
that solve the logistic limitations relatedl the insitu surveys. Furthermore, the analyses were integrated
with the assessment of the predominant morphodynamical processes (in terms of coastal erosion and/or
accretion processes) and with the occurrence of storm events. Such kind of data peafidécformative
layers for identifying coastal sectors prone to be affected by BL accumulation and burial.

The assessment of the MPs content in coastal and marine sediments and sea water has required the definition
of tailored sampling procedures. Furthermore, both standard (e.g., pPRaman) and innovative techniques
(e.g., based on the exploitation of the oil/e)iare applied for the MPs classification.

In Figure 4.2.1, a schematic representation of the procedures proposed for the monitoring and analysis of the
BL and MPs in marine and coastal environments is proposed. Field activities are performed to analyze the
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abundance and typology of BL items estimated by both in situ direct activities and indirect analysis by
UAV images exploitation. MPs analyses are performed on both marine and beach sediments and seawater
samples. Then, specific environmental indices ateutated to define the environmental quality of the
investigated sites, i.e., the Clean Coast Index ((Alkalay et al., 2007 ) and the Microplastics Pollution

Index (MPPI- RangeiBuitrago et al., 2020, 2021; Abelouah et al., 2022). Obtained data ehable
identification of litter accumulation hotspots, for which tailored management practices are needed.
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Figure 4.21: The flow chart shows the procedures for the MPs and BL analysis in coastal environments.

It is worth noting that during the projethe UNIBA teamhas also worked inollaboration withthe UNIROMA1 and
UNIGE teams. Activities performed in the frame of the collaboration with UNIROMA1 were focused on the testing
of innovative procedures for automatic polymer classification based on the hyperspectral imaging (HSI) approach.
For what concerns the collatadion with UNIGE, sediment samples from the port of Genoa have been analysed by
different research groups involved in the task activitiesppling different procedureto allow the comparison
amongthe obtained results.

Field and samplingctivities were carried out in several coastal sites of the ARdgon Southern Italy
including both Adriatic and lonian sidéEigure 4.2.2) The investigatedarea wereselected fortheir
significant economic value, athey are popular tourist destinations during the summer months.
Furthermore, the area of Taranto is also characterized by a high level of urbarsindtidwe presence of
several industrial sites.

In detail, the BLmonitoring activitiesvereperformed on the Adriatic coast at Capitolo beach (Bari province)
and Torre Guaceto beach (Brindisi province) while sediment samples were collected both in emerged and
submerged environments, on the Adriatic side (Torre Guaceto beach, the Adriaticeoéfsterand the
lonian side (Gulf of Taranto and Pino di Lenne beach) of the Apulian coast.
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Figure 4.22: Investigated sites in the Apulian region.
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Torre Guaceto beaddincluded in a natural protected area established to preserve the local habitat biodiversity

and protect a wide wetland separated from the sea by the dune system. The area was selected as a test site

since not subject to scheduled cleaning activities, tduthe lack of touristic and recreational services.

Furthermore, t he
Real eo, whi ch is
of heavy rain events.

investigated
a 48 km |l ong

coast al
creek

sector
t h adurreacet s

Capitolo beach iss located along the Adriatic coast of Apudiad itcharacterized by a predominant erosion
process with a shoreline retreat rangiram a minimum value of 8.24 to a maximum value e2.47 m
in the last 10 years, with an average value509 m. Recently, Scarrica et al. (2022) conducted a
preliminary study on the environmental conditions of this andéch revealed that most of the identified
macroplastics included bottles, caps, food containers, and fishing nets (or fragments of nets), mostly

deriving from mariculture and fishing industry. The presence of these items is closely linked to beach

S
as

recreationaluse, which significantly increases during the summer months when the beach attracts many

national visitors, and fishing activities.

The Gulf of Taranto, and in particular the Mar Grande and the Mar Piccolo bagrsemenclosed basins
characterized by the presence of higmsity anthropogenic activities, including industrial districts,
shipyards and arsenals, and intensive mussel aquaculture plants, which have led to major environmental
modifications. For ttd reason, the marine and coastal area of Taranto is included in the list of Sites of
National Interest, for which urgent remediation activities are required.
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The sandy beach of Pino di Lenne, along the Gulf of Taranto, features Satsllaria alveolata
bioconstructions and the mouth of a minor stream from a karstic spring (Lenne River). Located within the
Stornara Nature Reserve, a SIC and SPA protected area, the site is largely free from human disturbance. It
represents a typical segment of the Tardmiian coast, offering a natural laboratory for studying coastal
and ecological dynamics.

To assess the density and spatial distribution of both microplasticsi(M&s particles < 5 mm) and beach
liter(BLii tems > 2.5 c¢cm) along the investigated beach, international pr
collection and classification as well as MPs sampling and anéhsist et al., 2021Galgani et al., 2023).
Furthermore, tailored environmental indices were used to define the environmental quality of the beach
sector investigatedthe following subsections detail on the analytical, expeental, and modelling
approaches are provided.

The insitu BL visual assessment was conducted following the international guidetiaekg et al., 2013;
Vlachogianni, 2017), which suggest investigating a 100 m long coastal sector, from the shoreline to the
inland natural or anthropic limit (Figure 4.2.3a). All BL items bigger than 2.5 cm were classified according
to the Joint List of Litter Categories fanarine macrditter monitoring proposed by the European
Commission (Fleet et al., 2021)-4itu surveys were performed mainly in spring, during favorable weather
conditions. Furthermore, monitoring activities were also carried ouaptepostthe occurence of marine
storms, to investigate the potential effects of waves and currents on the litter displacement and
accumulation.

Innovative BL assessment procedumssre based on thexploitation of images acquired bYAV
photogrammetric images and their analysis. In detail, photogramrimestges were acquired by usitige
multirotor quadcopterii D J | Inspire 20 equipped with a ADJI Zenmuse X5S0 opti
MFT 15 mm/ 1.7 ASPH supported |l ens, 4/30 CMOS sensor, FOV 720 a
pixeland i DJ | P h a n éqaippeddvithRfiDY Bhantomo pt i cal camera (20.8 MP, 10 Exmor R
CMOS sensor, FOV 84° drimage resolution 5472x 3648 pixelp define the best setting, UAV surveys
were carried out aflight heights ranging from 5 to 20 Wbove Ground Level (AGL) of the takeff
location Furthermore, the higprecision georeferencing procedure was ensured by the useifoined
Control Points GCP) coordinatescquiredwith thefi St one-X0o SGIl o6 b al Navigation Satellite System
receiver in Real Time Kinematic (GNS8TK) modeto ensurevertical and horizontal accuracy of about
0.02 m and 0.01 m, respealy. To comply with monitoring guidelines, 100 m long sectors were surveyed
(Figure 4.2.3a). Then, image pgsbcessing was executed using Agisoft Metashape Professional, which
allowed for obtaining the digital elevation model and the orthomosaics ofvbgtigated sites.

ca
nd i

BL identification and classification on orthomosaics were performed by applying both a manual visual
screening approach and an automatic procedtireial screening, carried out in a GIS environment,
allowed to obtaining a database of detectable elements and to produce BL distribution and density maps
(Figure 4.2.1). The automatic BL identification was performed based on a tailored system of analysis
descrbed in section 4.2.3.3.

To assess the MPs content in beach sediments, samples were collected at different points along the backshore
(Figure 4.2.3a). The sampling points were selected along transects perpendicular to the shoreline, at the
morphological steps of the berms, anthatbase of the dune. By using an ASTM Sieve (4000 microns), a
first sieve was carried out directly on the beach to collect the sediment fraction representative of the MPs
size (Figure 4.2.3b). Using a steel sampling spoon, two samples of sediment wentectdbr each
sampling point, with a variable weight ranging from 400 to 500 g, both at the beach surface and at a depth
of approximately 5.0 cm.

The offshore sampling activities were supported by the Marina Militare Italiana (Italian Navy) and Lega
Navale ltaliana (LNI) who made their vessels available to support sampling activities. Marine sediment
samples were collected using a sediment grahliedton board of ship (Figure 4.2.3c) while sester
samples were collected with a manta(fégure 4.2.3d).
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Figure 4.23: a) Sampling points for MPs analysis are indicated in blue, while the area monitored for BL analysis is
delimited by a white dotted rectangle. Coloured lines represent the main beach morphologies. b) Example of beach
sampling activities. c) Example offshore sediment activities d) Manta net used for marine surface water sampling

Offshore sampling sitesereselected based on the location of the main harbors and river mofitHsigure
4.2.2).Sampling &es in the Gulf of Taranto were selected based on a preliminary analysis of the marine
substrate derived by the interpretation of morphboustic datavhile in the Mar Piccolo basjsites were
identified mainly accounting for the distribution of the mussel farm plartih limit ship navigation.

To evaluate the MPs concentration, the collected samples were dried in an oven for approximately 48 hours at
a temperature not exceeding 45 °C. Once this phase was completed, the samples were weighed using a
precision balance to determine their dry weidfiten, the procedure proposed®gopetani et al. (2020
which is based on the use of olive oil, was applied to extract MPs from sediment samples. To avoid
contamination, all the analysis steps were carried out by using glass bakers, also cleaned with compressed
air, stainlesssteel accessories, and weariagdratory clothing.

Organic matter digestion

Before separating MPs from the sediment, a digestion phase was performed to eliminate the organic matter
present in the samples. Following the marine plastic monitoring guidelines publisi@aldani et al.

(2023), Hydrogen peroxide (H O ) was asesaesddmars an oxi di zing agent .

sample from each size class was placed inaglassbaaked, t hen approxi mately 25 mL of 30 % H O
added for 24 hours. After digestion, the remaining oxidized organic matter in the beakemireetedi by

rinsing the sample thoroughly with distilled water using a sieve with a mesh size ol @¢hich is the

smallest particle analyzable size.
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MPs Extraction

To apply the method proposed Bgopetani et al. (2020or the MPs separation, 15 g of sample and 30 mL
of pure water were put in a 50 mL conical test tube in polypropylene. This mixture was mixed by sealing
the top of the test tube. Then, 5 mL of olive oil was added, and the mixture was remixed to etsure th
sediment and water came into contact with the oil and was left to rest for 5 minutes. This procedure was
applied twice; therefore, for each sample, a total of 30 g of sediment was analyzed. Because oil has a lower
density than water, it floated to thept carrying MPs particles. This was made possible by the oleophilic
property of plastic polymers, as they repel water and have an affinity for oil, adhering to their surface
(Crichton et al., 2017)The prepared sample was placed in a freezdr& for 24 hours to prevent the oil
from dispersing. Freezing the sample was useful as it allowed easier extraction of the accumulated oil layer.
Once the iceil mixture was separated from the sample filt@tion phase started. Using a vacuum pump
and a glass flask system, the sample was filtered through a Whatman GF/D glass microfiber filter with a
diameter of 70 mm, which retained the solid particles while allowing the liquid to pass through. Te remov
any traces of oil from the filter and retained particles, the sample was rinsed with 50 mL of ethanol, as
described by Mani et al. (2019) aBdttaglini et al. (2024)To recover any MPs that may have been trapped
in the oil residues still clinging to the walls of the beakers used for used to contain the extracted ice oil
portion, the beakers were rinsed with pure water and ethanol. The resulting solution wasettegh filt
through the same filter.

MPs Characterization

To conduct a careful and precise observation of the filtered sample, each filter was examined using a reflected
light optical Opticka microscope (with 2x, 3x, and 4x objectives). By the use of the optical microscope and
an integrated camera, it was possity capture highesolution images for each filter and identify MPs
particles up to 100 em. To allow each acquired image to have a ref
used. Furthermore, the counting was organized by categorizing the MPs accotidéngtygpe, colour, and
morphological classes, following the classification proposed by Galgani et al. (2023). In detail, the
following classes were taken in consideration: fibers, filaments, fragments, Tieobtained quantities
were subsequently converted into density values expressed as MPs per kilogram (MPs/kg).

Granulometric Analysis

The samples were analyzed for grain size distribution following standard procedures, combining two
methodologies. ASTM sieves were used for the coarser fractions, ranging from the largest particle present
in the sample down ta#(0.063 mm), while the Beckman Coulter Multisizer 4 and laser sedigraph analysis
were employed for the finer fractions, frord £.032 mm) down to®(0.002 mm). The graisize scale
applied has an interval ofilwhereli =il o g dis thensidve mesh size in millimeters.

Before analysis, samples were ondrted at 80°C for 24 hours, quartered, and placed into the sieve column.
To enhance sieving efficiency, particularly for the finer fractions, the stack of sieves was placed on a
vibrating shaker for 20 minutes. Each ratal fraction was then weighed, and the results processed using
the GRADISTAT software (v8, Blott & Pye, 2001), which generates cumulative pestrealistribution
curves, histograms, and calculates key textural parameters.

The statistical parameters obtained include:

1 Mean {9 i the center of gravity of the partiegze distribution, calculated as a weighted average.
1 Sorting @) 7 indicating the degree of uniformity or selection in particle diameters.

1 Skewness (SK) describing the asymmetry of the distribution curve.

1 Kurtosis (K)i indicating the peakedness or flatness of the distribution curve.

This integrated approach allows for a comprehensive characterization of both coarse and fine sediment
fractions and the extraction of the main textural parameters (mean grain size, sorting, skewness, and
kurtosis) according to ASTM and British Standard meiblogies.
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Pollution Indices calculation

To assess the environmental quality of the analyzed beachdrag&tdand MPs abundancthe Clean Coast
Index (CCI- Alkalay et al., 2007) anthe Microplastics Pollution Index (MPPIRangeiBuitrago et al.,
2020, 2021; Abelouah et al., 2022) were used. These indices evaluate the environmental quality of a beach
by examining the relationship between the quantity of BL and MPs and the extbetsfrteyed area.
Once the indices are calculated, they are classified according to the classification pirogoeséterature
(RangelBuitrago et al., 2020, 2021; Akarsu et al., 2022).

Innovative methods are applied for the characterization of polymers identified in sediment samples and are
based on the application of hyperspectral imaging (HSI) approdehetoped by the UNIROMA1 team,
which are described ihhematicChapter 4.6.

This subsection reports the procedures proposed for the automated identification and classification of BL items
by using orthomosaics derived from UAV images.

A first algorithm exploited Mask Regiepased Convolutional Neural Network (MaRCNN). As described
in Scarrica et al. (2022) and Sozio et al. (2023), its architecture is based orR&sMnd performs an
instance segmentation based on atm@iming fhase on the COCO dataset (Lin et al., 2014). The automatic
identification was conducted by splitting the available dataset into training and test sets, which consisted of
multiple tiles obtained from orthomosaics with associated polygon shapefiles,erétathe BL items. In
detail, the training phase consisted of manually labeling litter objects on images and cataloging them in 5
classes. The manually labeled objects were used by the algorithm to produce a train model file, containing
all information todifferentiate objects of each class. In the testing phase, the algorithm exploited the train
model file to automatically identify and classify objects in images not used before. To evaluate the
performance of the proposed method, the mAP@IloU (Everinghaim 2010) was used. This parameter
expresses the overlapping area between the predicted masks produced by the algorithm and the manually
digitized reference polygon (adopted as ground truth). Finally, the script of the proposed algorithm was
also implenented with a further feature for georeferencing the segmentation outputs.

The second model is based on the exploitation of Computer Vision techniques. In detail, the proposed
procedure leverages the Segment Anything Model (SAM; Kirillov et al., 2023) for segmentation and the
Vision Transformer (ViT; Dosovitskiy et al., 2021) fibre subsequent classification of segmented objects.
SAM, developed by META Al, is a panoptic segmentation system that can be applied to any image without
requiring additional training. Its training dataset includes over 1.1 billion masks collected from
approximately 11 million images, enabling accurate and comprehensive segmentation of all recognizable
elements within an image&SAM is employed in the first stage of image processing, where panoptic
segmentation is performed. The outcome of this operation consists of the masks corresponding to the beach
litter items present in the image and identified by SAM. The individual masksthemeselected by an
operator and organized into specific folders associated with the categories of beach litter, in dieter to f
out irrelevant or extraneous masks and to balance, as much as possible, the number of masks for each
category. At this stage, 11 categories were proposedsidn Transformer (ViT)is a type of machine
learning model that uses processing blocks capable of analyzing input data in parallel. ViT required a
tailored training phase. At the end of the training phasedel filewas generated, containing the weights
computed during training. During the subsequent testing pNéBeused the information sted in the
model file to classify object masks that had not been used during the previous training and validation stages.
The result of the testing phase is represented bgahfision matrixalong with theaccuracy precision
Recall and Fl-scorevalue. This procedure of analysis has been developed in the framework of the
collaboration agreement with the Department of Science and Technology of the University of Naples
fiParthenope
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This subsection reports the joint analysis of metemine parameters with floating plastic distribution along
the Apulian coastdere, two kinds of datasets were selecteanalyzethe floating and transportation of
plastic debris from the offshore to the nearshore/foreshore zones:

- Current dataset derived from Copernicus reanalysis considering eastward (u0) and northward (vO) sea
water velocities up to 10 m of the water column.
- Density of marine plastic debris derived from manta net surveys and subsurface water samples.

The main results obtained are referred to the main tracks followed by marine plastic debris based on the current
fields and maps of particle density.

The transport and dispersion of marine plastic debris were modell ed i
zones. The #fpl assburce, Pyhoitaset sofbware gackage designedror the simulation
of the transport, dispersal, and enwineental fate of marine plastic debris. It is a highly specialized
extension built upon the foundational Parcels (Probably A Really Computationally Efficient Lagrangian
Simulator) framework. The core innovation of plasticparcels lies in its translatibe obtplex physical
and biogeochemical processes affecting plastic particles in the marine environment into a customizable
Lagrangian particktracking model. In this paradigm, individual plastic items or aggregates are represented
as discrete, virtual pacles ("parcels") whose trajectories are computed through numerical integration of
velocity fields derived from oceanographic models.

The model operates through a modular structure that governs particle advection and a suite of state
transformation processes:

- Advection: The primary driver of movement is oceanic and atmospheric circulation. Particles are
advected by 2D or 3D current fields. A key feature is the incorporatiannof drag acting on the
exposed surface of floating debris, parameterized through a wind drift factor (often a percentage of
surface wind velocity), which is critical for accurately simulating the transport of buoyant plastics.

- Particle Characterization: Particles are defined by a set of initial properties (e.g., size, density, shape,
polymer type). These properties are not static; they evolve dynamically based on environmental
conditions, driving the model's statansformation processes.

Further processes are parameterized to obtain the plastic persistence in the water column and along the coast:

- Vertical Mixing: Simulates the effect of windriven mixing and turbulence, moving particles
between the surface layer and the water column. This is often implemented as a random walk or
deterministic mixing parameterization.

- Biofouling: A central and sophisticated process within plasticparcels. The model simulates the
colonization of particle surfaces by algae and bacteria, which increases their density. This can trigger
avertical velocity (sinking or rising), moving particles out of the widdven surface layer and into
deeper, differently flowing water masses. The rate of biofouling growth can be a function of water
temperature and nutrient availability.

- Degradation: Models the fragmentation and mass loss of particles due to UV radiation -(photo
degradation) and mechanical weathering, potentially altering their size and buoyancy over time.

- Beaching: Particles are removed from the active simulation when they interact with coastlines.
Parameterizations can determine whether beaching is permanent or temporary (resuspension after a
time period).

Here, we considered the reanalysis dataset of MEDSEA MULTIYEAR_PHY_006_004 (Clementi et al., 2019;
Escudier et al., 2020) to assess the advection processes. The dataset reports the u0 and vO hourly current
components in a netCDF file with 0.04x0.04 degrefesell resolution. The current speed was assessed
through the following relationship, for each cell in a given time:
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The particle characterization was obtained from direct sampling performed in the offshore areas of the Apulia
coasts (Tablé.2.7). The particle characterization is represented by density in the sample point and radius
of the debris.

Table 4.21: Particle characterization for the different surveys considered for the model simulation.

ID Lat and Lon of| Time of | Kind of surveys | Density Radius of
sample points simulation (items/m2) debris (m)
Survey 1) 40.24N 17.8E | 01/02/2016 | Manta net (Dalld 1) 0.325 1) 0.001
02042016 | 2) 40.23N 17.87E | 01/04/2016 g’ggg) et al.l 5 0325 2) 0.001
3) 40.18N 17.79E 3)0.325 3) 0.001
4) 40.47N 17.17E 4)0.325 4) 0.001
5) 40.45N 17.18E 5) 0.325 5) 0.001
6) 40.38N 17.13E 6) 0.325 6) 0.001
Survey 1) 40.24N 17.8E | 01/09/2016 | Manta net (Dalld 1) 0.501 1) 0.001
09112016 | 2) 40.23N 17.87E | 31/10/2016 2"0”52) et al. 50501 2) 0.001
3) 40.18N 17.79E 3) 0.501 3) 0.001
4) 40.47N 17.17E 4) 0.501 4) 0.001
5) 40.45N 17.18E 5) 0.501 5) 0.001
6) 40.38N 17.13E 6) 0.501 6) 0.001
Survey 1) 40.24N 17.8E | 01/09/2017 | Manta net (Dalld 1) 0.43 1) 0.001
09112017 | 2) 40.23N 17.87E | 26/11/2017 g"(;‘zrg) et a5 043 2) 0.001
3) 40.18N 17.79E 3)0.43 3) 0.001
4) 40.47N 17.17E 4)0.43 4) 0.001
5) 40.45N 17.18E 5) 0.43 5) 0.001
6) 40.38N 17.13E 6) 0.43 6) 0.001
Survey 1) 41.5N 16.15E | 01/09/2019 | Niskin 1) 0.26 1) 0.001
092019 2) 41.2N 17.4E 30/09/2019 2) 0.08 2) 0.002
3) 40.9N 18E 3)0.08 3) 0.0005
Survey 1) 40.24N 17.8E 01/10/2020 Manta net (Tran| 1) 2.33 1) 0.001
10122020 | 2) 40.23N 17.87E | 30/11/2020 etal, 2023) | 5533 2) 0.001
3) 40.18N 17.79E 3)2.33 3) 0.001
4) 40.25N 17.3E 4)2.33 4) 0.001
5) 40.26N 17.3E 5) 2.33 5) 0.001
6) 40.22N 17.3E 6) 2.33 6) 0.001
Survey 1) 40.3N 18.55E | 01/02/2021 | Manta net (Tran| 1) 1.9 1) 0.001
02042021 | 2) 40.25N 18.55E | 20/04/2021 etal, 2023) |5 49 2) 0.001
3) 40.27N 18.5E 3)1.9 3) 0.001
Survey 1)41.16N 18.63E 01/10/2024 Manta net 1) 1.8 1)0.002
01102024 | 2) 41.16N 18.66E | 31/10/2024 2) 11 |2)0.002
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Regardinghe BL analysis, direct surveys allowid definingthe litter density along the investigated coastal
sectorgFigure 4.2.4) Obtained density values ranged frord3 items/r (estimated at Capitolo beach by
the visual screening of orthophoto)0.47 (estimated at Torre Guaceto beach by direct in situ surieys).
all the investigated sites,ast of the detected elements were artificial polymeg® o).
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Figure 4.24: Graphs reporting a) the percentage of BL materials and b) BL categories detected through the visual
screening task (BL codes refer to the classification proposed in Galgani et al., 2021). Data refer to the monitoring
activities carried out at Capital

According to the Clean Coast Index (CCI) classification, the BL density of 0.03 items/m?2 places Capitolo
beach in the fivery cleano category. However, it is worth noting tF
images is unable to detect objects smaller tharci®,5such as cigarette butts, which are responsible for
significant beach pollution and ecological impacts (Loizidou et al., 2018; Araujo and Costa, 2019;-Asensio
Montesinos et al., 2021). Therefore, the density value can be considered understatedydiygathal
spatial distribution of BL litter items along the beach profile, it emerged that the BL concentration is highest
between the storm berm and the dune toe, particularly in the-sastérn sector along the vegetation line,
reflecting the hydrodymaic and morphological setting of the beach. The spatial distribution of the BL is
consistent with the effects of recent storm events, as evidenced by the presence-deselgled storm
berm (Andriolo et al., 2020a, 2020b). Furthermore, both skariand mediursterm indicators of coastal
morphodynamics confirm a predominantly erosive trend of the beach, significantly influencing the
distribution and burial/exhumation of BL. The erosion process may remobilize previously buried litter.
These interactionsetween erosion, sediment dynamics, and litter mobility highlight the need to integrate
BL monitoring with coastal geomorphology investigations (Rizzo et al., 2023; Anfuso et al., 2024). The
characterization of collected items highlighted that severalsiteave a foreign origin (e.g., from Albania
and Greece). This latter aspect emphasizes the role played by the longshore drift in the marine litter
dispersion and its accumulation on the beach and the role of regional circulation in transboundary litter
transport (UNEP/MAP, 2015; United Nations Environment Programme, 2021).

Activities focused on the analysis of BL distribution and movement during storms have highlighted that, on
average, for the same storm intensity, small pocket beaches are characterized by higher average CCl values
than larger beaches and tend to retaintevés longer. Furthermore, it should be noted that more intense
storm surges generally lead to an increase in CCl values, while less intense ones lead to random and, in any
case, limited variations compared to the previous situation, with numerous taspsovements in the
CCI. Finally, the first intense autumn storm surges are characterized by the greatest increases in beach litter
on beaches.

The approach based on the indirect analysis of orthophots derived from aerophotgrammetric surveys proved

to be a suitable alternative solution for thesitu BL monitoring action for the identification of litter items
falling in the macrditter category(>2.5 cm). Overall, the findings underline the importance of
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implementing a harmonized and spatially explicit monitoring framework that combines in situ observations

with indirect analysis exploiting the UAV image manual interpretation.

The results obtained from the application of the proposed algorithms allow to state that, althddgbkihe
RCNN-based algorithm turned out to be more suitable for the detection task compared with the analysis
tools already available in QGIS, its performance was not good enough to support operative beach litter
monitoring programs and still requires improwents to increase the automatic classification performance
(Sozio et al., 2024). On the other hapdgliminary results obtained by the application teé SAMVIT
model showed that, at the current stage of implementation, it alloyisltbhimage classification with an
accuracy of 0.93 and an store of 0.6. Therefore, the method demonstrated high reliability in detecting
beach litter and thus represents a robust and effective approach for assessing its spatial distribution and
identifying major accumulation zones.

For what concerns MPs, the analysis carried out on the sediment samples collected at Capitolo beach revealed
that a total of 274 MPs were found in sediment samples collected along the first transect (Transect A), while
116 MPs were found in samples frone tsecond transect (Transect B), corresponding to BB%3kgand
1289MPs/kg, respectivelyThe detailed quantitative results are indicated in Table 4.2.2 and Table 4.2.3.

Table 4.22: MPs identified in each sample collected at Capitolo beach expressed as quantitative value (number of MPs)

and density value (MPs/kg). (AS0o ref er s-10tnodemhir f ac e
Total Fibers Fragments Foams Pellets
Sample Sector
MPs MPs/kg  (MPs/kg) (MPs/kg) (MPs/kg) (MPs/kg)
AlS Foreshore 22 488.89 377.8 88.889 22.222 0
AlP Foreshore 40 888.89 866.7 88.889 22.222 0
A2S Berm 41 911.11 755.6 155.56 0 0
A2P Berm 23 511.11 466.7 44.444 0 0
A3S Dune limit 83 1844.4 1444 177.78 200 22.222
A3P Dune limit 65 1444 .4 1444 0 0 0
B1S Foreshore 18 400 333.3 44.444 22.222 0
B1P Foreshore 19 422.22 422.2 0 0 0
B2S Berm 15 333.33 311.1 22.222 0 0
B2P Berm 23 511.11 466.7 22.222 22.222 0
B3S Dune limit 19 422.22 333.3 0 44.444 44.444
B3P Dune limit 22 488.89 488.9 0 0 0
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Table 4.23: MPs identified in each sampling point expressed as quantitative value (number of MPs) and density value

(MPs/kg).
SAMPLING Total Fibers Fragments Foams Pellets
POINT 5% MPs MPs/kg (MPs/kg) (MPs/kg)  (MPslkg) (MPs/kg)

Al Foreshore 62 688.89 622.22 55.56 11.11 0

A2 Berm 64 711 611 100 0 0

A3 Dune limit 148 1644 1444.44  88.89 100 11.11
B1 Foreshore 37 411.13 377.8 22.22 11.11 0

B2 Berm 38 422.23 388.9 22.22 11.11 0

B3 Dune limit 41 455 411 0 22 22

both analyzed fansects, the concentrations of fibers were very high (about 90 %) compared to the other
types of MPsIn contrast, fragments and foam presented much smaller percentages (6.7 and 3.6 %), with
pellets being < 1 %. The microscope observations also allowed for the distinction of MPs particles into 9
different colours. The most abundant colours in both trasseete black and transparent, representing
respectively 45.6 and 26.7 % of the total amount of particles. Regandingect A, observations revealed

a hgh presence of dark fibers (with a maximum of 52 MPs in sample A3P) and transparent fibers in large
numbers at sampling point A3S. Blue, pink, and white fibers were also visible. Various fragments were
noted, characterized by different colours (transpared, blue, purple, green, and black). Furthermore, a
significant quantity of white foam (9 MPs) was observed in sample A3S, corresponding to the largest size
class 49991 0 0 0). Egamining the filters obtained frofransect B, an abundance of fiberswaserved

in all collected samples, totalling 106 particles, including red, blue, and white fibers. Among these, 40 dark
and 40 transparent fibers were identifiéle presence of white foam was noticed. The analysis revealed a
total of four fragments in different colours, including transparent, green, and black. A transparent and an
orange pellet, as well as a grey foam, were also present. Finally, in Eig&ehe relative abundance of

the MPs particles in each sample is shown in relation to thelisgngmsition along the beach profile.
According to data, fibers represent the most abundant typology in all the samples, characterizing the whole
beach profile. On the contrary, the presence of pellets has been highlighted only in the samples collected in
proximity to the dune limit (samples A3 and B3), being absent in all the other samples.
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Figure 4.25: Graphs reporting the percentage of MPs for each sampling point subdivided by shape. Eafit dash
rectangle corresponds to a different sector of the beach profile: foreshore (yellow), storm berm (green), and dune
limits (red).

The analysis of MP<ollectedalong the Pino di Lenne coastal system provides a detailed picture of how
microplastics are transported, retained, and redistributed within a morphodynamically stable Mediterranean
beach. The use of an efitendly extraction protocol based on olive oiladated the effective isolation of
MPs across all 40 sediment samples and ensured the recovery of plastics with varying densities without
introducing harmful reagents into the workflow. Visual examination under optical micyosoofirmed
fibres as the dominant morpholdgynainly black and blu@ followed by fragments, while films and
pellets were comparatively rare. This pattern is consistent with the contribution of both marine and
terrestrial sources, as well as with the rewagkprocesses typical of microtidal wageminated beaches.

Quantitative results reveal strong spatial heterogeneity across the investigatedisoiiments. The highest
microplastic concentrations were found in the submerged sandbar (2435 MPs/Bgh¢haria alveolata
bioconstructions (2324 MPs/kg), and the dune base (2065 MPs/kg). These hotspots correspond to areas
characterized by sediment trapping, lower current velocities, or biological structures capable of
incorporating particulate material. In particular, Bebellariabioconstructions act as efficiebiological
filters, capturing MPs both activélythrough particle selecti@hand passively, as fibres and fragments
become embedded within the tube matrix. Conversely, the estuarine channel exhibits the lowest
concentrations (718 MPs/kg), reflecting eledabydrodynamic energy, continuous flushing, and limited
potential for longterm deposition. Intermediate concentrations were detected in the backshore, offshore,
and offshore transition zones, where MPs may be temporarily stored but are not consisaemily deie
to active sediment reworkingtatistical analysis corroborates the environmental significance of these
differences.

ANOVA results show that microplastic concentrations vary significantly among the ten depositional settings,
with hydrodynamic regime, sediment texture, and biological mediation emerging as the main controlling
factors. The grouping of environments into hfaganeous subsets further highlights a clear dichotomy
between higkretention zone$ such as the dune base, sandbar, Sabellaria ree® and dynamic
environments like the channel and offshore transition, where MPs are more likely to be transported rather
than accumulatedAs shown by the distribution analysis, MPs exhibit a distinct spatial organisation, with
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higher concentrations in depositional settings and in areas where biological sttusuchsasSabellaria
bioconstructiond enhance the capacity of the substrate to retain particulate matter. These zones function
as effective accumulation hotspots due to reduced flow energy, sediment stability, and biologically
mediated trapping. In contrast, the channel dfghore transition behave as highergy corridors, where
frequent resuspension and export processes limittienmg storage. Seasonal variability ther shapes

these dynamics: winter storms mobilise plastic debris and drive its burial at the dune base, establishing this
sector as a persistent storage environment, while summer calm conditions stabilise previously deposited
particles. Submerged areaghslightly higher MPs abundances, likely due to continuousiftensity
reworking that promotes fragmentation and redistribution, as well as the ability of deeper sedimentation
processes to incorporate MPs into the offshore transition.

Overall, this conceptual framework illustrates how hydrodynamic forcing, sediment transport pathways, and
biological mediation jointly control the selective trapping and seasonal redistribution of MPs across the
beach systertFigure4.26). Overall, the Pino di Lenne coastal system demonstrates the valuehokind
of sites asexcellent naturalaboratoriesfor evaluating beach morphodynamic processes, including the
influence of anthropogenic inputs and their interaction with natural sedimentary and ecological dynamics.

WINTER

H dune 1 backshore ; foreshore 1 upper/middie | lower shoreface 1offshore
' ! ' 1+ shoreface 1 wtransition
' ' ' '

Dune  Exceptional

base Storm Berm

SUMMER

| dune i backshore \ foreshore | upper/middie | lower shoreface woffshore | offshore
| ' ' 1 shoreface \tronsition
| ' | ' i ! i

Dune Exceptional Ordinary

base StormBerm Berm

Figure 4.26: Seasonal variability in beach morphology, sediment dynamics, and microplastic (MP) distribution along a
crossshore beach profile (after Walker and Plint, 199@)e diagram highlights the contrasting spatial extent of
sediment transport under winter and summer wave regimes, together with the preferential accumulation of macrolitter
on stormrelated or ordinary berms. Microplastics are shown to concentrate neamtbéoe in both seasons, while
deeper sedimentary deposits associated with winter condéidasd offshore beyond the zone affected by summer
reworking.
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The main results of the modelling approaches reported the tracks of floating plastic debris on the sea surface
and the particle distribution density (Eigs4.2.7 and 4.2.8. The trajectories for different kinds of plastic
debris are strictly dependent on the surface current distribution, which follows the seasonality of the

Mediterranean basin.
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Figure 4.27: Simulation of plastic trajectories based on surface currents derived from Copernicus reanalysis; a) trajectory
February 2016; b) trajectory September 2016; c) trajectory September 2017; d) trajectory September 2019; e)
trajectory October 2020; fyajectory April 2021; g) trajectory October 2024.
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Figure 4.28:Simulation of the plastic density distribution in the Apulia region; a) density distribution in February 2016;
b) density distribution in September 2016; c) density distribution in September 2017; d) density distribution in
September 201%) density distribution in October 2020; f) density distribution in April 2021; g) density distribution
in October 2024.

In particular, the distribution of plastic debris along the lonian and Adriatic coasts revealed thahdpw
sandy areas, such as alluvial plains and pocket beaches, are highly impacted by plastic pollution. The model
results revealed high concentratiosfsplastic debris beached along the pocket beaches of the Salento
peninsulgFigure4.29).
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Figure 4.29: Results of plastic distribution from all simulations at different time steps, highlighting hotspot areas where
floating plastics were stranded on the beaches.

Publications (international journal 2023-2025):

Serranti S., Capobianco G., Gorga E., Cucuzza P., Bonifazi G., Rizzo A., Lapietra |., Mastronuzzi G., Mele D
- Direct identification of microplastics in marine sediments by hyperspectral imaging and machine learning
(Manuscript under review).

Lo Bue, G.,Musa, M., Marchini, a., Riccardi, M.P., Dubois,3.ico, S., Moretti, M., de Luca, A., Mancin,
N. (2025) Microplastic pollution in the littoral environment: insights from the largest Mediterranean Sabellaria
spinulosa (Annelida) reef and shoreface sediments Marine Pollution Bulletin 217 (2025) 118132

Sasso, C., Rizzo, A., Mastronuzzi, G. Anfuso, G., Lapietra, ., Liso, I.S., Marsico, A., Sozio, A., Scicchitano,
G. (2025).Unveiling coastal pollution: A muHiechnology approach to micro and macro litter assessment for
the environmental characterization of beacMss;jne Pollution Bulletin 220, 118423

Scarrica, V. M., Cocozza, P., Anfuso, G., Staiano, A., Bonifazi, G., Rizzo, A., Serranti, S. (2026).
effective approaches for microplastic pellets characterization using a machine learningctdogical
Informatics 103230.

Cocozza, P., Scarrica, V. M., Rizzo, A., Serranti, S., Staiano, A., Bonifazi, G., Anfuso, G. {2@2&plastic
pollution from pellet spillage: Analysis of the Toconao ship accident along the Spanish and Portuguese coasts.
Marine Pollution Bulletin211, 117430.

36



, Ministero
i dell'Universita
* adella Ricerca

Finanziato
dall'Unione europea
NextGenerationEU

Sozio, A., Scarrica, V. M., Rizzo, A., Aucelli, P.P.C., Barracane, G., Dimuccio, L. A., Ferreira, R., La Salandra,
M., Staiano, A., Tarantino, M.P., Scicchitano, G. (202@plication of Direct and Indirect Methodologies for
Beach Litter Detection in Coastal Environmefemote Sensing6(19), 3617.

Rizzo, A., Scicchitano, G., Mastronuzzi, G. (2024). A set of guidelines as support for the integrated geo
environmental characterization of highly contaminated coastal Sitemntific Reports14(1), 8198.

Anfuso, G., Alvarez, O., Dilauro, G., Sabato, G., Scardino, G., Sozio, A., Rizzo, A. (20R#3t Attempt to
Describe the Realime Behavior and Fate of Marine Litter Items in the Nearshore and Foreshore under Low
Energetic Marine Condition®Vater, 16(3), 409.

Marsico, A., Rizzo, A., Capolongo, D., De Giosa, F., Di Leo, A,, Lisco, S., Mastronuzzi, G., Moretti, M.,
Scardino., G., Scicchitano, G. (2023patial distribution of trace elements in subficial marine sediments:
New insights from bay | of the Mar Piccolo of Taranto (Southern Its{gter,15(20), 3642.

Conference proceedings indexed in Scopus:

Rizzo, A., Serranti, S., Cucuzza, P., Lisco, S., Marsico, A., Bonifazi, G., Mastronuzzi, G. (@pgHdation

of hyperspectral imaging and machine learning for the automatic identification of microplastics on sandy
beaches. IAlgorithms, Technologies, and Applications for Multispectral and Hyperspectral Imaging XXX
(Vol. 13031, pp. 18193).SPIE (extended abstract)

Sozio, A., Scarrica, V. M., Aucelli, P. P., Scicchitano, G., Staiano, A., Rizzo, A. (2@28hparing
Meanshift/SVM and MasiRCNN algorithms for beach litter detection on UAVs images.Conference paper in:
2023 IEEE International Workshop on Metrology for the Sea; Learning to Measure Sea Health Parameters
(MetroSea) (pp. 48387) (extended abstract

Published papers (national journal 20232025)

Sasso C., Rizzo A., Scardino G., Pell egrino L., Mastronuzzi G. (2025
|l o studio delle microplastiche nel porto di Bari 6, Rivista della Leg
Rizzo A., Scardino G. (2024) . Al pr ogetctoos tniaeurtoioc.At ti va per il moni t

Rivista della Lega Navale lItaliana.

Rizzo A., Fracchiolla T., Lapietra I., Lisco S., Liso I. S., Marsico A., Sasso C., Sozio A., Veneziano F. (2024).
AAnal i si dell a distribuzione di plastiche e microplastiche in ambie
Monografia di Geologia Ambientalecara di F. Stragapede (SIGEA)

Scardino G., Mancino S., Romano G., Patella D., Scicchitano G. (2024
dune costiere attraverso il telerilevamentoo i n: Le Dune Costiere, M
di F. Stragapede (SIGEA)

Presentations at International Conferences:

Capobianco, G., Cucuzza, P., Gorga, E., Serranti, S., Rizzo, A., Lapietra, |., Mastronuzzi, G., Mele, D.,
Bonifazi, G.- Hyperspectral imaging applied to microplastic monitoring in marine sediments from a highly
contaminated coastal site (Taranto, soutliaiy) - 11th International Conference on Sustainable Solid Waste
Management (122 June 2024, Rhodes, Greece).

Rizzo A., Barracane G., Bonifazi G., Capobianco G., Gorga E., Mele D., Scardino G., De Santis V., Lapietra
I, La Salandra M., Lisco S., Liso S., Marsico A., Mastronuzzi G., Parise M., Serranti S., Scicchitano G., Sozio
A. - Litter distribution in marine ahcoastal sediments: highlights from ongoing research prejsGsSIMP:
Geology for a sustainable management of our PlarR&tS8ptember 2024, Bari, Italy).

37



, Ministero
i dell'Universita
* adella Ricerca

Finanziato
dall'Unione europea
NextGenerationEU

Rizzo A., Anfuso G., Barracane G., Bonifazi G., Capobianco G., Cucuzza P., Gorga E., Lapietra I., Lisco S.,
Liso S., Marsico A., Mastronuzzi G., Mele D., Parise M., Scardino G., Serranti S., Sozio A., Scicchitano G.
Litter distribution in marine and co@$ environments: case studies from the Apulia region (Southernitaly)
LITTORAL 2024: European Coastal Challenge SummitZZ4September 2024, Constanta, Romania).

Capobianco G., Cucuzza P., Rizzo A., Bonifazi G., Mastronuzzi G., Serrai@r&indbased hyperspectral
imaging for the detection of plastic waste on coastal ar€812025: XLIV. Colloquium Spectroscopicum
Internationale (281 July 2025, Ulm, Germaiy

RizzoAiLi tter distribution in marine and coastal environment s: case st
Italy)) V. Wor Weomem @& n Ge o(&>203 oolihgo gy O

Bonifazi G., Capobianco G., Cocozza P., Mastronuzzi G., Rizzo A., Serratdegtification of plastic debris
on beaches by groudzhsed hyperspectral imagingECDS 2023: Emerging Concepts & Design for
Sustainability (811 October 2023, Villersur-Mer, Calvados, France).

Presentations at national events:

25/ 10/ 2024: AMare di Legalit” a Tar anttaia. Oar gani zed by Lega Navale
presentation: fAll monitorxadasdiierambi Antt dloe sdelRli & zor Ae , m&Brciama@i no G.

12/10/2025 (online): fiSeconda Giornata Regionale della Costaodo organi
dell a Puglia. Or al presentation: ifiLa caratterizzazione geoambient al

s pi a fuhers: Rizzo A, Lisco S.

12/ 4/ 2024 (online): ANott e Internazionale della Geografia (GeoNigh
met odol ogici multidisciplinari per | a AuthbrasiRizezi one del |l 6i mpatto antro
A, Lisco S, Liso S.

SGI e SIMP 2024 AGeology for a sustainable management of our Pl anet
Luca A., D6 Abbicco V., THEvaluation dmicropldstcs ie toastal al.martae Li sco S.

sediments of the lonian Sea (Southern lItaly).

XVI GEOSED MEETING (Rende, 104/06/2025) Titolo della presentazione: Tracking Microplastics in
Coastal Environments: A Case Study from Pino di Lenne, Taranto (Southern Atadgji: Lisco, S., T.
Fracchiolla, A. Rizzo , A. De Luca, C. Sasso, R. Trani, F.A. Veneziano , M. Moretti.

Dissemination:

Rizzo A., Bonifazi G., Capobianco G., Gorga E., Mele D., Scardino G., De Santis V., Lapietra ., La Salandra
M., Lisco S., Liso S., Marsico A., Mastronuzzi G., Parise M., Serranti S., Scicchitano G., SeZidtér.
distribution in marine and coastal s@énts: case studies from Apulia RegioRETURN Dissemination
Workshop (32 February 2024, Turin, Italy).

Pagliaccia B., Santini G., Lubello C., Maisto G., Gori R., Francalanci S., Polettini A., Falzarano M., Cincinelli
A., Sforzi L., Serranti S., Capobianco G., Gorga E., Falsini S., Colzi I., Rizzdvcroplastics: from the
detection to the characterizatiof their effects into the environmenRETURN Dissemination Workshop
(19-21 June 2024, Bari, ltaly).

Rizzo A., Capobianco G., De Santis V., Gorga E., Lapietra I., Lisco S., Liso S., Marsico A., Mastronuzzi G,
Mele D., Parise M., Scardino G., Scicchitano G., SerrantM&cro and Micro Litter distribution in marine

and coastal sediments: highlights fremgoing research activitiesRETURN Dissemination Workshop (49

21 June 2024, Bari, ltaly).

38



Finanziato (f % Ministero . l
dall'Unione europea | 4.t dell’Universita l [taliadomani
NextGenerationEU 7> adella Ricerca - £

PLANG NAZIONALE
DI RIFRESA E RESILIENZA

Over the last three years, our research has concentrated on microplastic (MP) contamination in marine
ecosystems, with a specific focus on the Mediterranean Sea. By combining chemical analyses with
microbiological investigations, we explored MPs distribnti composition, and how interaction with
marine organisms and environmental processes.

The Mediterranean Sea is widely regarded as one of the worl ddés most
pollution, since its serenclosed configuration, together with intense commercial activity, makes it
particularly susceptible to MP accumulation (Mase et al., 2023). Various maritime activities, such as
fishing, commercial shipping, and tourism, represent major contributors to MP inputs at sea (Sharma et al.,
2021) . Additionally, the basinds hydrodg iasaani ¢ features indicate tI
terminal sink for debris entering from the Atlantic Ocean. The presence and distribution of amatro
microlitter on the seafloor, in the water column, and along coastlines, together with their ingestion by
marine fauna and associated impacts sashentanglement or mortality, remain critical targets for
environmental management.

Our initial investigation, conducted in collaboration with the Department of Biology of the University of
Florence, assessed the spatial variability of MPs and their associated microbial assemblages in
Mediterranean surface waters. This study not only tifiethparticle abundance and characteristic but also
highlighted the role of MPs as vectors for diverse microbial communities, including specific bacterial
groups. A subsequent study focused on the Mediterranean red rilullkts(barbatu$, a species of high
ecological and commercial relevance (Santonicola et al., 2023). By employing advanced analytical
methodologies, we identified and quantified ingested MPs and evaluated potential implications for human
consumers.

Collectively, these complementary studies provide a holistic insight into MP pollution across the marine
trophic network, from opewater occurrence to biological uptake and potential human exposure, and offer
valuable scientific support for the developrmesf evidencebased policies aimed at safeguarding
Mediterranean marine ecosystems and ensuring sustainable resource management.

Case studies included the investigation of MP abundances in surface seawater and benthic fish samples,
collected from 22 commercial harbors across the Central, Western, and Eastern Mediterranean, covering a
broad area of the basin. The correlations betwdBnconcentration and type with the composition of
surface water microbial communitieereexplored.

In parallel, another study was conducted with the aim to provide adaaye assessment of MPs in the red
mullet, Mullus barbatus, a species of ecological and commercial significance in the Mediterranean. Fish
were sampled across different environmewaditions and gradients of human influence to evaluate
spatial variability in MP ingestion and identify potential contamination hotspots. A dedicated sample
processing procedure was used to examine MPs within the intestinal tracts of the fish. Red mullet
demersal fish with high ecological and economic importance in the Mediterranean (Cocci et al., 2022). It
primarily feeds on sediment, thus making it particularly vulnerable to ingesting marine debris. Due to its
benthic feeding habits and small sized mullet serves as an effective bioindicator for monitoring MP
presence and impacts in marine benthic habitats. Moreover, being a commercially important species red
mullet also represents a potential route for MPs to enter the human food chain, highlightelevance
for food safety considerations.
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The lack of harmonized protocols remains one of the main obstacles in the field of MP analysis, leading to
inconsistencies in data generation and limiting the comparability of results between studies. From sampling
to extraction and identification, each timedological step can significantly influence the reported
concentrations and polymer profiles. This problem is particularly critical in biological matrices such as fish
and food products, where complex organic components complicate isolation and mificatesses,
often requiring strong chemical or enzymatic treatments that can alter or degrade plastic polymers. The lack
of standardized and validated procedures not only hinders the accurate quantification of MP in edible
organisms but also compromis#é®e robustness of food safety and human health risk assessments.
Therefore, the development of harmonized analytical frameworks and validation protocols is essential to
ensure data reliability, promote comparability, and ultimately support regulatagsatmed at mitigating
MP exposure through the food chain (Figure 1).
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Figure 4.31: Schematic of the followed protocol.
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MPs were visualized and quantified using a Leica S9iper stereomicroscope equipped with a FLEXACAM C1
digital camera. Items were classified according to morphological features, size, and color. Following
stereomicroscopy, the samples were analyzed usin@RiitR 2D imaging to chemical characterized the
polymers. Spectral analysis was performed by comparison of characteristic absorption bands and full
spectral profiles to reference spectra from the literature.

Strict quality control and quality assurance measures were applied throughout sampling and sample processing.
Operators wore gloves and laboratory coats of known composition and color. Only glassware and stainless
steel equipment were used, cleaned seéalbnivith distilled water, ethanol, and ultrapure water, wrapped
in aluminum foil. All sample handling was conducted in a controlled environment. Procedural blanks were
included at all stages of sample processing and digestion, with filters positiomedengigration system
to monitor airborne contamination, ensuring the reliability of results.

The sampling campaign was carried out in 22 areas of the Mediterranean Sea. For each site, 1 L of surface
seawater was collected directly, and 4 specimens of red mullet were purchased from coastal commercial
fisheries.

Water samples were directly filtered on the glass fiber filter under vacuum. The digestion protocol of the fish
intestine involved a first freezdrying step, and chemical treatment using 1:10 w/v of 30% hydrogen
peroxide, at 60°C for 96 h. A saturated Kgdlution was used as density separation medium, after the
digestion step, to maximum recovery of all polymeric items. Finally, the filters were put in Petri dishes,
covered, and stored inside desiccators. If the organic matter impaired the chemicakchatiaa, a
second digestion step was performed, using 0.05 M KOH. Statistical anahserformed to assess
significant differences between data.
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n.a.

MPs were detected in all but one water sample (n=21), at varying concentrations. The predominant form was
fragments, followed by fibers, and the greatest abundance of MPs was in the size raifigé wind
Fragments and fibers were mainly characterizetblbgk, red, and blue colours. Several polymers were
identified in surface seawater, mainly polyethylene (PE), polyethylene terephthalate (PET), and polyamide
(PA).

In the overall intestine of the Mediterranean mullet analysed, the frequency of MP detection was 77.3%. Fulton
condition factors (K), a parameter related to fish metadata, were calculated. No significant correlations
were found between K and abundancesesged as items/individual at the sampling site, while significant
differences were found between sampling sites for abundances expressed as both items/g ww and
items/individual. Variability in MP ingestion rates was detected, probably attributed ta#tmioof the
sampling points and the sampling period. The dominant form ingested was fiber, followed by fragments,
with a prevalence of dark and transparent colors. The most frequently identified polymers were polymethyl
methacrylate (PMMA), ethyl vinyl@etate (EVA), and polyethylene terephthalate (PET). The ingestion of
microplastics by commercial fish species highlights their dual importance as bioindicators of marine plastic
pollution and as a potential food safety concern.

Publications

Stefano Nenciarini, Saul Santini, Laura Sforzi, Alessandro Russo, Aldo D'Alessandro, Sonia Renzi, Lorenzo
Cipriani, Tania Martellini, Alessandra CincinelRistribution of microplastics and associated microbial
communities in Mediterranean surface wat8tdhmitted taJournal of Hazardous Materials Advances

Laura Sforzi, Saul Santini, Stefano Nenciarini, Tania Martellini, David Chelazzi, Lorenzo Cipriani,
Alessandra Cincinelli, Duccio CavalieiVicroplastics in Mediterranean red mullet (Mullus barbatus):
advanced analytical approaches and food safety asseskmeet.revision

Dissemination

Poster presentation "Distribution and characterization of microplastics in the coastal areas of the Mediterranean
Sea" L.Sforzi, S.Santini, L.Santi, S.Nenciarini, A.Russo, D.Chelazzi, T.Martellini, A.Cincinelli,
D.Cavaliert 05/05/2024i 09/05/2024 Sevill§Spain), 34th Congress SETAC

Or al presentation ACrossing Aquatic Systems: I nsights into Micropl as
Sforzi L., Martellini T., Cincinelli A. PhD Symposium in Chemical Science PiCSU 4th ed., Florence
(Italy), January 1417, 2025
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In the field of research applied to the presence and spread of microfls&sn the marine environment,
the initial data on the type of items (in terms of shape and polymer) presestuilyaareatogether with
the dynamic characteristicsibfthey arehe basis foamathematical models to understand the mechanisms
of MPs dispersion and identify the main transport routes and areas of depogiflanet al., 2023;
Simantiris et al., 2022furthermore, in a port marine environment, knowledgbotii the quantity and
type of MPscontained irbottomsediments anthe dynamicsof the water masses also the starting point
for understanding the mechanismsMiPsrelease from bottom sediments subject to resuspension due to
the action of propellers during ship transit or maneuvesyinigas a result of sediment movement, as occurs
during dredgindJi et al., 2021)

When MPs enter the marine environment, their composition (polymer with specific density) and shape
(fragment, granule, sphere, film, etc.) play a fundamental role in determining their behavior along the water
column in terms of buoyancy, sedimentation time, rasist to chemical and mechanical degradation, etc.
(Waldschlager et al., 20223imilarly, thevelocity and direction of currents typical of the area whdfes
are dispersed, as well as fifgysicalstratification of the water column, play a fundarta role in the path
theitemswill follow andthe time it will take to settle

In this section, we present the sampling carried out and the results obtained within the Port (iN®énoa
Italy), regardingooth theMPspresent in the bottom sediment and the dynamics and the phgyisaraical
characteristics of the water column. Tresultsobtainedare the starting point for the application of
microplastic diffusion modeling in the port environment.

Data of the water masses of the port were acquired in collaborationWith?2 fiSetting the scene on
environmental degradation stressors in terrestrial and marine enviranment

The Port of Genoa (Figure 4.4.1) is a complex basin in which commercial, industiglational and port
service functionoexist.It is a leader in the traffic of conventional goods, transported by ships with
differentiated characteristics (traditional,-n@ specialized).It is also an important porbf the
Mediterranean Séfar cruise traffic, serving as a departure point opster for numerous cruise ships, but
alsoferries.There are numerous marinas inside, and the inner part of the port is very popular with tourists.
The entire port basin is dominated by the city of Gg6@®,000 inhabitanjsand includes the mouths of
numeraissmallcity streamsand two importaninajor streamgPolcevera and Bisagno strearas)well as
civil and industrial wasteBecause of these characteristics, there are many possible sources of pollution in
the port waters and sediments, including plastic pollution. One contributor certainly comes from rain that
causes runoff from the streets of Genoa, and, within the port, dibthe commercial and industrial
activities.

Two studysites within the Port of Genoa were chosen for sediment sampling for the quantificationaridPs
acquisition of dynamics and water parameters: &ita 1andSte 2 at thewesternandeasern entrance to
the port, respectively (Figure 4.4.1).

Site 1 is located near the western entrance to the port, in front of the mouth of the Polcevera stream, and is
therefore directly affected by the stream flow. It is also subject to the influence of the open sea and
storm from the southeast. Ship traffic in this area is very limited.

Site 2is located near the eastern entrance to the port; it is subject to the influence-s¢apeaters and sea
storms from the southeast; it is affected by solid and freshwater contributions from the Bisagno stream;
both commercial and tourist shipping tiafaffect it.
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Figure 4.41: The Port of Genoa: localization of sampling (black dot) and measuring (red rhombus) Sitel and Site 2; blue
arrows show the position of streams; in black the main parts of the port.

Dynamicsand ghysicatchemical parameters of the waterasseswere measured bfixed and mobile
instruments.

Fixed monitoring stations (Site 1 and Site 2) are deployed on the internal part of the port breakwater at 7 m
depth and continuously measure. Fixed stations are equipped with a multiparametric probe (CTD,
Idromarambiente) with temperatufi@ °C) and a horizontal acoustic Doppler current profilerABCP
WorkHorse 300 kHz, RD Instruments) for current veloitym s') and directior(in ° N) measurement.

The instruments were programmed to take a measurement every 15 minutes, 24 hours a day, continuously.
For the data returrhin #15 of theADCP was taken into consideration, which measures currents at a
distance of approximatelys6n from the breakwater towards the center of the channel.

Periodically (approximately once a week, weather and sea conditions permitting, and depending on shipping
traffic), a portable CTD (ldromarambienteyas used by monitoring vessel for measurements of
temperature, salinitydensity (in kg n¥) andturbidity (in Formazin Turbidity Unit§ FTU) in the water
column (from the sea surface to thettom) near the fixed statiofhis was done to identify any
stratification in the water column during different seasons, causéedyy rainfall and the presence of
river mouthsor the warming of surface waters typical of sumniiata was acquired from May 2023 to
April 2025.

Sediment from the Port of Genoa were sampled on 12 January 2024 and 14 October 2024 with sttalnless
5-L Van Veen grab in two different sites (Site 1 and Site 2). Sediment was collected with a metal spoon
and placed in a glass jar. All materials useste previously rinsed with microfiltered water. The samples
were kept in a refrigerator at +4 °C until analysis.

The weather and sea conditions during the January 2024 sampling were characterized by calm seas, clear skies
and no wind. The period was characterized by generally stable weather.

The weather and sea conditions during sampling of October 2024 were characterized by rough seas-from south
east, strong winds from sou#last and rain. The period was characterized by heavy rainfall. In fact, in the
days prior to the measurements, largardities of rain fell on the territory (Figure 4.4.2), affecting in
particular the western area (Weather Alert was issued on 8 October 2024 by the Liguria Region), resulting
in large quantities of organic material and debris being carried into the R&éenofa basin. The sea was
also rough, with a warning for heavy sea storms on 9 and 10 October.

The bottom sediment was sampled on 14 October 2024 also for the various research groups involved in WP3
for the application of different methods of extraction and characterization of MPs from marine sediments
(Deliverable 4.3.3 Improved methodologies for contaminant monitoring in marine coastg). area
samples collected in HDPE jars (to facilitate transport to the various locations), which had been previously
rinsed with filtered water, were then sent to the laboratories of the Universities of Bari, Florence and Rome
for analysis.
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Figure 4.42: Hydrometric levels of Polcevera Stream (above) and Bisagno Stream (below) during the days before the
sediment sampling campaign of 14 October 2024.

- Sample processing and item extraction

1) Sediment samples collected during the campaign on 12 January 2024 (S1 and S2) underwent the following
preliminary treatment in order to degradaterial composed of carbonates, strongly present in the sediment
(sediment grains, fragmentsmollusk shells, foraminifera)n this regard:

1 25 mL of samples S1 and S2 were-peatedwith HCI (4%)in a glass beaker.

Inside each beaker, 200 mL of microfiltered supaine water with a density of 1.3cg7® was added. The
supersaline water was obtained by dissolving 2400 g of M@ClL L of fresh water. MgGlwas used
because it produces a ntoxic solution with a higher density than that obtained with the more common
NaCl (Cutroneo et al., 2021).

The mixtures of sediment and susaline water thus obtained for each sample (S1 and S2) were stirred for 2
minutes with a glass rod in order to homogenize and suspend the sediments and then left to settle for 48
hours. At the end of the sedimentation period, 10 mL of supernatant containing floating particles was
collected using a glass pipette and transfeiweglass jars. The operation was repeated three times for each
sample, obtaining a total volume of 30 mL of supernafBime. supernatants were thiitered on GF/F
glass microfiber filters (diameter 47 mm, pore size 0.7 um; Whath&E HealthCare UK Limited, Little
Chalfont, UK) and rinsed witR L of prefiltered fresh water to remove salt residues and prevent crystal
formation. Finally, the filters were placed inside Petri disfiée sample treatment and extraction carried
out in this way led to the collection of a large amount of materiathe filter, as can be seen from the
photos of the filters shown in Figure 4.4.3.

II) Sediment samplesollected during the campaign on 14 October 2824 and S2) were divided in two
aliquots (S1.1 and S1.2, S2.1 and S2.1)amdkerwent different preliminary treatments in order to assess
the effectiveness of hydrogen peroxide@) on the sediment, particularly with regard to its ability to
degrade organic matter. In this regard:

1 25 mL of samples S1.1 and S2.1 were nottpated but were directly dried in a thermostatic oven at
60°C for 24 hours and then weighed

1 25 mL of samples S1.2 and S2.2 weretpeated with 50 mL oH20: solution 40% wv, in orderto
increase theegradatiorof the organic substance presértte reagent was left to act for 48 hours.

In subsequent operations, all samples (S1.1,,8221 and S2.2) underwent the same procedures and
treatments aimed at studying the microplastic content, as reported below.
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Inside each beaker containing 25 mL of sediment sample, 200 mL of microfiltereesaliperwater with a
density of 1.3 gn® was addedThe mixtures of sediment and susatine water thus obtained from all
the samples (S1.1 and S1.2, and S2.1 and S2.2) were stirred for 2 minutes with a glass rod in order to
homogenize and suspend the sedimentsfamleft to settle for 48 hours. At the end of the sedimentation
period, 10 mL of supernatant containing floating particles was collected using a glassgrigetansferred
to glass jars. The operation was repeated three times for each sample, obtaining a total volume of 30 mL of
supernatant.
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Five mLo f  Hsolublon 40% wv was then added to each sample in order to degrade the organic substance
insupernatantAd d i t i on of HforQl timespaesr rsegprepaltee.d At each stage,
gradually to prevent the degradation reaction from causing the supernatant to spill out of the containers.

The supernatants were then filtered on GF/F glass microfiber filters (diameter 47 mm, pore size 0.7 um;
Whatman, GE HealthCare UK Limited, Little Chalfont, UK) and rinsed with 3 L of-fitered fresh

water to remove salt residues and prevent crystal formation. Finally, the filters were placed inside Petri
dishes. The effect of #D, was visible in the supernatant inside the glass jars, as samples S1.2 and S2.2 had
less floating material on the surface than the untreated sa(Bfilldsand S2.1put it became evident once
filtration was performed on the filters (Figure 4.4.3).

Figure 4.43: Filters inside Petri dishes: on top, filters Si and S2 obtained from the first sampling campaign without the
use of HOy; below, filters S1.1, S1.2, S2.4nd S2.2 obtained from the second sampling campaign after the use of
the HO; to eliminate organieatter.
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- Items analysis

Filters were observed using a Leica Z16 APO optical microscope (5x magnification) operated by Leica
Application Suite 3 analysis software (Leica Microsystems, Mannheim, Germany), which allowed for
image acquisition, counting, and morphological and dimeasitraracterization of theemscollected on
the filters. Theitems identified were then classified according to shape (fragment, pfiet, film,
granule, and other), color (white, red, orange, blue, black, grey, brown, green, pink, yellow ananather
size. ltems smaller than30 um were not taken into consideration duethe optical resolutiorof the
instrument used.

Between 20% and 40% of titemsidentified on the filters were subsequently chemicahgplyzeusing the
XploRA™ PLUS micro-Raman(pRaman spectrometer (Horiba Scientific, Ltd., Kyoto, Japan) and the
associated LabSpec 6 Spectroscopy Suite software (Horiba Scientific, Ltd., Kyoto, Jaesfo)lowing
instrument settings were useldser 785 nm, filter 10%, range 168800 cmt, grating 600 g mm,
acquisition time 30 s, and accumulation 3 tinfHse pRaman spectra resulting from the analysis of the
itemswere compared with those in th®aman spectral library of Wiley's KnowlIt&lSoftware (version
24.2.72.0; John Wiley & Sons, Inc., Hobokéil, USA) and considered valid only when the match was
greater than 70%Rarticles smaller thaBO pm were not taken into consideration, as was previously done
during characterization under thpticalmicroscope.

Given the large amount of material collected on filters S1 and S2, the cataloging of items unog¢icahe
microscope, as well ggRamananalysis, was reduced to only those items with clearly identifiable shapes
and colors (e.g., fibers and pellets), leaving out everything else. This still allowed us to obtain preliminary
information on any foreign materials present in the sampled sediment

- Precautions

During all stages of sample handling in the laboratory, strict precautions were taken to minimize the risk of
microplastic contamination. Operations were performed under a fume hood with the exhaust flow turned
off, using only glass or steel utensils, whigere rinsed beforehand with microfiltered fresh water (obtained
by filter paper), and whenever operations did not require exposure of the samples to air, they were covered
with a glass cap. Operators wore cotton goamd coatso avoidthe release of sighetic fibers.

To monitor potential environmental contamination, a GF/F cogtasifilter was used, identical to those used
for sample filtration. This filter was exposed to the air each time the samples were handled witfrout lids
laboratory The analysis of the control filter proved to be fundamental during morphological observation
under an optical microscope, as it allowed the identification and exclusion from the final count of any
particles that may have been introduced during the latrgrahases and not atititable to the original
samplesSince the filters were exposed to air durjrigamananalysis, an additional GF/F control filter
was also exposed to air during measurements. Both control filters were then analyzed using both optical
microscopy andiRamanspectroscopy in order to identify and remove any environmental contamination
from the final dataset (Figure 4.4.4).

The following diagram shows the sequence of actions performed on the samples and the refzdtdtimmti
precautions takerspecifically, the diagram refers to samples from October 2024.
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Figure 4.44: Schematic representation of the steps performed in the laboratory for samples of 14 October 2024 under
the optical microscope and with pRaman (black boxes) and the precautions taken to limit environmental contamination
(red box).

An initial study of microplastic modellingwas carried out in recent years by the University of Genoa
(Department of Civil, Chemical and Environmental Engineering) thanks to the SPlasH! and SPlasH & Co
projects, as part of the Franltaly Interreg Maritime 20142020 Programme.In the simulations
(deliverable of t h eSPIBIF K aCo H1.2& Scermari ¢ dispereood diuti fi
galleggianti p d littps;//interregmaritime.eu/web/splasto), for each selected weathsga scenario,

10,000 virtual particles representing potential plastic objects were released within the port and their
preferred paths of movement were identified. The main scenarios selected were those characterized by
winds fram the N, SE and SW. The resuttistained with wind and sea from the SW are shown below as

an example (Figure 4.4.5).
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Figure 4.45: Example of simulation of plastic dispersion in the presence of SE wind and resulting trajectories.

The data collected within the Port of Genoa and presented in this deliverable represent important basic
informationin the long ternfor the application of numerical models, which simulate the behavior of plastic
items from the point of release in the port environment, under the various forcing that characterize the port
(sea currents, input from streams, characteristics of the wéitenrtp

Regarding ginamics and chemicghysical parameters of the water colurbelow are the results of the data
collectedby both fixed stations and mobile stations from May 2023 to April 20&@&.interruptions in the
parameter profiles of the fixed stations are due to the removal of instruments for extraordinary maintenance
necessary for the upkeep of the equipmPig¢ase note that, by convention, the direction of the current
indicates the directionvherethe water masses mov@s opposed to the direction tife wind, which
indicates the direction from which it is coming).

Dynamics measured by fixed ADCP

Currents measured at the fixed station at Site 1 showed speeds between Gtand¥).With the highest
values occurring durin§Eseastorns or ship transitsThe prevailing directions alternate betwé&SEand
WNW (Figure 4.46 and Figure 4.4).

Currents measured at the fixed station at Site 2 showed speeds between 0 and9.@4hntie highest
values occurring during SE sea storms or ship transits. The prevailing directions alternate between ESE and
WNW (Figure 4.46 and Figure 4.4).
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Figure 4.46: Velocity (in red) and direction (in black) of currents measured by the fixed station at Site 1 (above) and
Site 2 (below) (reference bin #15).

"
"~"“ .’Io'
., SHNES

Current
o N | velocity (m s-1)
[3>0-0.1

Current
velocity (m s-1)

[>0-0.1
>0.1-02 E>01-02
Em>02-03 Em>02-03
180°N -3 180° N 1503

Figure 4.47: Polar diagram of the main directions of the current based on the measured velocity (colors in the legend) at
Site 1 (left) and Site 2 (right) (reference bin #15).

Chemicalphysical parameter measured by fiXxe@iD

Regarding chemical and physical parameters of the water masses, tempeaataieen into account at the
fixed stations, antemperaturesalinity, turbidity and density in the measurements taken from the boat. In
particular, water turbidity is an indicator of apjume that can be generated by various natural and
anthropogenic factors (river flooding, resuspension of bottom sediment generated by wave motion or the
action of ship propellers and tugs in transit and maneuvering in port, port dredging) aadgamot only
sediment particles but al8Ps, thus promoting their spread in the marine environment.

Temperatures at-ih depth at Site 1 (Figure 48}.were between the minimum of 13.1 °C measured on 19
February 2025 and the maximum of 28.3 °C measured on 20 July PB@3summer of 2023 was
characterized by a heatwave that brought record tenopesaboth in the air and at s@august 2023 saw
the highest maximum air temperatyB¥.9 °C)since temperature measurements began in bg3Be
Historical Meteorological Observatoof the University of Genoghttps://life.unige.it/agost@023record
caldg. This record value is associated with thigh-watertemperature measured by the fixed statfn
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Site 1.Temperatures at-ih depth at Site 2 (Figure 4.4.8) were between the minimum of 12.7 °C measured
on 20January 2025 and the maximum of 28.7 °C measured on 14 August 2024. Maximum temperature
measured in summer 2023 was 28.5 °C on 20 July, confirming values measured at Site 1.

Site 1 - Temperature
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Figure 4.48: Temperature (°C) at the fixed station of Site 1 (above) and Site 2 (below).

Chemicalphysical parameter measured impbile CTD
Minimum and maximum water temperature, salinity, turbidity and density measure by the mobile CTD at Site

1 and Site 2uring the study period are reported in the following table:

Table 4.41: Summary of parameters measured at Site 1 and Site 2 by mobile CTD.

water column)

Site 1
Parameter Minimum (date) | Depth (m) of | Maximum (date) | Depth (m) of
minimum maximum
(layer in the (layer in the

water column)

Temperature (°C)

12.0 (14/02/2025)

1 (surface)

28.3 (01/08/2024)

1 (surface)

water column)

Salinity 21.1 (25/03/2025)| 0O (surface) 40.3 (30/11/2023) | O (surface)
Turbidity (FTU) 0.3 (06/07/2023) | 9 (intermediate) 21.0 (31/08/2023) | 14 (bottom)
Density (kg nT) 15.3 (25/03/2025)| 0 (surface) 30.2 (30/11/2023) | O (surface)
Site 2
Parameter Minimum (date) | Depth (m) of | Maximum (date) | Depth (m) of
minimum maximum
(layer in the (layer in the

water column)

Temperature (°C)

12.6 (21/01/2025)

17 (bottom)

28.4 (05/08/2024)

0 (surface)

Salinity

31.3 (02/05/2024)

0 (surface)

39.8 (01/08/2024)

8 (intermediate

Turbidity (FTU)

0.2 (21/02/2025)

1 (surface)

13.1 (02/05/2024)

0 (surface)

Density (kg nT)

23.0 (02/05/2024)

0 (surface)

29.6 (12/01/2024)

0 (surface)
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The following figures show the frequencies of the values (Figuré)4add the temporal distributions in the
water column (Figure 4.40) of the different parameters acquired at Sitnd Site 2
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Figure 4.49: Frequency of temperature, salinity, turbidity, and density data measured with mobile probe at Site 1 (left)
and Site 2 (right).
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Figure 4.410: Vertical profile of temperature, salinity, turbidity and density at Site 1 and (left) and Site 2 (right).

The differences between the two measurement sites highlight the complexity of the marine environment in the

Port of Genoadue to the morphology of the basin, but also to the characteristics of the territory in which
it is located and the climatic and meteorological conditions that charactefigsdribed in Deliverable
4.2.2- Design of datasgtDifferences show aldwow both the different dynamic conditions and the uneven
distribution of rainfall and related contributions from streams can creatgigr conditions that could
theoretically have a significant influence on the transport and spread of microplastics int thenice
environment. Below (Figure 4.41] are the vertical profiles of the characteristics of the water column
(salinity and turbidity) measured after rainfall at Site 1, in front of the mouth of the Pol&iveaa) and
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at Site 2, at the eastern entrance to the port near the mouth of the EBs@gmoln the first case, relatively
fresh water is visible in the surface layer, along with a turbid layer generatedibpubef thePolcevera
Stream in the second case, there are no indications of the influence of the B&iagam

Site 1 - 29/10/2024 Site 1 - 29/10/2024 Site 2 - 29/10/2024 Site 2 - 20/110/2024

Salinity Turbidity (FTU) Salinity Turbidity (FTU)
34 35 38 v 38 0 ] 12 15 18 34 35 36 37 38 0 3 6 1

0 0 0 0
|
2 2 2 | 2
4 4
4 4
j 6 6
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Depth (m)
De;m (m)
®
Depth (m)
ﬂﬂr; (m)

Figure 4.411: Vertical profiles of salinity (in blue) and turbidity (in red) at Site 1 (left) and Site 2 (right) measured on
29 October 2024 after rain.

Results obtained from the analysis of items extracted from sediment samples are showitdmetoenllected
on the filters were first counted and classified under an optical microscope according to shape, color and
size, and then analyzed usipRaman to determine their compositiofhe resultscan provide very
important information about the shapeMfPsand the polymer they are made of. These two characteristics
are fundamental pieces of information for applying MP dispersion models, as both determine how the MP
will behave once it enters the marine environment.

- Results othefirst sampling (12 January 2024)

Due to the large amount of organic mateofavegetal origimpresent in the samples taken on 12 January 2024,
which was extracted together with possible MPs and collected on the filters, the coanting
characterization of the itenis these samplesan only be considerggartial as many items were probably
hidden from view by the organic material deposited on top of théentherefore only considered éiis
with an easily identifiable shape and fragments of striking colors that were difficult to tettrdboatural
materials (such as pink, blue or yellowhe results for filters S1 and S2 are therefore indicative of the
possibleMPs present in the sediment sampleg can still provide &luable information in termsf their
shape, size, color and compositievhich is useful for understanding the environmental impact on the
marine environment of the Port of Genoa.

Observation under optical microscoffégure 4.4.12pllowed for the identification of 39 items in S1, 82%
fibers, 10% fragments and 8% granules, witB2ms white, 18% blue and 10% green. Sizes are mostly
between 250 and 1000 um. Fofgur items were considered in samples S2 divided in 68% fibers, 18%
fragments and 14% granules; colors identified are white, blue, black and green; sizes are mogily betwe
250 and 1000 pm.

MicroRaman analysis of items revealed pink, blue and black fibers and blue and green fragments characterized
by the presence of dyes or additives (such as @i®k). The orange and white granules were found to be
minerals.
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Figure 4.413: Fibers found in the control filter.
- Results othe secondsampling {4 October2024)

Observation under optical microscope allowed for the identification of 64 items in S1.1 (Tebénd.Eigure
4.4.14), divided into 45% fibers and 42% fragments. Item sizes are divided into all the size classes, while
predominant colors are blue, black and white. S2.1 shows the presence of 88 items, divided into 61%
fragments and 28% fibers. Sizes are mainly,fbdow 250 um. Prevailing colors are blue, black, white
and grey.

For sample S1.1, 24 itemeere analyzed withRaman, only 10 returned spectra with appreciable peaks and
8 were recognized: 2 fibers composed of plastic mafgrigiEthylene terephthalat@)PET,andpolyester
i PES, 4 fibers for which only the dye was determined, 1 fibecellulose and 1 fragment of calcium
carbonate.For sample S2.127 items were analyzed witplRaman, only 2 returned spectra with
appreciable peaks and 13 were recognized: 1 fiber composed of plastic mat@ralgylene)], 4 fibers
and 1 fragment for which only the dye was determined, 1 fiber of cellulose and 6 frimethetsbf calcium
carbonate or quartz.
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Table 4.42: Classification of items from samples S1.1 (left) and S2.1 (right) by shape, size and color.

Items shape - S1.1

-

= Fibers = Sphere

Granules - Fragments = Other

ltems shape - S2.1

D

= Fibers = Sphere = Granules

Fragments = Other

Site 1 - Sample S1.1 Site 2 - Sample S2.1

Item shape | n. items % Item shape | n. items %

Fibers 29 45.3 Fibers 25 28.4

Sphere 0 0.0 Sphere 0 0.0

Granules 1 1.6 Granules 3 3.4

Fragments 27 42.2 Fragments 54 61.4

Other 7 10.9 Other 6 6.8

Total 64 100 Total 88 100

Site 1 - Sample S1.1 Site 2 - Sample S2.1

Item size n. items % n. items %
i 6 2000 Om 8 125 |[i O 2000 Om 3 3.4
1000 Om O i 6 94 |[[t000 Om O i 1 1.1
500 Om O i 8 125 |[s00 Om O i 13 14.8
250 Om O i 13 203 |[250 Om O i 6 6.8
125 Om O i 9 141 ([125 Om O i 14 15.9
63 Om O i <| 12 18.7 [[63 Om O 1 <| 29 33.0
@ <63 uym 8 12.5 @ <63 um 22 25.0
Total 64 100.0 ||Totale 88 100
Site 1 - Sample S1.1 Site 2 - Sample S2.1

Item color | n. items % Item color| n. items %

White 9 14.1 White 11 12.5

Cream 3 4.7 Cream 5 5.7

Red 2 3.1 Red 1 1.1

Orange 5 7.8 Orange 7 8.0

Blue 22 34.4 ||Blue 37 42.0

Black 14 21.9 ||Black 13 14.8

Grey 4 6.3 ||Grey 9 10.2

Brown 0 0.0 Brown 0 0.0

Green 3 4.7 Green 1 1.1

Pink 1 1.5 Pink 4 4.6

Yellow 1 1.5 Yellow 0 0.0

Other 0 0.0 Other 0 0.0

Total 64 100 Total 88 100

S
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Figure 4.414: Item shape (above) and size (below) for S1.1 (left) and S2.1 (right).

Below are some photographs of the items identified in samplésBd S21 (Figure 4.4.15)

o T

Figure 4.415: Significant items found in samples S1.1 (green fiber and yellow fragment; above) and S2.1 (orange fiber
and blue granule; below).

Observation under optical microscope allowed for the identification of 68 in S1.2 (Tal8eadd4Figure
4.416), divided into 49% fragments, 24% granules and 15% fibers. Item sizes are mostly less than 250 pm,
while predominant colors are black, blue and grey. S2.2 shows the presence of 119 items, divided into 45%

fragments 20% granuleand14% fibers. Sizes are mainlyetween 63 and50 um. Prevailing colors are
black, white greyand blue

For sample S1.2, 16 items were analyzed with puRaman, only 8 returned spectra with appreciable peaks and 4
were recognized: 2 granules and 1 fiber composed obdgelditives (CaC®and TiQ), 1 granule of
calcite. For sample S2.2, 31 items were analyzed with puRaman, only 16 returned spectra with appreciable

peaks and 13 were recognized: 4 dyes of fibers and fragments, 1 fiber of cellulose and 8 figrgmeles
of calcium carbonate or carbon black.
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Table 4.43: Classification of items from samples S1.2 (left) and S2.2 (right) by shape, size and color.

Site 1 - Sample S1.2 Site 2 - Sample S2.2

Item shape| n. items % Item shape| n. items %

Fibers 10 14.7 Fibers 17 14.3

Sphere 0 0.0 Sphere 2 17

Granules 16 235 Granules 24 20.2

Fragments 33 48.5 [|Fragments 53 44.5

Other 9 13.3 Other 23 19.3

Total 68 100 Total 119 100

Site 1 - Sample S1.2 Site 2 - Sample S2.2

Item size n. items % n. items %
i 0 2000 Om 0 0.0 i 0 2000 Om 1 0.8
1000 Om O i 2 29 ||1000 Om O | 7 5.9
500 Om O i 4 59 [[s00 Om O i 7 5.9
250 Om O i 7 103 [[250 Om O i 13 10.9
125 Om O i 18 265 [[125 Om O i 43 36.1
63 Om O i <| 24 353 [[63 Om O i <| 4 34.5
@ <63 um 13 19.1 [|@ <63 um 7 5.9
Total 68 100.0 ||Totale 119 100
Site 1 - Sample S1.2 Site 2 - Sample S2.2

Item color| n. items % Item color| n. items %

White 1 1.5 White 23 19.4

Cream 3 4.4 Cream 7 5.9

Red 2 2.9 Red 1 0.8

Orange 6 8.8 Orange 7 5.9

Blue 13 19.1 ||Blue 15 12.6

Black 19 28.0 ||Black 43 36.1

Grey 10 14.7 Grey 18 15.1

Brown 3 4.4 Brown 2 1.7

Green 3 4.4 Green 1 0.8

Pink 5 7.4 Pink 2 1.7

Yellow 1 1.5 Yellow 0 0.0

Other 2 2.9 Other 0 0.0

Total 68 100 Total 119 100

Items shape - $1.2 Items shape - S2.2

- <oy

/

= Fibers = Sphere = Granules - Fragments =Other = Fibers = Sphere =« Granules - Fragments = Other
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Figure 4.416: Iltem shape (above) and size (below) for S1.2 (left) and S2.2 (right).

Below are some photographs of the items identified in sampl@aBd S22 (Figure 4.4.17)

) s

Figure 4.417: Significant items found in samples S1.2 (yellow and black fibers; above) and S2 2vtitadibers;
below).

Figure 4.418: Significant items found in control filter (black fiber on the left and).
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The green fibers (Figure 414) found first in the east (sample S1) and then in the west (S1.1) of the port were
found to be composed of PE. Their presence at both sites and at differentaimmadicate widespread
contamination of the sediments by this type of MP. Therefore, several hypotheses can be drawn from these
results: either the contamination extends throughout the port and is therefore caused by a widespread source
and thus by the use afmaterial widespread throughout the port and/or thetaeiad the basin (city of
Genoa and hinteand); or the source is locadid, but the effect of sediment dredging, sediment
resuspension due to the action of ship and tugboat propellers, and transpodeheeitents has caused
it to spread within theortbasin; or a combination of the above. An internet search on the possible sources
of these fbers based on the material composition and cdlas revealed a number of hypotheses, such as
PE nets frequently used in thendfor fencing or to support hticultural activities, or green PE ropes that
can be used both in the nautical sector and for-tmsed activities (Figure 414).

Figure 4.419: Example of green fibers found in sediments of the Port of Genoa and possible match with industrial
products: on the left, a PE net used in various settings (gardens, farming, terraces, etc.; wwnegiastiorg), on
the center, a PE rope used bithboating and for activities on larffdww.suntengroup.@nand, on the righgreen
PE net for agricultural use (crop cover, greenhouses, shading) or industrial use (ground cover, shedsy.BE.
nets.con.

Another peculiarity found in the sediments of Genoa consists of multicolored fragments measuring around 100
um (Figure 4.4.0). These fragments could derive from plastic recycling processes; in fact, during the
production of recycled plastic, the original materials of different colorgrmendand then combinetb
create mixeetolor pellets.Although the plastic composition has not been identified, the presence of
carbonates within the granules confirms its industrial origin and reinforces the hypothesis that it is recycled
plastic. Infact, @l ci um carbonate (CaCO ) is one of the most widely used mi
industry. Thanks to its physical and chemical properties, it is added to polymer formulations to improve the
performance of the final materiéihcrease in stiffnesgpacity and colwo), reduce costs and increase the
stability of the extrusion proce$sww.bausano.com; www.europlast.com)

-

Figure 4.420: Example of multicolor fragments found in the samples.
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Plastic pollution is recognized as one of the major global issues, with negative effects on the environment,
human health, and soegzonomic activities (Strain et al. 2022). Recerithg, demand for biodegradable
polymers has grown significantly, being a sustainable alternative to conventional plastics (Joseph et al.
2023).The present research activity aims to investigate the hydrodynamic processes that influence the fate
and transport of plastic and bioplastic debris in shallow coastal lagoons. Theirgeghates field
measurements, drotfi@sed mapping, and advanced numerical simulations for predicting the dispersion of
plastic and bioplastic materials under varying hydrodynamic and meteorological conditiertagnone
Lagoon (Marsala, Sicily) was selected as the case study due to its ecological and economic importance,
complex circulation patterns, and exposure to anthropogenic iffrdsnt research activities have focused
on improving the characteri zat i ospandosurfade cieulaioa goonds bat hymetry, vel
patterns using an Uncrewed Surface Vehicle (USV) equipped with sonar and GNSS SystehACHE
4 USV surveys provide higresolution bathymetric data that are being used to update existing maps and
to validate the digital elevation model used in hydrodynamic simulations.

The Stagnone Lagoon extends along the western coast of(Bigilye 45.1)The | agoonés geometry is about
2200ha of surface; it is characterized by shallow waters with average depth below 1 m, and tidal exchange
through two mouths creates a dynamic environment where transport processes are highly sensitive to
meteorological foraig, tidal oscillations, and bathymetric features.

The area is characterized lyallow waters, extensive seagrass meadows, severhbsadisting plants, and
important archeological sites like Mothia islaMiater exchange occurs mainly through two tidal inlets
located at the northern and southern ends of the lagoon.

During July 2025, a specific experimental campaign was carried out involving the release of ten Stokes drifters.
These drifters were deployed at different times and locations within the lagoon on 8 and 9 July 2025,
allowing for the tracking of surface cents and the validation of the modelled velocity fields.
Complementary field measurements have been collected at several monitoring stations. Water level sensors
are operating at the northern and southern mouths and at Altavilla Est, while additionanatensare
installed at Altavilla Est and Mulino, providing continuous records of wind speed, and direction.
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Figure 4.51: Study area Stagnone Lagoon, water level and meteorological stations.

n.a.

The USMbased mapping provided dense spati alsufacever age of the | agoonds
velocity. The system operates autonomously along predefined transects, collectingeBM&®ed depth
and flow velocity data. These measurements serve tnmopes: (i) updating the digital elevation model
and (ii) validating the hydrodynamic model outputs.

During the measurement campaigns conducted in the Stagnone Lagoon, the Uncrewed Surface Vehicle (USV)
was employed for the simultaneous acquisition of velocity profiles using an ADCP (Acoustic Doppler
Current Profiler) and for bottom tracking through agsvbeam echosounder.

Subplot (a) of Figure 2 provides an overview of the transects covered by the USV within the lagoon,
highlighting the spatial distribution of the surveys. Figdrg2 (subplot b) presents a zoomed view of
selected trajectories, showing the level of detail in the acquisition paths. The survey lines, planned along
the main flow directions of the lagoon, provided a higbolution georeferenced dataset, including both
the vertical distribution of flow velocities and poiby-point depth measurements with atiglaesolution
of approximately 1 m.
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Figure 4.52: (a) Overview of the transects covered by the USV during the measurement campaigns, showing the spatial

distribution of the surveyed areas across the lagoon. (b) Zoomed view of selected sections, highlighting the detail and
density of the acquisitiotracks used for ADCP and singbeam data collection. (c) scatterplot of bathymetry and
Apache measures depth.

All measurements collected over the different survey days were merged into a single integrated dataset, while

maintaining the exact temporal association between each point and its acquisition time. This approach
allowed the subsequent tide correction gbttlevalues according to the actual water level recorded at the
time of each USV passage, thereby eliminating potential vertical misalignments caused-tgrisheeter

level variations within the lagoon.

In total, 13021 measurement points were collected, each containing geographic coordinates, measured depth,

and acquisition timestamp. The tidal levels used for the correction were derived from monitoring stations
located at the northern and southern mkmtd at Altavilla Est, all referred to the same hydrometric zero
adopted for the reference bathymetry.

an initial comparison, carried out using uncorrected depth data, a noticeable dispersion was observed
between the US\heasur ed depths (AAPACHE deptho) and the
variability was primarily attributed to differencesvimter level during the acquisition period. Moreover, a

larger variability was observed in the shallowest areas, where small fluctuations in water level and local
bottom irregularities have a proportionally greater impact on the measured depth. Confarselgper

sections, the dispersion between measured and reference depths tends to decrease significantly, as the
relative influence of tidal oscillations and positioning uncertainty becomes smaller compared to the total
depth range. After applying the piby-point tide correction, the depths were harmonized with respect to

the common reference level, resulting in a clear improvement in consistency between the two datasets, as
shown in Figure 2 subplot c).

The effectiveness of the correction procedure is evident in theposttion comparison (Figu#e53). The

scatter plotFigure4.53b) displays an almost perfectly linear alignment between the USV (APACHE) and

bathymetric depths, indicating a high level of agreement between the datasets.
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A detailed analysis of the pointwise differencegy(re4.53a) shows that most deviations fall within a narrow
range, predominantly between +10 cm and 110 cm. The remaining discr
range associated with acoustic measurements and the spatial resolution of the digital terrain model.
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Figure 4.53: (a) Pointwise differences between APACHeasured depths and reference bathymetry before and after
tide correction. (b) Scatter plot showing the relationship between APACHE and bathymetric depths after tide
correction, illustrating the strong lineeorrelation and improved consistency between the two datasets.

The results confirm the consistency between in situ measurements and the reference bathymetry for
hydrodynamic modeling, ensuring the reliability of the boundary conditions. The integration of ADCP,
singlebeam, and tideorrected data improves the qualifyinput data and provides a solid experimental
validation of the model.

On the other hand, the drifter experiments were designed to capture real trajectories of passive particles driven
by wind and current. The drifters recorded GPS positions-minlite intervals, enabling precise
reconstruction of transport pathways and tdeation of recirculation zones.

Simultaneously, meteorological and hydrological monitoring at the fixed stations allowed for accurate
boundary forcing in the model, ensuring that tidal and wind effects were realistically represented during
the simulation period.

Hydrodynamic simulations have been developed using a numerical model. The model solves the depth
averaged shallowvater equations, which express the conservation of mass and momentum under
hydrostatic and Boussinesq assumptioBsundary conditions were defined using water level data
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Figure 4.54: Measured water levels and wind conditions

The model domain was discretized using an unstructured grid with variable resoligénn§}p allowing
detailed representation of areas of interest. Model calibration is being developed tuning parameters as wind
drag, bottom roughness and eddy viscosityeproduce the observed tidal range and current magnitudes.
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Figure 4.55: Stagnone lagoon. a) Mesh; b) bathymetry; c) USV drone; d) Stokes drifters

Preliminary outputs from the numerical model indicate that the numerical setup reproduces the dominant tidal
dynamics and general circulation patterns of the Stagnone Lagoon.

Initial comparisons between simulated and observed water levels at the lagoon sensor at Altavilla Est show
satisfactory agreement, with tidal amplitudes and phases closely matching field data. Early analyses of
drifter trajectories also demonstrate promgsconsistency with modelled surface currents, though further
tuning of wind forcing and bottom friction parameters is still ongoing.
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Figure 4.56: Comparison Altavilla Est water levels: observed and simulated.

The integrationof USSbased bat hymetric mapping is enhancing the accuracy of
especially in shallow and channel areas where previous data were limited. These updated bathymetries
improved model stability and the accuracy ofoedly predictions in subsequent runs.

Preliminary particlgracking simulations have been executed to test the dispersion patterns of neutrally
buoyant particles under different wind and tidal regimes. The results show clear dependence on wind
direction and magnitude, confirming the expecibkitivity of surface transport to meteorological forcing.
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The model has been fully calibrated and validated using the complete dataset from the July 2025 campaign.
Detailed analyses have quantified residence times, accumulation zones, and compared modelled dispersion
patterns with field observations.

Scientific outputs are currently in preparation, and dissemination activities are planned for the coming months
as data processing and model validation progress.

The expected products include:

1 A validated hydrodynamic model of the Stagnone Lagoon, integrating field and remote observations.
1 A high-resolution bathymetric and hydrodynamic dataset to be made available through the UNIPA data
repository upon validation.

These results were disseminaterbugh:

T A scientific paper currently under preparation, provisionally ¢tit]l
of Surface Transport in a Shallow Coastal Lagoon Using USV and Dri
1 Planned presentations of intermediate results at national and international conferences.

The results obtained provided a comprehensive understanding of the hydrodynamic drivers governing the
dispersion of plastic and bioplastic in shallow coastal systems.
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The aim of this research was to devesgectral sensingtrategiedor environmentaimonitoring and rapid
identification and classification of maer@and microplastics (MPs) dispersed in marine and coastal
environments.The widespreaddiffusion of plastic litter represents a critical environmertahcern,
highlighting the need foeffective monitoring tool¢o assespollution levels and support sustainable
managemenstrategies To achieve this goathe esearch activities were dividedto methodological
strategiesfocused on the development and optimization of analytivethodsbased on yperspectral
imaging (HSl)technology andni parallel, on the application of the developed spectral sensing strategies
to severatase studies representing different environmental matrices.

In particular for methodologicaktrategiesdifferent acquisition parameters and classification models were
evaluatedo define an optimal analytical protocol for the rapid detectioMBs (Analytical method L
Additionally, acustommicro-HSI scannerspecifically designed fdvIP analysis was tested tevaluatets
performanceThe device allow$or automatic scanningf areas up to 20 x 20 mrsignificantly reducing
analysis time compared to traditional techniqué&$e results demonstrated thevie 6 s abi |l ity t o detect
particles ofdifferent polymer typedown to 150 pun{Analytical metho®).

Differentinnovative spectral sensing strategies were developed and applied to dféseistudieaiming at
environmental monitoringind rapid identification and classification of macaad MPs Specifically, an
innovative methodology was developed, baseti8hoperating in the shosave infrared range (SWIR:
10002500 nm), cmbinedwith chemometric data analysi® directly detect and classityiPs both in
sandy beachdg€ase study land marine sedimen{€ase study). The resultslemonstradthefeasibility
of the analytical strategy to identify and classify polymemsthout prior extractiorof MPs Furthermore,
laboratoryscale studies of plastimarine litterfrom various marine and coastal areas in Eunopee
conducted usindgiSl-based approaches fMP identification andclassification Case study 3 and)4
Moreover, b assesfield applicability,a groundbasedHSI| device Case studyp) and portablgoint-based
spectromete(Case studys), both working in thenear infrared range\{(R: 10061700 nm)were used for
rapid monitoring of macroplastiditter in various coastal environments, enabling {itadebrismapping
and insitu screeningdirectly at sampling sitesrespectively Finally, the research addressed the
characterization of plastic pellets resulting from accidental spils€ study J&o validate rapid monitoring
approacks and dow-cost methodologyased ora machine learnindool for pellet classification was
developedCase study B In particular, the lattempproach relies on morphological variables, avoiding the
use of expensive instrumentation, providingasteffective solution for environmental monitoring and
source traceability of plastic pellets.

- Case study 1: Application of hyperspectral imaging and machine learning for the automatic
identification of microplastics on sandy beaches (Torre Guaceto, Brindisi, ltalyDirect identification
and classification oMPsin sandy beaches without prior extraction, in collaboration with UNIBA project
partner (Rizzo et al., 2024).

- Case study 2: Direct identification of microplastics in marine sediments by hyperspectral imaging
and machine learning (Mar Piccolo, Taranto, Italy).Direct identification and classification dMPsin
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marine sediment samples without prior extraction, in collaboration with UNIBA project partner
(Manuscriptsubmitted).

- Case study 3: Hyperspectralimaging for detecting plastic debris on shoreline sands to support
recycling (Sabaudia, Latina, Italy).MP litter classification on marine and coastal areas at laboratory
scale (Palmieri et al., 2024a).

- Case study 4: Marinemicroplastic classification by hyperspectral imaging: Casestudies from the
Mediterranean Sea, the Strait of Gibraltar, the Western Atlantic Ocean and the Bay of BiscayP
litter classification on marine and coastal areas at laborataie (Palmieri et al., 2024b).

- Case study 5: Groundbased hyperspectral imaging for the detection of plastic waste on coastal areas
(Torre Guaceto, Brindisi, Italy). In-situ macroplastic litter classification by groubdsedHSI sensor, in
collaboration with UNIBA project partner (Manuscriptderpreparation).

- Case study 6: Fast characterization of marine plastic litter by portable NIR spectroscopy for
monitoring purposes (Cadiz, Spain).In-situ macroplastic litter classification by portable NIR device
(Manuscript under preparation).

- Case study 7: Microplastic pollution from pellet spillage: Analysis of the Toconao ship accident along
the Spanish and Portuguese coast®lastic pellets characterization and degradation analysis, in
collaboration with UNIBA project partner (Cocozza et al., 2025).

- Case study 8: Coseffective approaches for microplastic pellets characterization using a machine
learning tool. Plastic pellets characterization and degradation analysis, in collaboration with UNIBA
project partner (Scarrica et al., 2025).

Analytical method 1: Definition of the optimal analytical protocol for fast and efficient microplastic
classification byHSI (Serranti et al., 2024)
The aim of this methodological study was to define the best analytical strategies for the characterization of
MPs by HSI, testing different set up with reference to 1) spatial resolution, 2) wavelength range and 3)
classification model. For these purposkils dataset was created by shredding-possumer plastic
packaging samples selected among the most widespread polymers in the environment, i.e. PS, PP and PE.
For each studied polymer, 3 size classes were prepared (i.e.,-@zerh:+1 mm; size 21 mm +0.5 mm;
size 3: <0.5 mm). The acquisition was carried out using the SisuCHEMA Xlhemical Imaging
Workstation embedding an ImSpediorN25E (Specim®, Finland) operating in the SWIR range.
Hyperspectral images were acquired using two different objectives: a 31 mm lens, covering a 5 cm field of
view (FOV) corresponding to a spatial resdl ution of 150 &m, and a
corresponding to a spatial resolution of -1I3@ em. Moreover, two spect
nm (NIR) and 1002500 nm (SWIR). Different classification models were tested on the same acquired
images in order to evaluate their performanBés-DA, ECOGSVM and NNPR. The HSI data processing
was carried out using different tools running inside MATLAB® environment (version R2022b, The
Mathworks, Inc., Natick, MA, USA)The classification models were evaluated $Bnsitivity and
specificity values.

Analytical method 2: Custom micro-HSI scanner for microplastic detection and classificatior{Serranti
et al., 208)
The aim of the study was to test a custom mld8) scanner operating in the néafrared range (NIR: 1060
1700 nm) for the detection &Ps. The prototype was designed by DV s.r.l. (Padua, ltaly) as part of the
PNRR RETURN project. The core of the system is an imaging spectrophotometer {M@&XC130,
Xenics Infrared Solution, Belgium) operating in the NIR range with a spectral resoluttonrof Light
enters through a slit of 30 em I 9.6 mm, designed to optimize the
intensity of the acquired signal. The system includes aakisimicrepositioning stage (X, Y) with a 20
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mm travel range per axis and a displacement resolution of 160 nm to ensure precise sample placement. The
movement is controlled by a management box with dedicated drivers and serial interface for connection to
the computer. To ensure uniform illuminatiohtbe sample, the system is equipped with a microscope
illuminator based on two 10 W halogen light sources positioned at a 45° angle relative to the sample.
Complementing the spectrophotometer, the system also includes a CMOS camera (BASLER acA 1300
60gc, Germany) with a resolution of 1220 x 1024 pixels and a Gigabit Ethernet inteffaisecamera
provides a visual reference for correct sample positioning and focus optimization prior to hyperspectral
image acquisitionThe system is mounted on a sturdy anodized aluminium struetmde§0 cmhigh

support column supports the entire optical systéyperspectral image acquisition is performed using SS4
software (Spectral Scanner, DV S.r.l., Padua, Italg)evaluate the prototype's performance during its
developmentsecific tests were performed on selected MPs of four different aimtslifferent types of
polymers (highdensity polyethylene HDPE, polypropylene PP, and polystyrenePS)ground withan
ultra-centrifugal mill (Retsch, ZM 30Q)The device allows for the automatic scanning of areas up to 20 x

20 mm. For each sample, a 3.37 x 3.37 mm area was scanned, taking approximately 1 minute per
acquisition. To assess the spectral variance of the three polymers and understand theilitgegtarabi
different sizes, different combinations of preprocessing algorithms were tested on the acquired data
hypercubes, on which principal component analysis (PCA) was subsequently appiibérmore, an

Error Correcting Output @les- Support Vector Machine (ECOS8VM) model was developed to
automatically and rapidly identify MPs based on their spectral signatures

n.a.

Different models have been developed for the identification and classification of-raadnmicroplastics and
optimized to obtain the best performances when applied to the different case sthdiesodElling
approachefor the acquired hyperspectral imadetbowedthese main phases: preprocessingpefctra to
highlight the differences between thearious classes ofmateriab, exploratory data analysis through
Principal Component Analysis (PCAJevelopmenbf the classification modglsingcalibrationdatases,
application of the classification modedio externalvalidation datasetand finally, evaluation of the
classification modgperformance

Specifically,on hyperspectratiatg different algorithmsave beerapplied depending othe specific needs.
The most widely usegre-processing algorithmgere scattering correction methods (i.e., Multiplicative
Scatter Correction MSC; Detrend; Standard Normal Varidt&NV; Normalization), spectral derivatives
(i.e., SavitzkyGolay polynomial derivative filters), noise correction methods (i.e, Smoothingjiatad
centering (i.e., Mean CentérMC), typically applied at the end of preprocessing stepentphasize the
differences between variables tgmovingthe mean value.

After preprocessingpghase PCAwasapplied to spectral data for exploratory purpo3éss techniqués useful
for providing an overview of the multivariate datend for evaluating the algorithms selectdthe
preprocessed dataedecomposed into linear, orthogonal and independent combinatded principal
components (PCsThe first few PCs are typically used to examine common features among samples and
their clustering patternfndeed, amples with similar spectral signatures tend to group togiettiee score
plots of the first two or three componenis.build classification model, it is necessary to define the learning
characteristics, that is, to define the classes of materials that constitute the calibration dataset. The classes
setting occurs during trRCA phase.

Based on the results obtained in PCA, the type of classification model to bednsHected. Theselection
of the most appropriate classification model is a crucial aspect for material recognition Hyirté&t.
models, such as partial least squatdissriminant analysis (PL-BA), are simple, quick to train, and easy
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to interpret. However, they are limited in handling the complexities of hyperspectral data, where
relationships between variables can be nonlinear. Nonlinear models, such as nonlinear support vector
machinegSVM) or neural networks, offer greater flexibility in capturing these complexities and improve
recognition accuracy

Finally, the performanceof thedevelopedtlassification modelvereevaluated using a pixélased approach
considering calibration and cresalidation for thecalibrationdataset ad prediction for the validation
dateset. The statistical metricsised weresensitivity andspecificity. In particular, ensitivity expresses the
ability of the model to correctly recognize samples belonging to the target class while minimizing the
number of false negative®n the contrary,ecificity describes the ability ¢fie model to correctly reject
samples belonging to other classes while minimizing false positives sBushivity andspecificity range
from O to 1, with a value of 1 indicating perfect predictive performance

Case study 1: Application of hyperspectral imaging and machine learning for the automatic

identification of microplastics on sandy beachefRizzo et al., 2024)

The aim of this work was to appind test SWIRHSI strategyfor directidentificationand classification of
MPs in beach sand samples, coupled with machine learning appré@ichee4.6.1). Sand amples were
collected during a sampling campaign at Torre Guaceto b&aictdi6i, Italy), located along the Adriatic
flank of the Apulia region, belonging to a natural protected akeset of beach sand samples with the
addition of known MPs particles (with an average diameter from 3 to 4comy)osed of virgi and waste
polymers was used to calibrate and validate a hierarchical classification (HoéIS-DA) built for the
recognition of 7 classes of materials: sand, natural material (plant and shells fragpwpéshylene
terephthalat¢PET), PP, PEPS andexpanded polystyren@&P9. Parametric performances in prediction
of the validation datasshow highquality values ranging from 0.90 to 1.@0r sensitivityand from 0.91
to 1.00for specificity.In addition the classifier was applied on arternaltest dataseb verify the ability
of the HFPLS-DA model inidentifying MPsdirectly on sandymatrices|n total, the classifier identified 55
MPs. The most abundant polymer was EPS (38%), followed H24%8), PE (22%), PET (11%) and PS
(5%). Overall, te results of the study demonstrated as the proposed approach represent a powerful, fast
and effective alternative to the most common adopted analytical methods $atdd§ification.

Acquisitions Results
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Figure 4.61: Schematic representation of Case study 1: Application of hyperspectral imaging and machine learning for
the automatic identification of microplastics on sandy beaches.
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Case study 2: Direct identification of microplastics in marine sediments by hyperspectral imaging and

machine learning

The aim of this study was tpply aninnovative methodology for identifying and classifyildPsin marine
sediments, without preliminary extraction, thus significantly reducing analysis (fipse4.62). This
approach was tested on marine sediment samples from the Mar Piccolo basin (Taranto, Italy), provided by
UNIBA project partnerSamples were collected from eight different sites across both bays of Mar Piccolo
using a grab sampler and then sieved. Nine granulometric classes4fnom to +180 umjvere analyzed
by SWIR-HSI using two instrumental setups based on particle size. Reference polymer particles were
acquired and used to train classification models. Preprocessing algorithms were applied to enhance spectral
differences between material classes. Principal Componealygie (PCA) was employed to explore
spectral variability and reduce data dimensionality. Two supervised classification models were developed:
Hi-PLS-DA and ECOGSVM. Both models successfully identified MPs of different polymerthiwi
sediment samples. Classification results were validated using Attenuated Total Reflectance Fourier
Transform Infrared (ATRFTIR) spectroscopy. MP concentrations ranged from 58 to 17,930 MPs/kg, with
higher levels in finer sediment fractions and hotsgentified in MP_01 site, collected in proximity to the
river mouth. PRvas the most abundant polymer, followed by PE, PS, PET and PVC. PET was detected
exclusively in the finest size classes, suggesting advanced fragmentation. THesE®|strategy
denonstrates high potential as a rapid tool for MP detection in complex environmental matrices,
significantly reducing sample preparation and analysis time.

Sampling site Acquisitions Results

[5G

Figure 4.62: Schematic representation of Case study 2: Direct identification of microplastics in marine sediments by
hyperspectral imaging and machine learning.
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Case study3: Hyperspectral imaging for detectingplastic debris onshoreline sands tosupport recycling

(Palmieri et al., 2024a)

The aim of the study was to provide an operative tool finalized to perform -situ imetection and
characterization of plastic debris present in the coastal environment (i.e., beaches), adelRihiSi
basedapproach(Figure4.63). In more detail, the possibility of identifying and classifying polymers of
plastic debris by NIRHSI in three different areas along the Pontine coastline of the Lazio region (Latina,
Italy) was investigated. The study focused on three distinct beaches$-@Gice Verde, Cafeortiere, and
Sabaudia), each characterized by a different type of sand. For each location, the adopted approach allowed
for the systematic classification of the various types of plastic waste found. ThrdeAPti&ssification
models were developed usiagcascade detection strategy. The first model was designed to distinguish
plastics from other materials in sand samples, the second to detect plastic particles in the sand, and the third
to classify the type of polymer composing each identified plastiicfga Obtained results showele
correctly detedbn of plastic§rom sand and other materials (i.e., sensitivity = 0i8900 and specificity
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= 0.9090.996) Furthermore the recognition of polymer type was satisfactory, according to the
performance statistical parameters (i.e., sensitivity = 1.000 and specificity & 0.90Q). This research

confirms the potential of the NIRMSI approach as a reliable, nmvasive method for plastic debris
monitoring and polymer classification

Sampling Sites HSI Acquisition Set-Up Results
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Figure 4.63: Schematic representation of Case study 3: Hyperspectral imaging for detecting plastic debris on shoreline
sands to support recycling.

Case study4: Marine microplastic classification by hyperspectral imaging: Casestudies from the

Mediterranean Sea, the Strait of Gibraltar, the Western Atlantic Ocean and the Bay of BiscaPalmieri

et al., 2024b)

The study aims the characterizationMi® samples collected from unique geographical locations, including
the Mediterranean Sea, Strait of Gibraltar, Western Atlantic Ocean and Bay of Biscay utilizing advanced
HSI techniques working in th&WIR range (Figure 4.64). More in detail, an ad hoc hierarchical
classification approach was developed and applied to optimize the identification of polymers.
Morphological and morphometrical attributes P particles were simultaneously measured by digital
image procesing. Results showed that the colleckdls are mainly composeaf PEfollowed byPP, PS
and EPSThe investigatetPsbelong to the fragments (86.8%), lines (9.2%) and films (4.0%) categories.
Rigid (thick-walled) fragments were found at all sampling sites, while-fiijpe MPsand lines were absent
in some samples from the Mediterranean Sea and the Western Atlantic Ocean. Rigid fragments and lines
are mainly made of PE, whereas PP is the most common polymer for the film category. Average Feret
diameter oMP fragments decreases from EPB481m) to PE (B3 mm) and PP {2 mm).In conclusion,
the proposedsetup strategigsased orHSI approach enable the classification of the polymers constituting
MP particles and, at the same time, to measure and classify them by shape. Such multiple characterizations
of MP samples at the individual level are proposed as a useful tool to explore the environmental selection
of MP features (i.e., composition, category, size, shape) and to advance the understanding of the role of
weathering, hydrodynamic and other phenomena in their transport and fragmentation.
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Figure 4.64: Schematic representation of Case study 4: Marine microplastic classification by hyperspectral imaging:
Case studies from the Mediterranean Sea, the Strait of Gibraltar, the Western Atlantic Ocean and the Bay of Biscay.
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Case study 5: Groundbased hyperspectral imaging for the detection of plastic waste on coastal areas

The aim of the work was to explores the application of a grinasgéd HSPan&Tilt system DV s.r.l, Padua,
Italy) for the detection and classification of plastic waste in sandy beach environ(figpuis 4.65).
Plastic waste pollution along coastal environments is a critical contributor to marine litter and a precursor
to MP formation. The field trials were carried out at Torre Guaceto beach located in a natural protected area
along the Adriatic coast of the Apulia regid@rifidisi, Italy). Hyperspectral images were acquired using a
system working in th&/IS-NIR range, enabling accurate differentiation of polymer types under natural
lighting conditions. The proposegpproachincludes infield data acquisition, radiometric and spectral
correction procedures and datdven analysis for material discrimination in complex sandjrenments.
The results demonstrated the systemd6s effectiveness in identifying
items partially buried in sediment or obscured by vegetation. By capturing detailed spectral fingerprints of
macroplastics, this approh provides a robust basis for tracing potential sourdd®dbérmation, enabling
early intervention and pollution mitigation.
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Figure 4.65: Schematic representation of Case study 5: Gréwastd hyperspectral imaging for the detection of plastic
waste on coastal areas.

Case study 6: Fast characterization of marine plastic litter by portable NIR spectroscopy for monitoring
purposes
The aim of the studwas to develop and test ansitu analysis methodology for marine plastic debris based
on portable NIR spectroscoff{rigure 4.66). This methodology allows for the direct identification of
different types of polymers in the field and their distribution in relation to the environmental characteristics
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of the sampling site. Compared to traditional laboratory techniques, the use of portable instrumentation
offers a significant advantage for field analysis, reducing the need to transport samples to the laboratory
and allowing for reatime data collectionFor this purpose, a sampling campaign was conducted at the
Laguna de La Algaida (Puerto Real, Spain) and 342 plastic samples larger than 5 mm were collected and
analyzed using the portable JDSU MicroNIR spectrometer. After spectra were acquired, several
preprocessing methods were applied and an exploratory analysis based on PCA was performed. By
observing the score plots, it was possible to classify the plastics based on polymer type: PE, PP, and PS.
However, some samples, such as transparent, blaclghdy biegraded plastics, were not identifigtese

samples weranalyzed in the laboratory using ATRIR spectroscopyo determine the polymer type

Based on the results obtained, it was possible to observe that the distribution of plastic waste#ntignif
influenced by coastal morphology and the type of vegetation present. In particular, areas closer to the coast
have higher concentrations of flexible plastic waste, such as plastic films and bags, often trapped in
vegetation, while rigid materialsrea transported further before settling. In conclusion, the portable
MicroNIR spectrometer proved to be a fast and efficient tool feitinanalysis

Sampling Area Results

£ 0n PC2 (15.48%)

Scores on PC2 (14.18%)

Scores on PC2 (18.45%)

Figure 4.66: Schematic representation 6hse study: Fast characterization of marine plastic litter by portable NIR
spectroscopy for monitoring purposes.

Case study 7: Microplastic pollution from pellet spillage: Analysis of the Toconao ship accident along

the Spanish and Portuguese coasf€ocozza et al., 2025)

The aim of the study was to investigate a coastal stretch of 633 km in Asturias and Galicia (Spain) and Northern
Portugal to assess pellets' concentration on 31 bea&@pesifically, the study was conducted to monitor
the Toconao ship accident that occurred in December 2023, when 25 tons of pellets were lost from the
vessel into the northwest Atlantic Ocdarfront ofthe Portuguese coast (Figyté7). Field surveys were
carried out in March 2024 and focused on sampling plastic pellets depositedhe&@tmptelineln total,
7263 pellets weresampledand characterized by size, degradation level, and cdlore subset was
characterized by weight (40% of the total) and another subset by polymer type (15% of the total) using
ATR-FTIR spectroscopy. The results reveal tBa% of the31 surveyedbeachesontain pelletswith
concentration values wging fromO0 to 40.3 pellets/kgdw. By combining the accounted varididesize,
degradation level, colpweight and polymer typét emerges that 48.0% of the collected pelletsld be
linked to the Toconao spill.
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Figure 4.67: Schematic representation of Case study 7: Microplastic pollution from pellet spillage: Analysis of the
Toconao ship accident along the Spanish and Portuguese coasts.

Case study 8: Costffective approaches for microplastic pellets characterization using a machine

learning tool (Scarrica et al., 2025)

The work aimed to develop a simplified methodology for pellet polymer classification using a Random Forest
modelthat requiresa limited set otraining variables(Figure 4.68). Effective microplastic management
requires reliable methods for their identification and classificatiotthe high cost of required equipment
hinders largescale implementatiotdowever, artificiaintelligence offers a promising solution for polymer
analysis. The developed approach reduces model complexity while maintaining high classification
performance, emphasizing simplicity, speed and efficiency. The method was testedeoal pellet
samples collected from the coasts of Spain, Portugal andiMulisland (Italy). The results highlight the
robustness of the proposed model and its suitafiditgpplication in different environmental contexy
balancing accuracy with computational efficiency, the proposed approach represents a practical tool for
pellet classification.

Sampling Laboratory analysis Data prepr i A d polymer
classlﬁcntmn

Figure 4.68: Schematic representation of Case study 8: -€ffettive approaches for microplastic pellets
characterization using a machine learning tool.

Analytical method 1: Definition of the optimal analytical protocol for fast and efficient microplastic
classification byHSI (Serranti et al., 2024)
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The resultobtainedshow the high efficiency of the proposed models, with very good classification results for

the 3 polymergFigure4.69). The comparison of prediction results obtained bythineemodels highlights

some differences. More in detail, PAD\ provided the best performances for the MPs acquired with a spatial

resolution of 150 um, whereas the ECGE¥M model showed the best classification results on the samples

acquired at 30 pm. Regargj the two different spectral ranges, the results showed few differeneesehet

the NIR (10001700 nm) and the SWIR (10500 nm) rangedn conclusion, Bsed on the results, the

following general recommendations are proposed:

- Forefficientandcoste f f ecti ve analysis of MPs | arger than 250 em, a spatial r

a spectral range of 1000 nm and a linear classification model such asPA%re optimal. Instead,
a higher spatial r &reanldr specirad nangeodf 108800 n and p halnedr , a

model like ECOGSVM are recommended for MP particles smaller than 250 &m.
- For a more detailed analysis of MP particles also in terms of morphological and morphometrical
parameters, it is better to use the 30 em/pixel resolution.
- The |l imit of detection (LOD) is 250 em for the 150 em/pixel resol u
for the 30 em/pixel resolution.
X b}
o R T e T
o s v“' 2 coding - PS
” \ if ‘support vector machine (ECOC-SVM) = PP
o L L attamracogniion (NNPR) Shors
Microplastics (MPs) from waste T:?;‘;ig’z;mg&z " Da‘g;"‘e‘;:r"‘:‘fmg?yzgd(sgxm' Different models c of results

Figure 4.6.9: Schematic representation of the Analytical method 1: Definition of the optimal analytical protocol for fast
and efficient microplastic classification by HSI.

Analytical method 2: Custom micro-HSI scanner for microplastic detection and classificatiorf{Serranti

et al., 2025)

The results obtained demonstrate that the use of the prototype, in combination with chemometrics, allows for
the identification of different polymer types based on their distinct spectral signéfigese 4.6.10).
However, as the microplastics' size decreases, the spectral contrast reduces, impacting the identification
accuracy and highlighting the relationship between spectral quality and microplastic particle size.

Furthermore, due to the reduced spectral gydlite detection oMPss mal | er mbemans 150 ¢
challenging.
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Figure 4.610: Schematic representation of Analytical method 2: Custom R@bscanner for microplastic detection
and classification.

1 1 .
CAL DATASET

(m

VAL DATASET

76



Finanziato
dall'Unione europea
NextGenerationEU

Ministero . .
dell’'Universita l M Italiadomani
e della Ricerca " £

PLANG NAZIONALE
DI RIFRESA E RESILIENZA

Publications:

CocozzaP. GorgaE., PalmieriR., Villano C., BonifaziG., AnfusoG., SerrantiS. - Fast characterization of
marine plastic litter by portable NIR spectroscopy for monitoring purp@stnuscript under
preparatior).

Serranti S., Capobianco G., Gorga E., Cucuzza P., Bonifazi G., Rizzo A., Lapietra |., Mastronuzzi G., Mele D
- Direct identification of microplastics in marine sediments by hyperspectral imaging and machine
learning Manuscript under revieyv

Cocozza, P., Scarrica, V. M., Rizzo, A., Serranti, S., Staiano, A., Bonifazi, G., & Anfuso, G. (2025).
Microplastic pollution from pellet spillage: Analysis of the Toconao ship accident along the Spanish and
Portuguese coasts. Marine Pollution Bulletin 211, 117430.
https://doi.org/10.1016/j.marpolbul.2024.117430

Cocozza, P., Serranti, S., Setini, A., Cucuzza, P., & Bonifazi, G. (28®#)itoring of contamination by
microplastics on sandy beaches at Vulcano Island (Sicily, Italy) by hyperspectral intagiimgnmental
Science and Pollution Researdhl4. https://doi.org/10.1007/s11388R4-349726

Palmieri, R., Gasbarrone, R., Bonifazi, G., Piccinini, G., & Serranti, S. (26B4erspectral Imaging for
Detecting Plastic Debris on Shoreline Sands to Support Recyélpilied Sciencesl4(23), 11437.
https://doi.org/10.3390/app142311437

Palmieri, R., Serranti, S., Capobianco, G., Cézar Cabafas, A., Marti Morales, E., & Bonifazi, G. (2024).
Marine Microplastic Classification by Hyperspectral Imaging: Case Studies from the Mediterranean Sea,
the Strait of Gibraltar, the Western Atlantic Ocean and the Bay of Biapalied Scienced4(20), 9310.
https://doi.org/10.3390/app14209310

Scarrica, V. M., Cocozza, P., Anfuso, G., Staiano, A., Bonifazi, G., Rizzo, A., & Serranti, S. (20856).
effective approaches for microplastic pellets characterization using a machine learnifgadtaical
Informatics 103230https://doi.org/10.1016/j.ecoinf.2025.103230

Serranti, S., Capobianco, G., Cucuzza, P., & Bonifazi, G. (2&#¥ient microplastic identification by
hyperspectral imaging: A comparative study of spatial resolutions, spectral ranges and classification
models to define an optimal analytical protocBtience of the Total Environmer@b4, 176630.
https://doi.org/10.1016/j.scitotenv.2024.176630

Conference proceedings indexeih Scopus:

Rizzo, A., Serranti, S., Cucuzza, P., Lisco, S., Marsico, A., Bonifazi, G., & Mastronuzzi, G. (2024).
Application of hyperspectral imaging and machine learning for the automatic identification of microplastics
on sandy beaches. In Algorithms, Technologies, and Applications for Multispectral and Hyperspectral
Imaging XXX (Vol. 13031, pp. 18193). SPIE.https://doi.org/10.1117/12.301325PIE Defense +
Commercial Sensing Conference {23 April 2024, National Harbor, Maryland, United States).

Serranti, S., Bonifazi, G., Capobianco, G., Gorga, E., D'Agostini, M., & Dall'Ava, A. (2@%tom
hyperspectral imaging scanner for microplastic detection and classification: hardware and data processing
specifications. In Algorithms, Technologies, and Applications for Multispectral and Hyperspectral Imaging
XXXI (Vol. 13455, pp. 247257). SPIEhttps://doi.org/10.1117/12.305278&PIE Defense + Commercial
Sensing 2025 (37 April 2025, Orlando, Florida, United States).

Presentations at International Conferences:

Bonifazi G., Capobianco G., Cocozza P., Mastronuzzi G., Rizzo A., Serratde8tification of plastic debris
on beaches by grouszhsed hyperspectral imagingeCDS 2023: Emerging Concepts & Design for
Sustainability (811 October 2023, VillersurMer, Calvados, France).

Cocozza P., Serranti S., Setini A., Cucuzza P., BonifaziM®&nitoring of contamination by microplastics on
sandy beaches at Vulcano island (Italy) by different spectroscopic technfijbésternational Conference
on Pollutant Toxic lons and Moleculé&9 November 2023, Caparica, Portugal).

Capobianco, G., Cucuzza, P., Gorga, E., Serranti, S., Rizzo, A., Lapietra, |., Mastronuzzi, G., Mele, D.,
Bonifazi, G.- Hyperspectral imaging applied to microplastic monitoring in marine sediments from a highly

77


https://doi.org/10.1016/j.marpolbul.2024.117430
https://doi.org/10.1007/s11356-024-34972-6
https://doi.org/10.3390/app142311437
https://doi.org/10.3390/app14209310
https://doi.org/10.1016/j.ecoinf.2025.103230
https://doi.org/10.1016/j.scitotenv.2024.176630
https://doi.org/10.1117/12.3013227
https://doi.org/10.1117/12.3052766

Finanziato , Ministero
dall'Unione europea g dell’'Universita
NextGenerationEU 7> adella Ricerca

contaminated coastal site (Taranto, southern Italydth International Conference on Sustainable Solid
Waste Management (122 June 2024, Rhodes, Greece).

Rizzo A., Barracane G., Bonifazi G., Capobianco G., Gorga E., Mele D., Scardino G., De Santis V., Lapietra
I, La Salandra M., Lisco S., Liso S., Marsico A., Mastronuzzi G., Parise M., Serranti S., Scicchitano G.,
Sozio A.- Litter distribution in marine ahcoastal sediments: highlights from ongoing research prejects
SGISIMP: Geology for a sustainable management of our PlareS@ptember 2024, Bari, Italy).

Rizzo A., Anfuso G., Barracane G., Bonifazi G., Capobianco G., Cucuzza P., Gorga E., Lapietra I., Lisco S.,
Liso S., Marsico A., Mastronuzzi G., Mele D., Parise M., Scardino G., Serranti S., Sozio A., Scicchitano
G. - Litter distribution in marine and cdas environments: case studies from the Apulia region (Southern
Italy) i LITTORAL 2024: European Coastal Challenge Summit-2Z4September 2024, Constanta,
Romania).

Gorga E., Serranti S., Capobianco G., Bonifazi Glentification and Classification of Microplastics by a
Micro-Hyperspectral Imaging Scanner Prototyp&lIR2025: 22nd International Conference on Near
Infrared Spectroscopy {82 June 2025, Rome, Italy).

Capobianco G., Cucuzza P., Rizzo A., Bonifazi G., Mastronuzzi G., Serrai@r8undbased hyperspectral
imaging for the detection of plastic waste on coastal ar€&$2025: XLIV. Colloquium Spectroscopicum
Internationale (281 July 2025, Ulm, Germaiy

Cocozza P., Gorga E., Palmieri R., Villano C., Anfuso G., Bonifazi G., SerrankigSt characterization of
marine plastic litter by portable NIR spectroscopy for monitoring purposes and sustainable recycling
ISWA 2025: World Congress & Exhibition Remagine wasteTowards a wasteless future or a wasteful
planet?" (2729 October 2025, Buenos Aires, Argentina).

Abstracts accepted for presentations at International Conferences:

S. Serranti, G. Bonifazi, G. Capobianco, P. Cocozza, E. Gorga, A. Polettini, M. Falzarano, R. Pomi, A. Rossi,
A. Rizzo, I. Lapietra, S. Lisco, A. Marsico, G. Mastronuzzi, D. M&epid identification and classification
of macre and microplastics in cotd and marine environments by innovative spectral sensing technologies
- SWRMA2026: Sustainable Water Management and Resource Adaptation International Conference (17
18 June 2026, Roma, Italy).

Dissemination:

Rizzo A., Bonifazi G., Capobianco G., Gorga E., Mele D., Scardino G., De Santis V., Lapietra I., La Salandra
M., Lisco S., Liso S., Marsico A., Mastronuzzi G., Parise M., Serranti S., Scicchitano G., Serittéek.
distribution in marine and coastal s@énts: case studies from Apulia RegioRETURN Dissemination
Workshop (32 February 2024, Turin, Italy).

Pagliaccia B., Santini G., Lubello C., Maisto G., Gori R., Francalanci S., Polettini A., Falzarano M., Cincinelli
A., Sforzi L., Serranti S., Capobianco G., Gorga E., Falsini S., Colzi |., RizzM#&roplastics: from the
detection to the characterizatiof their effects into the environmerRETURN Dissemination Workshop
(19-21 June 2024, Bari, Italy).

Rizzo A., Capobianco G., De Santis V., Gorga E., Lapietra |., Lisco S., Liso S., Marsico A., Mastronuzzi G,
Mele D., Parise M., Scardino G., Scicchitano G., Serrarfifacro and Micro Litter distribution in marine
and coastal sediments: highlights fremgoing research activitiesRETURN Dissemination Workshop
(19-21 June 2024, Bari, Italy).

Serranti S., Capobianco G., Cucuzza P., Gorga E., BonifaZD&inition of the optimal analytical protocol
for the rapid and efficient characterization of microplastics by hyperspectral imagRigTURN
Dissemination Workshop (229 November 2024, Bolog, Italy).

Gorga E, Bonifazi G., Capobianco G., Cocozza P., Serranti- Development of spectral sensing
methodologies for monitoring and rapid identification and classification of maer@ microplastics
dispersed in terrestrial and marine environmérRETURN Spoke VS4 Plenary Meeting ¢3@ October
2025, Rome, ltaly).

78



Finanziato (f .. Ministero . l
dall'Unione europea | 7717 dell’'Universita l M [taliadomani
NextGenerationEU 7> edella Ricerca " £

PLANG NAZIONALE
DI RIFRESA E RESILIENZA

Mercury contamination in the Adriatic Sea has resulted in the accumulation of methylmercury (MeHg) in
marine food webs, with implications for ecosystem functioning and human exposure. Assessing MeHg
transfer across trophic levels and understanding keyebagemical processes in coastal sediments are
therefore essential.

This section presents two complementary methodological approaches: (i) trophodynamic ecosystem modelling
to quantify MeHg bioaccumulation across the Adriatic Sea food web, and (i) gesuaeemetabolic
modelling to investigate microbial sulfur cyclingdahydrogen sulfide (K5) dynamics in the surface
sediments of the Venice Lagoon.

the Ecopath with Ecosinkcotracer framework. Using extensive empirical data and modelled planktonic
MeHg concentrations, the tool quantifies methylmercury transfer across the food web and reproduces
trophic magnification patterns. By combining dietary uptarespiratiordriven assimilation and
temperaturelependent elimination, the model provides a basale estimates of exposure for ecologically
and commercially important species, strengthening the overall framework for ecobgstedh
contaminant andsk assessment.

Bioaccumulation model for mercury in lagoonal species of commercial interest has been developed and
coupled with higkresolution hydrodynamidiogeochemical simulations. This framework has been
applied to Tapes philippinarum, a species of central samioomic relevance in the Venice Lagoon,
enabling the quantification of temporal variability in Hg and MeHg uptake and the assessment of risks for
human consumption relative to the Tolerable Weekly Intake.

The genomescale metabolic model (GSM) tailored to microbial communities in the Venice Lagoon. This
modelling framework exploits genomic information to better characterise metabolic pathways relevant for
sulphur cycling and for the microbial production gfdhogen sulphide (KB), a process tightly linked to
redox dynamics and organigatter degradation in an ecosystem undergoing both anthropogenic pressures,
including organic chemical pollution and climatgven changes. The GSM approach offers a novel way
to integrate metagenomic datasets with biogeochemical models, thus improving the representation of
microbially mediated contaminant transformations.

The Northern Adriatic is a shallow, seemclosed shelf system that is strongly influenced by-terived
inputs (freshwater, nutrients and pollutants). Mercury (Hg) contamination has major historical point

sources: (i) the Idrija Hg mine (Slovenia), weos | egacy i s transferred downstream

River to the Gulf of Trieste and adjacent northern

et al., 2021), and (ii) releases from chidkali plants in the upper Adriatic lago@nslassically the
industrial area of Venice Lagoon (Bloom et al., 2004) and the Torviscosaatkddirplant impacting the
Marand Grado Lagoon system (Piani et al., 2005). Beyond total Hg loads, risk is driven by methylmercury
(MeHg), the most toxic and bioadoulative species, whose production is tightly coupled to organic matter
dynamics. MeHg is formed predominantly in the oxic water column of deep ocean, but sediment are also
an important site for Hg methylation, which is promoted neaii axiexic interface in organierich coastal
sediments (Sunderland et al., 2006). In the Northern Adriatic, episodic stratification, high -ongteic
delivery from productive waters, and sediment diagenesis can therefore link eutrophication/primary
production to the cre@n of anoxic microniches and enhanced Hg methylation, increasing the potential for
MeHg entry into food webs in coastal lagoons and nearshore areas.

Mercury bioaccumulation and its controlling processes were investigated through an integratestateulti
methodological framework designed to capture processes operating from ecosystem to microbial levels.
The methodology combines three complementaryatiiod components addressing (i) trophic transfer of
methylmercury in the Adriatic Sea, (ii) sispecific mercury bioaccumulation in the Venice Lagoon, and
(iiif) benthic microbial processes regulating sediment redox conditions.
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At the basin scale, trophodynamic modelling was used to quantify methylmercury (MeHg) transfer across the
Adriatic Sea food web, from primary producers to top predators. This component provides an eeosystem
level representation of bioaccumulation and bignification patterns based on trophic interactions and
empirical contaminant data.

At the lagoon scale, mercury cycling and organieuel exposure were assessed for the Venice Lagoon, a
system historically impacted by industrial mercury contamination. A coupled fate and transport
bioaccumulation framework was applied to simulate Hg slietHg uptake in a key benthic organism,
allowing sitespecific evaluation of bioaccumulation dynamics under local environmental conditions.

To complement these approaches, micresiale modelling was used to resolve benthic biogeochemical
processes in lagoon sediments. In particular, a gesscale metabolic modelling framework was applied
to investigate microbial sulfur cycling and hydrogarifide (HFS) dynamics, which strongly influence
sediment redox conditions and indirectly affect mercury sequestration and mobility.

Together, these methodological components provide a coherent framework to livkelodibaccumulation,
local organism exposure, and benthic microbial processes, enabling an integrated assessment of mercury
dynamics in the Adriatic Sea and the Venice lago

Clam bioenergetic and bioaccumulation model
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Figure 4.7.1: Scheme of the offine coupling between the SHYFEMg model and the bioenergetiinaccumulation
model for clams. The dotted lines represent the time evolution of total Hg concentration in the clam at the two stations
San Giuliano (upper panel) and s (lower panel) modeled by varying the assimilation efficiency. The 3d plots
show the growth rate as a function of water temperature and food availability (concentration of organic particles).

n.a

n.a

Three complementary modelling approaches were applied to investigate mercury bioaccumulation and benthic
biogeochemical processes at different ecological scales.

Ecosystemscale trophodynamic model

Mercury bioaccumulation in the Adriatic Sea food web was simulated &siogath with Ecosim (EwE)
coupled with theEcotracer routine. EwE is a trophodynamic ecosystem modelling framework that
represents species or groups of species with similar ecological characteristics as functional groups and
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describes trophic interactions based on ri@dance and timdynamic principles (Christensen and
Walters, 2004; Libralato et al., 2020).

The Ecotracer module enables the simulation of contaminant transfer within food webs by tracking
contaminant flows associated with biomass exchanges and accounting for dietary uptake, elimination,
decay, and physical exchange processes (Christensen 2008;, Serpetti et al., 2025). In this study,
Ecotracer was used to simulate methylmercury (MeHg) bioaccumulation across trophic levels, from
primary producers to top predators, allowing the quantification of trophic magnification patterns at the
basin scke.

At the lagoon scale, mercury cycling and bioaccumulation were investigated in the Venice Lagoon, a system
historically contaminated by industrial discharges from the Porto Marghera area (Rosati et al., 2020). Hg
and MeHg bioaccumulation was simulated usiruplechigh-resolution fate and transport modeland
azero-dimensional, individual-based bioaccumulation modelapplied at multiple lagoon sites.

This modelling framework resolves environmental exposure concentrations of mercury species and simulates
uptake, accumulation, and elimination processes at the organism level for the Bageghilippinarum
a key benthic species relevant for ecosystem functioning and human consumption. The approach enables
site-specific assessment of bioaccumulation dynamics under local environmental conditions.

Benthic biogeochemical processes in surface sediments of the Venice Lagoon were investigated using a
community genomescale metabolic model (cGEM)(Saidi et al. in prep. The model focuses on
microbial sulfur cycling and hydrogen sulfideR$) dynamics, processes that strongly influence sediment
redox conditions and play a key role in regulating metal speciation and binding in sediments.

The cGEM was developed by merging 11 individually curated gersmale metabolic models derived from
metagenomassembled genomes of key sulycling bacteria (Banchi et al., 2024). Genescale
metabolic modelling enables the reconstruction of micrah&thbolic networks linking genes, reactions,
and metabolites and allows simulation of metabolic fluxes under different environmental constraints
(Wieder et al., 2015; Lennon et al., 2024).

Microbial sulfate reduction rates in the Venice Lagoon sediments are among the highest reported in coastal
environments (Zaggia et al., 2007), leading to substantial hydrogen sulfide production that can accumulate
under lowoxygen conditions and pose edggilzal risks (Brigolin et al., 2021). When oxygen or alternative
electron acceptors are available, sulfurdizing and denitrifying bacteria mitigate sulfide accumulation
(Heijs and van Gemerden, 2000; Cardoso et al., 2006).

Although mercury transformations are not explicitly simulated within the gersoale model, the resolved
microbial processes provide mechanistic insight into benthic conditions that influence mercury
sequestration and potential remobilization. This addrethe need for more explicit biological mechanisms
in ecosystem models, as highlighted by recent studies (Wieder et al., 2015; ASM, 2023; Cavicchioli et al.,
2019).

For theecosysterrscale trophodynamic model the Ecopath with Ecosim (EwE) framework coupled with
the Ecotracer routine was implemented for the Adriatic Sea using a fungiiona@l representation of the
ecosystem. Environmental methylmercury (MeHg) concentrations were imposed asssiéathpunary
conditions to allow the system to reach equilibrium contaminant levels across trophic groupterbrong
simulations were performed to ensure convergence of MeHg concentrations and stability of model outputs.
For functional groups lacking empirical concentration data, initial MeHg values were estimated based on
trophic level relationships derived from the compiled dataset. Model outputs were evaluated by comparison
with observed MeHg concentrations, with par@gcuattention to invertebrate groups used for model
validation.

The lagoonscale fate and transpori bioaccumulation modelwas implemented for different sites in the
Venice Lagoon under specific environmental conditions (Rosati et al., in prep.). Outputs from the fate and
transport model provided sipecific exposure concentrations of Hg and MeHg in water and sediments.
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These concentrations were used as inputs for thedmernsional, individuabased bioaccumulation
model applied to the bivalvEapes philippinarumSimulations focused on steasfate bioaccumulation
patterns, providing baseline estimates of orgaderal mercury accumulation under current conditions
and allowing comparison among lagoon sites.

The community genomescale metabolic model (cGEM)was implemented using a constraidsed
modelling framework. Environmental conditions were applied as boundary constraints on nutrient
availability, electron acceptors, and organic substrates. Model runs were designed to explore alternative
environmentakcenarios affecting microbial metabolism, with particular emphasis on sulfate reduction,
hydrogen sulfide (AS) production, and pollutant degradation pathways. Flux balance analysis was used to
quantify chages in metabolic flux distributions under different conditions, allowing the identification of
scenarios associated with elevateeshproduction or enhanced pollutant removal.

Across all modelling approaches, simulations were designed to represerterongguasequilibrium
conditions rather than she®rm transient events. Although the three models operate at different biological
and spatial scales and are not dynamicallypted, their coordinated implementation provides
complementary insights into foatleb bioaccumulation, sispecific organism exposure, and benthic
microbial processes. Together, these model runs support an integrated interpretation of mercury
bioaccumulabn patterns and benthic biogeochemical controls in the Adriatic Sea and the Venice Lagoon.

A database of Hg and MeHg concentrations in the biota of the Adriatic Sea was created for model validation
and future studies. A first calibrated version of the model was obtained-dinae@sional configuration
and provided the bioaccumulation in the iatic Sea biota.

The compilation of methylmercury (MeHg) data for the Adriatic Sea biota revealed clear and systematic
variations across trophic groups.

Model results shown in Table 4.2.1 show overall a strong trophic magnification pattern, with MeHg
concentrations increasing from primary producers and small invertebrates to higher predators. Primary
producers and microbial groups exhibited extremely loancc ent r at i ons (<10 | g/ t), however, the | ar
increase in MeHg concentrations occur between the water and primary producers, which bioconcentrate
MeHg to values approximately 300,000 times the value of seawater. Intermediate trophiérielelmg
dea@pods, cephalopods, and small pelagic -fidisplayed mierange concentrations (0i0B7 g/t),
reflecting dietary pathways and differences in metabolic rates and feeding strategies. HigHewabhic
predators, particularly large pelagic fish and demengiscivores, showed substantially higher
concentrations (0i.5 g/t), indicative of cumulative dietary exposure. Marine mammals displayed the
highest recorded values in the dataset, with common bottlenose dolphin (13.8 g/t) alwdgenid
odontocetes (8.9/t) representing the upper end of the bioaccumulation spectrum. These findings are
consistent with global observations for leliged predators in sergnclosed basins.

Between trophic levels (TL), the average concentration increase of secondary trophic levels is 13 times the
value of primary producers. TL3 organisms increase MeHg concentration 3 times over TL 2, and TL4
organisms increase in concentration-folgl. Mid-large odontocetes, the only TL 5 group have a 5,5 fold
increase over TL 4 organismsdé concentrations. Thus, for living org
MeHg concentration between each trophic level of 7.5, and a-B&Dhcrease between TL 5 aiid 1.

Model validation against invertebrate observations showed a good agreement. This indicates that the EwE
Ecotracer configuration captures the dominant processes governing MeHg accumulation, including dietary
assimilation, respiratichased uptake for fishnd cephalopods, and elimination through predation,
mortality. The calibrated Ecotracer model represents a valuable tool for scenario analysis. This capability
is particularly relevant for supporting risk assessment, spatial management, and ecbagstisheries
management in the Adriatic Sea.
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Table 4.7.1: Model results: Methylmercury concentrations (g/t) in muscle tissues for living groups in the EWE model for
the Adriatic Sea and their Ecological traits: Trophic levels are estimated from diet composition in the EWE model.
Diet information derives frontiet composition in the EwWE model. Diet information derives from the FAIRSEA
project documentation ( 6iRi sSthearrieeds Eicro stylsd eAnd rAipptrlo@acRé&gi amd primary | iterat
sources
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