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Climate change and environmental degradation are interconnected global challenges -keiichiag
implications for biodiversity and ecosystem health. Marine and coastal environments, in particular, are
exposed to an increasing number of stressors, suebaaning, acidification, deoxygenation, amace
metal contamination. It is important to note that these stressors rarely act in isolation, while they interact in
complex ways, producing effects that can amplify or mitigate their individual impacts. It is imperative to
comprehend the interplay of thesaultifaceted effects to facilitate precise prediction of ecological
responses and the formulation of efficacious mitigation strategies. This report presents a series of field
(Grado and Marano Lagoon, volcanic vents at the Aeolian Islands) and laborstaly experiments
designed to investigate the cumulative impacts of multiple environmental stressors. The primary objective
is to assess the nature and magnitude of interactions between the key drivers of degradation.

The benthiepelagic ecosystem functioning of the Gradarano Lagoon, and its response to Hg
contamination and Qlepletion, were assessed through enclosures (June 2024), field samplings (June 2025)
and experiments in aquaria (autumn 2025). In June 2024, 18 mesocosms were positioned in the most
contaminated lagoon area. The dynamics of Hg, physleaiical and biolgical variables were assessed
in water and sediments at TO, after 96 hours (T1) and 10 days (T2), and compared to external sites. At T2,
O2 cortentration inside the mesocosms decreagkdl(+7.3%) compared to TO, triggering changes in key
benthic and pelagic biological processes. Benthic Primary Production and Community Respiration
decreased by 21.4+2.2% and 63.4+£2.9% respectively. In corf@st, T1 to T2, inorganic nutrients
concentration increased in the waterR®; +84.6+6.9%, NNH4 +77.7£1.0%, SSi(OH) +59.7+3.6%)
following organic matter remineralization by microbial activity (prokaryotic Heterotrophic C Production).

The combined effects of climate change (warming and acidification), sulphideaaachetal contamination
on photosynthesising and habifatming organisms and on their role as climatic refugia were studied using
natural laboratories (hydrothermal vents). Two field surveys (September 2024 and May 2025) were carried
out at Panarea ventsdBalina control$o asses$eatures oseavater, interstitial water, sedimerand the
seagrasfosidoniaoceanica At impacted sites, pH ranged from 7.307 in the vater column and 4i9
6.5 in interstitial watx. A 54 AC anomaly was found in one site
also observed. Stressors led to reduced leaf area, brown tissue, and fewer/shorterPusitsnia plus
50% growth inhibition in the microalgd@unaliella tertiolectaduring the ecotoxicity test. Additionally,
higher levels of trace element contamination and more negative carbon isotope values were also detected
in the tissues oP. oceanicarom Panarea than from Salina, reveglia high influence of hydrothermal
emissions on contaminant exposure and carbon uptake dynamics.

The ecological interactions and physidoemical transformations of four plastic typologies, of which two
conventional (polyethylene, PE; and polypropylene, PP) and two biodegradable-Bilater polylactic
acid, PLA), have been investigated through &l fexperiment in the Aeolian Archipelago. Stainless steel
containers holding microplastic samples were deployed in seawater in September 2024 across six sites
differing in levels of acidification, trace metal contamination, and temperature. Every folrsnsaniples
have been collected to conduct analyses regarding physical and chemical degradation, biofouling,
ecotossicological risk assessments, and the relgaake of trace metals and other pollutants. Targeted
analyses are also being carried out onettiible tissues of the fish species. Sites exhibited a pH gradient
ranging from 7.51 at Baia di Levante (Vulcano), influenced by hydrothermal emissions, to 8.12 in Gelso
(Vulcano), a reference site. Two nordigenous molluscdsognomon bicoloandPinctada radiatahave
settled and have been grown within the plastic boxes, confirming the role of plastics as refuge/ vector for
nortrindigenous species. Preliminary ATRRIR analysis revealed almost no chemical changes for PLA
and HDPE over the different exposure timiegontrast, PP samples exhibited a 30% increased crystallinity
that may be a consequence of annealing, while Mgitsamples indicated the loss of the stearamide
additive.

The outcomes of this study enhance our understanding of ecosystem vulnerability under accelerating climate
change and increasing anthropogenic pressures, providing critical insights into the projected impacts of
future disturbance scenarios on sensitivesgstems and key habitats that underpin essential ecosystem
services.
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This Deliverable (D4.4.1) ofthetask4d , ent i tl ed ACI i mate changeanand e
laboratoryscale experiments to assess synergistic/antagonistic effects and cumulative impact of multiple
environmental degradation causes, including combined effects of warming,caticiifi deoxygenation
andtracemetal contaminationiss designed to provide a comprehensive overview of the activities carried
out andof the results obtained.

Following this introductory section, the Deliverable is organised into three main sections, each dedicated to a
specific case study (the Gratitarano lagoon, the Panarea vents, and_tpari/VVulcano vents), whose
overarching aim is to investigate the interplay of key drivers of marine and coastal environmental
degradation, including warming, acidification, deoxygenation tiemgmetal contamination, and to assess
how these stressors interact to influence ecosystem structure, function, and health.

Each section is structured into dedicated chapters, including an Introduction outlining the scientific
background, rationale and specific objectives of the study; a Materials and Methods chapter detailing the
study area, sampling strategy and analyticatedures adopted for the evaluation of the case specific
issues; and ResultBiscussionand Conclusionshapters, in which the main findings are presented and
critically interpreted in the context of existing literature andsjitecific conditions. Theeport concludes
with a unified Conclusions section that integrates the main outcomes of the three case studies and highlights
their broader ecological and environmental relevance, followed by a common References section.
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Lagoon systems represent global ecological hotspots due to their high primary productivity, and capacity to
provide essential ecosystem services (Geppl, 2023). Although they cover a relatively limited surface
area, these systems play a crucial role in regulating biogeochemical cycles and carbon sequestration, with
productivity rates ranging from 50 to iBgzenesy C n
(Knoppers, 1994; Kennish, 2015; Odum, 1983).

Lagoons not only support highly productive biological networks but also perform essential functions such as
water purification, nutrient regulation, and carbon sequestration (Mitsch and Gosselink, 2015).
Remarkably, their carbon storage potential per amgii often exceeds that of many terrestrial ecosystems
(Heckbertet al, 2011; Macreadiest al, 2021), rendering them key natural allies in climate change
mitigation. The loss of these functions would jeopardize not only local biodiversity but alsmhia gl
climate balance (Béret al, 2011; Newtoret al, 2018; Uwadiaet al, 2025).

The ecological structure of lagoons is highly dynamic and complex, shaped by strong -phgsical
gradients and seasonal environmental fluctuations (Bedtirad, 2019; Ferrariret al, 2010). However,
this very complexity also exposes them to vulnerability. Several disturbances such as contaminant loads,
extreme weather events, or prolonged thermal stress, can trigger cascading effects that profoundly alter
biological interactions anbdiogeochemical cycles, ultimately compromising system resilierigerghi et
al., 2023; Toffoloet al, 2022).

Despite their importance, coastal lagoons remain underrepresented in ecosystem research studies (Martinez
Megias and Rico, 2022), compared to those focused on open ocean environmentsefGilh&d22).
Even rarer are studies investigating the interaction between chronic contamination and climate stressors at
the ecosystem scale (Gisgial, 2021), and very few have employed experimental field approaches, such
as mesocosms, to simulate future scenarios (Ostratgkj 2021).

In this context, the mercugontaminated Gradblarano Lagoon (Bettoset al, 2023) represents an ideal
case study for investigating the interactions between historical human impacts anddagsdimatic
factors. In this study we adopted an innovative ecosyb@sad experimental approach: we isolated
specific lagoon sectionduring the warmest months of the year, limiting the horizontal exchanges with
oxygenenriched seawater under naturally elevated summer temperatures, to mimic the increase in the
resident time of lagoon waters that occurs in its most confined areas in summer. We selected the second
half of June to carry out the experiment, based on the oxygen data obtained from the Regional Agency for
Environmental Protection of Friuli Venezia GaIlARPA FVG), indicating a progressive anticipation of
hypoxic events in the last years, with their first occurrences already in June (Pigakiga022).This
particular kind of field mesocosm setup (Baldassatral, 2023) allowed us to induce watgtagnation
and dissolved oxygen depletion, simulating potential future climate change scenarios. The mesocosms thus
acted as Awi ndows into the future, O model I i ng ¢
thermal, hypoxic and Hgontamination sess.

The study aimed at evaluating the functional resilience of a contaminated lagoon ecosystem subjected to the
synergistic effect of multiple stressors. Specifically, our guiding questions wereH@)do the key
biological processes respond to increased hydrodynamic isolation, and does the latter lead to a shift in the
trophic state of the syster@2) Doesthe progressing isolation induce modifications in the pelagisthic
coupling, and what are the implications for the overall ecosystem resilience?
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Covering an area of approximately 160 km2 between the estuaries of the Isonzo River to the east and the
Tagliamento River to the west, the Greldarano Lagoorsystem Figure4.2.21 A) is divided intotwo
main subbasins: the Marano Lagoon (western sector) and the Grado Lagoon (eastern sector). These can be
further divided into functional subasins: Lignano, San Andrea, and Buso for Marano, and Morgo, Grado,
and Primero for Grado (Acquavitd al, 2015).

The two subsystems display pronounced morphological, bathymetric, and hydrodynamic differences (Ferrarin
et al, 2010). The Marano Lagoon is a seeniclosed tidal basin, relatively deeper, with extensive saltmarsh
areas and a dense network of channels, highly influenced by freshwater inputs (notably the Tagliamento
River and several minor tributaries). In contrése Grado Lagoon is shallower, less affected by riverine
inputs, more exposed to seawater influence, and characterized by weaker hydrodyranzitooi
(Ferrarinet al, 2010).

These structural differences are mirrored in strong heterogeneity of the ploysnsdtal parameters of water
and sediments temperature, salinity, dissolved oxygen, pH, turbidity, chloropayihcquavitaet al,
2015)- and of sediment graisize, which affects the distribution and availability of contaminants. Such
conditions vary across spatial and temporal scales, both seasonally and interannually, exposing this system
to the effects of global warming (Acqutvet al, 2024).

A distinctive feature of the Graeddarano Lagoon is its historical mercury (Hg) contamination, which
represents a lonlgsting environmental stressor deriving from past anthropogenic inputs (Bettako
2023).

The Hg loads originate from two main sources:

y Miningderi ved contaminati on (Dizdarevil, 2001) ,
(Slovenia), one of the largest European cinnabar (HgS) deposits. Hg released by mining activities was
carried downstream the Idrijca River, a tributary of the 2sprand ultimately reached the Adriatic
coast. Coastal and tidal circulation mechanisms subsequently facilitated its transfer and accumulation,
particularly in the eastern sector of the I ago

y Industrial contamination (Acquavitat al, 2024 and references therein; Bettatoal, 2023),
originating from the former chlealkali plant of Torviscosa (NE Italy). The facility remained in
operation for several decades, and between 1949 and 1984 discharged approximately 190 tonnes of
Hg into the Auss#Corno River. The metal, bound tmé sediments, was subsequently accumulated
mostly in the central sector of the lagoon (Acquagital, 2024 and references therein; Bettesal,

2023).

Although the primary sources of Hg discharge stopped decades ago, Hg contamination persists in surface
sediments, where it can be remobilized and microbially transformed into methylmercury (MeHg) and
released into the water column, particularly under higdamoxic or elevatetemperature conditions
(Bettosoet al, 2023).

In recent years, the lagoon has shown increasing vulnerability to climate change. Dissolved oxygen (DO)
measurements conducted by ARPA FVG indicate a rising frequency of hypoxic events, particularly during
summer and early autumn in areas with limited weiieulation such as the innermost part of the Grado
lagoon (Pittalugat al.2022).

The experiment was carried out in early summer, between 17 and 27 June 2024, under naturally high
temperature conditions, to mimic a realistic thermal stress scenario. Three clusters of mesocosms (R1, R2,
R3) (Figure4.2.21 B) were deployed in the Primero shbasi n of the Grado Lago
13A24Nj44. 1n E, meanetd.e20t0h(Fighre 4221 A as(irtdependentr spatial
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replicates to capture natural variability. This site was specifically chosen because it represents the most

contaminated area of the | agoon, with a total me
2023). Each cluster was formed by six mwssms, for a total of eighteen experimental units. At each
sampling time, three mesocosms were sampled (wit

cluster, while the remaining units hosted multiparametric probes and passive samptegarior and
inorganic contaminants (data not shown) or served as backup. The irregular spatial arrangement of
mesocosms was due to the presence of patchegnaddocea nodog@Figure4.2.21 D) (Boscuttiet al,

2015; Cingancet al, 2024). Mesocosms were placed on unvegetated ldgeasio ensure that sampled
sediments were not influenced by macrophytes, and once the nylon cylinders were raised (Fig. 1C), the
direct influence of vegetation ceased due to the horizontal isolation of water inside the mesocosms. Each
mesocosm (V = 1 m3 cacpnsisted of a galvanized iron cylindrical frame (g = 1 m) covered by a transparent
nylon cylinder that allowed light penetration, maintaining photosynthetic activity. Lateral closure prevented
horizontal water exchange, while it permitted vertical fluxes between air/water at the top, and
water/sediment at the bottorfiF{gure4.2.21 C). Each structure was inserted into the lagoon bed fior 50

60 cm in depth, limiting natural circulation and promoting water column stratification. With thip set

were able to simulate conditions typical of a future climate change scenario (for maile seé
Baldassarret al.2023). The experiment began by raising the nylon cylinders to isolate the inner volumes,
and sampling was performed atdutside the mesocosms while internal and external conditions were still
ali ke. T was conducted after four days and T
showed a progressive decline. At bothahid T, samples were collected inside the mesocosms, one from
each replicate cluster, and outside, in order to compare experimental condittonatwial ones. Only a

single replicate was available for the external samples, due to the overall complexity of the experiment and
the total time required to sample all variables at four points (3 mesocosms + 1 external point).

Dissolved oxygen (DO) was periodically monitored between sampling events to track any modifications inside
the mesocosms and guide the timing of subsequent collections. Temperature (T), salinity (S), and
conductivity (C) were continuously monitored throaghthe experiment using St@ddi DST-CTD mini
data loggers fixed to the structures: three placed inside the mesocosms (one per replicate) and one
positioned externally, anchored to a mesocosm. During each sampling event, a YSI EXO2 multiparameter
probevas additionally employed to measure T, S, pH
and %), both inside and outside the sampled mesocosms. In parallelarad T, external water and
sediment samples were collected in close proximity to the mesocosmes.

At each experiment al time (T , T , T ), water san
from sediment resuspension. Sampling was performed with a 5 L horizontal Niskin bottle, specifically
designed for shallow lagoonal environmentat® aliquots were subsampled for the analysis of inorganic
nutrients, chlorophyih, phytoplankton biomass (PB), and to estimate Gross Primary Production (GPPw)
and Heterotrophic Carbon Production rates (HCPw).

Subsequently, surface sediment samples were collected using a manual HAPS corer (KC Denmark; inner &
14 cm, sampling area 154 cm?, max depth 31 cm). For each mesocosm and for the external site, two
sediment cores were obtained: the first one was extrudetkdiately on board, and the tog {0cm)
homogenized sediment was subsampled for the following analyses:sgmjriTotal Organic Carbon
(TOC), Total Nitrogen (TN), and Gross Primary Production (GPPs). The second undisturbed core was
transported to theboratory within 2 h maintaining in situ temperatures. This core was subsampled with a
plexiglass liner (inner @ 3 cm) &stimate benthic community respiration (CR), while the surface layer (0
1 cm) of the remaining portion was collected separately, homogenized, and used for Heterotrophic Carbon
Production (HCPs) and microphytobenthos (MPB) biomass analyses.
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Figure 4.2.2.1. (A) Gradoi Marano Lagoon (northern Adriatic Sea, Italy) showing the position of the
study site. (B) Experimental set-up, illustrating the spatial arrangement of the mesocosms into three
clusters (R1, R2, R3) and the sampling times (To, T1, T2). (C, D) Images of the mesocosms before
their placement in situ (C) and before the beginning of the experiment (D); in the latter the occurrence
of Cymodocea nodosa patches among the mesocosms is evidenced.

Water sampledfor dissolvedinorganicnutrients(P-PQi, N-NH4, N-NO,, N-NOs and Si-Si(OH)) were pre-
filtered on-boardusingpre-combustedylassfiber filters with a0.7 um poresize(WhatmanGF/F)andthen
collectedn polyethylenevialsthatwereacidwashedHCI 1M) andrinsedwith seawaterAll samplesvere
immediatelyfrozenat-20°C andstoredat this temperaturaintil analysis.The analysesvereconductedat
room temperatureusing a four-channel QuAAtro SEAL Analytical, ContinuousFlow Analyzer, as
describedby HanserandKoroleff (1999).The detectionlimits for ammonium nitrite, nitrate,phosphate,
andsilicatewere0.03,0.01,0.02,0.01,and0.02umol L, respectively.
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Water subsamplegor chlorophyll a (Chl a) determinationwere collectedon board, keptin the dark, and
maintainedat 4 °C until filtration. In the laboratory,sampleswere filtered immediatelyonto 47 mm
WhatmarGF/Fglasdfiberfilters, whichwerethenstoredati 2 A€C. Chlorophyllaconcentrabns,corrected
for phaeopigmentsyerequantifiedfluorometricallyafter extractionwith 90% acetoneandcentrifugation
in darknessfollowing the proceduredescribedby Lorenzenand Jeffrey (1980), using a Perkin Elmer
LS50Bfluorometer.

For phytoplankton(2-200e m analysis,samplesvere collectedin 500 mL-dark bottlesand preservedvith
prefiltered andneutralizedl.6%formaldehydgThrondsen1978).Cell countswereperformedfollowing
the Uterméhimethod(Uterméhl,1958),asappliedin Zingoneetal. (1990).A variablevolumeof seawater
(10-50 mL) wassettleddependingon cell concentrationsCell countswere performedusingan inverted
light microscopgOlympusiX71 andLEICA BMI3000B) equippedwith phasecontrast.Cells (minimum
200) were countedalongtransectq1i 2) in a Utermohlchamberat a magnificationof 400x. In addition,
onehalf of thechambemwasalsoexaminedat a magnificationof 200x,to obtainamorecorrectevaluation
of lessabundantphytoplanktontaxa. Phytoplankto specimenswere identified to the lowest possible
taxonomiclevel using floras listed in Cibic et al. (2022a).The biovolume of phytoplanktoncells was
calculatedaccordingto Edler (1979)andHillebrandet al. (1999).Cell volumeswereconvertedo carba
contentusingtheformulaintroducedoy MendenDeuerandLessard2000)andPB wasexpresseth ug C
L T

A 107 25g aliquotof homogenizegedimenwascollectedfrom eachcorereplicate. Smallpebblesandshell
fragmentsvereseparatefrom the sandandmudfractionsby sievingat 2 mm. Eachsamplewvaspretreated
with 10% hydrogenperoxidebeforebeinganalyzedusingthe LS 13 320 LaserDiffraction ParticleSize
Analyzer,BeckmanCoulter,USA. The dataarepresentecspercentagesf sand silt, andclay, following
the UddenrWentworthgrain-sizeclassification(Wentworth,1922).

Sedimentwasfreezedried, groundin a ceramicmortar,andthensievedthrougha 250 € mron steelsieve
(Endecottd TD, UK). Triplicatesubsamplesachweighingapproximateh8i 12mg,wereplaceddirectly
into silverandtin capsulesisingamicroultrebalancewith anaccuracyof 0.1¢ gBeforeTOC analysisthe
subsamplegveretreatedn the capsuleswith increasingconcentrationef HCI (0.1 N and1 N) to remove
thecarbonatdraction (Nieuwenhuizeetal., 1994).Carbon(C) andnitrogen(N) contentsveredetermined
usinga CHNGO-S elementabnalyzer(mod. ECS4010,Costech|/taly), following the methodof Pellaand
Colombo(1973).TheinstrumentwascalibratedusingstandardacetanilidgCostech purity 099.5%),and
empty capsulesvere analyzedto correctfor blank values.Quality control was carriedout with internal
standardsand carbonmeasurementsvere also verified using the certified marine sedimentreference
material PACS2 (National ResearciCouncl Canada2007). The relative standarddeviationsfor three
replicateswerebelow 3%. TOC and TN concentrationsverereportedasweightpercentagesf C andN,
respectivelypnadry sedimenbasis.

For MPB analysesthree aliquots of homogenizedsediment(2 cm?®) were withdrawn using a syringe and
directlyfixed with 20 mL of formaldehyd€4%final concentrationpufferedsolutionCaMg(CQ)a, in pre-
filtered bottomseawate(0.2 um filters). After manualstirring, 20 pL aliquotsof the sedimensuspension
weredrawnoff from the slurriesandplacedinto a countingchamberOnly cells containingpigmentsand
not emptyfrustuleswerecountedundera Leitz invertedlight microscopéollowing the protocoldescribed
by Franzoet al. (2015)andCibic et al. (2022a).The qualitativeidentificationof MPB assemblagewas
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carriedout usingfloraslistedin Cibic andBlasutto(2011).To estimatethe biomasgexpresse@spug cn
%), the biovolumeof MPB cellswascalculatedaccordingto Hillebrandet al. (1999).Afterwards,the MPB
biomasswas obtainedmultiplying the abundancécells cn®) by the carboncontentof eachcountedcell
usingtheformulasintroducedoy MendenDeuerandLessard2000).

We estimated Gross Primary Production in water (GPPw) and surface sediments (GPPs) sample$*Gsing the
uptake method (Nielsen, 1952). The incubation time was kept to 1 hour, therefore in both cases a gross
primary production rate was measured (Gazgtal, 2005).

To estimate GPPw, water samples were poured intml78ranslucent and dark polycarbonate carboys
(Nalgene) and stored in coolers in the dark for 30 minutes to halt any residual photosynthetic activity.
Subsequently, 6 &0 (DHIODeramark) Mds@ddedpér bole. Fhree light and one
dark samples per mesocosm/external reference were fixed on a rosette and incubated in situ, for 1h under
natural light conditions. At the end of the incubation, samples were transferred-toL106Gtles and
suppl emented with 320 €L of 5 N HCI (Cibic and V
remove the residual labelled bicarbonate, not assimilated by the phototrophic plankton. Subsequently,
samples were treated as described in (Gbal, 2022a).

To estimate GPPs, for each mesocosm/external reference, an aliquot of @&Hhomogenized sediment was
resuspended in 50 mL of filter e (Nad@ydDHIeDenmarR). 22 C
were added to reach a final activity of 1 uCi ™37 kBq mL?) (Nielsen, 1952). The suspension was then
transferred into two dark and three light 9 gllass vials. These samples were fixed on a rosette and
incubated in situ for 1 h. Afterwards, 200 puL of HCI 5N were added immediately to stop tludivey a
(Cibic and Virgilio, 2010). Subsequently, samples were treated as described bye{@ihi2008b).

Disintegrations per minute (DPM) were measured by a QuantaSma@ARB 2900 TR Liquid Scintillation
Analyzer (Packard BioScience, USA) including quenching correction, obtained using internal standards.
Carbon assimilation was calculated as describedhygas, 1975), assuming 5 % isotope discrimination.
Activity of the added NaMCO; and inorganic carbon concentration (& @ere calculated based on total
alkalinity measured in the same samples. Photosynthetically available radiation (PAR) was redbled i
water column, using a Profiling Natural Fluorometer P30BA (Biospherical Instruments Inc., San Diego,

CA, USA) before and after each incubation. Since incubations were carried out in different light conditions,
GPPw and GPPs data were normalizedfol i ght i ntensity of 2000 eE, r
measured in situ during incubations.

Heterotrophic prokaryotic carbon production (HCP) was assessed using the mefithbtewdine (Leu)
incorporation, as described by Kirchmainal. (1985) for water samples and by van Duyl and Kop (1994)
for sediment samples.

To estimate HCPw, for each replicate, three 1.7 mL water subsamples, along with one killed @®alroif
100% trichloroacetic acid TCA), were spiked with 20 nM radiotracer (50.2 Ci mmhdrevvity, Waltham,
MA, USA) and incubated for 1 hour in the darkresitutemperature. The extraction®¥f-labeled proteins
was performed using the microcentrifugation technique described by Smith and Azam (1992). Following
the addition of 1 mL of scintillation cocktail (Ultima G&dMV; Packard), the radioactivity was measured
using a TriCarb 4910TR Liquid Scintillation Analyzer (Revvity, Waltham, MA, USA). To estimate carbon
biomass production, a conversion factor of 3.1 kg C'rhels incorporated was applied, assumingfalé
isotope dilution (Simon and Azam, 1989).

To estimate HCPs, each sediment sample (0.2 mL of 1:1 v/v slurry) was incubated with Gi@iuafine
(Revvity, Waltham, MA, USA) in the dark for 1h at in situ temperature; incubations were stopped by adding
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80% ethanol (1.7 mL). After washing the samples twice with ethanol (80%) by mixing, centrifuging and
supernatant removal, the sediment was transferred with ethanol (80%) onto a polycarbonate filter (0.2 um
mesh size). The filters were then washed twicé &% TCA and heated in 2M NaOH for 2 h in a water

bath at 100°C, cooled on ice and centrifuged at 425 g for 3 minutes. One mL of supernatant was transferred
to scintillation vials; after the addition of 10 mL of Hionic Fluor (Rewvity, Waltham, MA, USA)
scintillation fluid, the activity in the sediments was determined by &Carb 4910TR Liquid Scintillation
Analyzer (Revvity, Waltham, MA, USA). For each sample, three replicates and two etifeaed blanks

were analyzed.

Oxygen consumption rates were obtained througmiroprofiles conducted on intact sediment cores. The
latter were kept in the dark and maintaineih a&itutemperature using a cryostat (Grant, model LT Ecocool
150). The @ microprofiles in steadgtate conditions were acquired using ann@icrosensor (Unisense
Denmark, OX100 standard) (Moyet al, 2014), a Clarkype electrode with a protected cathode (Revsbech
and Jorgensen, 1989; Revsbech, 2005), with a sensor tip diameter of 100 um, and the seyitsitigity
< 2%. Q profiles were acquired at 100 um depth intervals and subsequently processed using the Unisense
SensorTrace Suite software (Logger+, Photo, Rate and Profiling) version 3.4.700 (Unisense, Aarhus,
Denmark). To calculate CR (nmol &), porosity, temperature, and salinity data were manually added.
Before acquiring each profile, the microsensor was polarized and calibrated using thexyfem
calibration kit (Unisense). Areal oxygen respiration rates were calculated as describéiichet @l.
(2007a). By applying a respiratory quotient of 1, the oxygen data were converted to'ifig Garestimate
the trophic status (autotrophy/heterotrophy) of the investigated area. Finally, net primary production (NPP)
was estimated by subtracting CR from GPP (Gébial, 2012b).

All statistical analyses and graphical outputs were performed using R (version 4.5.1; R Core Team, 2025).
Temporal changes of variables in the mesocosms were assessed considering all three experimental times
(T T and T ), w h iltd abtained insfile vsiostsida the rbesocosmsewere r e
conducted for T and T onl y. As only one r e|]
comparisons between internal (inside mesocosms) and external data were performed using a bootstrap
analysisFor each comparison, the three individual internal replicate variables were resampled 27 times to
generate an empirical distribution, from which confidence intervals aradugs for the external variable
were estimated, following principles similar to seodescribed by Dwivedit al.(2017) for smallsample
resampling analyses. Unlike Dwivesti al. (2017), who resampled means of spsainple replicates, we
directly resampled the individual internal replicates (three mesocosms), preserving their aaabity.

The bootstrap analysis provided a qualitative output, indicating whether the difference between internal and
external data was statistically significant (fAye
the external value fellot si de t he 95% confidence interval of t
corresponding to a-palue< 0.05.

For univariate analyses of all physicbhemical and biological variables, eway ANOVA was applied,
followed by Tukey HSDposhoc t ests to compare replicates of
Correlations between variables were assessed8sng ar mandés rank correlation

For multivariate analyses, biotic data were organized into separate matrices for water and sediments. Negative
biotic values (e.g., CR and NPP) were transformed using the log_signed() function, to preserve the
ecological meaning of negative values whilenpoessing the scalBrincipal Component Analysis (PCA)
was performed on abiotic variN®IIBEN (NHEMBeioHUTr ¢,
PiP O , afdCwwaker; sand%, silt%, TC, TN, TOC, and C/N ratio for sediments) to explore eneinteim
gradients among samples. Biotic variables (diatom, dinoflagellate, coccolithophore and flagellate biomass,
GPPw and HCPw for water; MPB biomass, GPPs, CRs and HCPs for sediments) were then fitted as
supplementary variables using thevfit function to assess their relationships with the abiotic gradients.
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Two separate PCAs were performed, one on water and one on sediment variables. The significance of
multivariate patterns was tested using ANOSIM, both for comparisons between internal and external data
and the three experimental times. Additionally, sepaPEERMANOVA analyses were applied to abiotic
matrices of water (temp@rijdNONIMANEN JSHS(I OGP, , Lhi ni t
and sediments (clay%, sand%, silt%, TC, TN, TOC, and C/N ratio) to assess temporal variations outside
the mesocems. . All analyses and graphical outputs were produced using R custom Batigils. of all

statistical tests are provided in the Supplementary Material.

All procedures related to the chemical and ecotoxicological analyses of waters and sediments were performed
by ENEA (ltalian National Agency for New Technologies, Energy and Sustainable Economic
Development) and are detailed in the following sections.

During the sampling, seawater samples were filtered using a 0.45 um membrane filter (Millex HA, Merck)
and acidified with ultrapure 1% HNO3. Then, measurements were performed using Agilent 7808,ICP
equipped with a UHMI (Ultra High Matrix Introductiosystem for the analysis of complex matrices with
high salt content and, in order to suppress interferences, in He and, for As and Fe, HeHe mode. A 0.1 mg
L-1 of Rh solution was used as an internal standard to compensate for any variations in instrument
efficiency that could influence the measurements during analysis.

The standard solutions used for the calibration curves were prepared by appropriately diluting a-10 mg L
multi-element standard solutiefEnvironmental Calibration Standard solution, from Agilent Technologies
- in a salt matrix consisting of 3.5% Na®9(99 SuprapurR, Merck) in H20 MilliQ and 1% di HNO3
(TraceSelectTM Ultra, Fluka), to simulate "artificial" seawater.

Quality measurements was evaluated by analyzing the following certified reference materials, CASS
6-Nearshore Seawater Certified Reference Materials for Trace Metals and other Constituents, and
ERMCA403 seawater (element content). Sediments abqused for metal analyses (except Hg) were
ovendried (40°C) and then, sieved to 2 mm and finely ground. The determinations of trace metal content
(except Hg) in sediments were obtained by a microveeaisted acid digestion procedure, using an acid
mixture of HNO3, HF and H202. After the acid digestion, the excess of unreacted hydrofluoric acid was
removed by carefully evaporating the samples to near dryness, followeddtsgatution in 1% HNO3.

Then, the trace metals analyses were performed by aMEiRstrument (Agilent 7800). A mukelement
calibration standard solution with a concentration of 10 pglnih nitric acid was diluted to the proper
concentrations and used to prepare the calibration standard solutions. An internal standard mixgiplution (
Ge, In, Li6, Sc, Th, and Y in 5% HNO3, Agilent Techn.) was diluted and used to correct any matrix
interference occurring during the IS analysis. The quality of the analytical data was assessed using
procedural blanks and analyzing, with the saméhoteadopted for the samples, two certified reference
materials based on marine sediment (PAC8d MES$,, National Research Council Canada, NRCC).

Sample sediments for Hg analyses weradgid in a fume hood at room temperature and Hg determination
in sediments was carried out directly on the dry sample, without any acidic pretreatments, by the automated
Hg analyzer FKV AMA254.

PACS3 and MES$4 certified reference materials were analyzed in the same conditions used for Hg
measurements in sediments samples to evaluate the analytical quality of the provided data.

Immediately after the passive samplers withdrawn from the sea, the devices were rinsed thoroughly-with Milli
Q water. Successively, in laboratory, the metals were eluted from the binding gel in 1 ml of 2M HNO3 for
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24h. The obtained extracts were diluted with Mliwater and trace metal analysis was carried out by
using ICRMS (Agilent 7800). A blank resin was always considered. DGT performance was evaluated
according to the method used by Zhang and Davison (Zaatddavison, 1995). The concentrations of
metals measured by DGT, in three replicates, were calculated using equations and parameters provided by
Davison (2016).

alysis of total mercury concentrations in DGT units was performed using AMA 254 mercury analyzer: the
chelating resin was removed from the device and directly analyzed without further preparations. A blank
resin was analyzed in the same conditions achércury content was always subtracted to the mercury
guantity measured for the samples. The concentrations of mercury measured by DGT, in three replicates,
were then calculated using equations and parameters provided by Davison (2016).

ssive samplers (Sefermeable Membrane Devices, SPMDs) and water samples were collected to assess
hydrophobic organic contaminants, including polycyclic aromatic hydrocarbons (PAHS), polychlorinated
biphenyls (PCBs), organochlorine pesticides (OCPs) paganotin compounds (OTs). SPMDs, consisting

of polyethylene membranes filled with triolein, were deployed to accumulatérttegrated contaminant
concentrations. Sediment samples were frekiss prior to extraction, and seawater samples were filtere

to remove particulate matter before sgditase extraction (SPE).

SPMDs: Membranes were extracted twice for 24 h using 200 nmthekane containing surrogate
standards (deuterated PAHs, PCBs, and DDTs). Combined extracts were passed through anhydrous
sodium sulfate and concentrated to a few milliliters. Hexane extracts were cleaned using a silica gel
column (Merck 60, 7230 mesh, etivated at 250 °C for 16 h, 30 cm x 1 cm i.d.) following EPA

Met hod 3630. Elution was performed inabhwobfra
endosulfan, isodrin) and F2 (PAHs, DDDBDTs, HCHs, dieldrin, endrin, heptachlor epoxide).
Fractions were concentrated to 0.25 mL and spikedwiéiiphenyl as the injection standard.

Seawater: PAHs were extracted from 500 mL of seawater using C18 SPE cartridges (Supelco
Supelclean Envi8, 6 mL). Cartridges were conditioned with dichloromethane and methanol,
equilibrated with organifree water, and samples were passed through undeuwa Elution was
performed with 10 mL dichloromethane, followed by dehydration over sodium sulfate and
concentration to a few milliliters using a vacuum rotary evaporator.

extracts were analyzed by gas chromatograpiss spectrometry (G®IS, Agilent Technologies
7890A/5975C) equipped with a metkg#o phenylsilicone capillary column. Detection was performed with

a quadrupole mass spectrometer in electron impact (El) mwodé eV using Selected lon Monitoring

(SIM). Helium (N55) was used as the carrier gas. Peak identification was based on retention times and
isotopic mass ratios relative to reference standards. Response factors were checked periodically by injection
of gandard mixtures to account for instrument tuning variability. Quantification was performed using the
internal standard calibration curve met hod. Det e
PCBs and hexachlorobenz®©C®s,0abs OgoBg Oy kagr 7T ot
For PAHSs, 2.5 g of sediment were extracted withexane:acetone (1:1, v/v) using an Accelerated Solvent
Extractor (ASE 200, Dionex) at 120 °C and 1500 psi for two cycles, followed by water washing and
coneentration over sodium sulfate with addition of 1 mL-&ane. Cleanup was performed using silica

gel column chromatography as described for SPMDs, with the hithining fraction concentrated to 0.5

mL. PCBs and OCPs were extracted from 10 g of freleeel sediment with ASE under the same
conditions, using PCB and DBd surrogate standards. Hexane ext:
HCB, DDEs ,- a a b-ehdosulian, isttrin) and F2 (DDDs, DDTs, HCHs, dieldrin, endrin,
heptachlor epoxide),ptionally further purified on silica gel pipettes with 40% sulfuric acid to remove
aldrin. Fractions were concentrated to 0.25 mL and spikedpatgnphenyl. Organotin compounds were
extracted from 2.5 g of freeziried sediment using ultrasouadsisted extraction with a methanolic
tropolone solution and HCI, followed by dichloromethane partitioning, derivatization with
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pentylmagnesium bromide, and cleanup on silica gel columns eluted with hexane:toluene (1:1 v/v), with
the final extracts concentrated to 0.5 rAbhalytical Determination was performed as previously described.

Toxicity tests, in triplicate, were carried out on seawater and sediment elutriates. For the preparation of
sediment elutriate, Artificial SeaWater (ASW) (ASTM 1994) was added to the sediment in the ratio 4:1
(volume/dry weight) and placed in a shakerXdr at room temperature. Then, the mixture was centrifuged
at 3,000 rpm (1,000xg) for 20 min and filtered (& 46) . For aqueous sampl es
consisting of three different species representing different trophic levels, Rigediella teatiolecta,
bacteriaVibrio fischeri crustaceadrtemia salinawas chosen.

D. tertiolectatest- The chronic test was carried out according to ISO 10253. The culture medium for
algal growth was prepared according to ISO protocol. A screening with the undiluted (whole) sample
was performed. An algal suspension at a concentration of 1x106 tellss prepared. Then, an

aliquot of algal suspension was added to each replicate to reach the final concentration of 1x104
cells/mL. Culture medium has been utilized as negative control (six replicates). The test flasks were
placed in a thenostatic chamber at 20 °C with a light source in the 7,8000Glux range for 72 h.

The cell density of each sample was measured after 72 h by the Burker chamber. The effect percentage
for each sample was calculated with respect to the control.

salinatest- Cysts were hatched by using the procedure described in APAT-(REA (2003). The
encysted organisms were first hydrated in a volume of ASW for 1 h at 25 °C atf/@iIx. Then,

the cysts were incubated for 24 h in the dark at the same tempe#atute toxicity test (96 h) was
conducted according to APAIRSA (2003). Ten nauplii were transferred in a beaker with 40 mL of
sample. Each sample was tested in triplicate. The negative control consisted of six replicates of
artificial seawaterThe treatments were incubated at 25 °C with a light regime of 14:10 h light/dark.
No food was provided during the exposure. Every 24 h, the number of the live individuals was
recorded. The effect percentage for each sample was calculated with respecbiatribl.

Vibrio fischeri test - Vibrio fischeri luminescence inhibition test was carried out using whole
(undiluted) seawater and elutriate samples as a screening assessment. Each sample was mixed with
the bacterial suspension and incubated according to the biolight toxy pmcAduegative control
consisting of diluent (2% NaCl) was included in each test run. Luminescence was measured after 15
and 30 minutes of exposure using the Biolight
were expressed dise percentage of luminescence inhibition relative to the control.

Toxicity test Battery Index (TBi)For each sample, the results of the different tests were integrated
using the TBI (Manzet al, 2008). The TBI was calculated also for the seawater and elutriates samples
separately. The effects on the chosen endpoints were expressed as percentage and classified. To
calculate the TBI, the percentage of the effect (%E) on each endpoint was cdoebtmih the Score

test Endpoint (SEi) using the following formula: SEi = %E (M x S) SCF where SCF (statistical
correctionfactor) is the Studentstést between sample and control. The values of 0, 1, 2, 3, and 4
were attributed to SCF, corresponding to no differences (p > 0.05), biostimulation (p < 0.05), high
biostimulation (p < 0.01), toxicity (p < 0.05), and high toxidjy< 0.01), respectively; matrix (M)

based on the ecological relevance of the matrices and on the level of sample manipulation equal to 2
for elutriate; severity (S) referred to the degree of effect that the bioassay endpoints measure. Mortality
and bioluminescence inhibition are considered the most severe endpoints followed by algal growth
and fertilization equal to 4 for algal growth, 3 for fertilization, and 5 for mortality and bioluminescence.
SEi is expressed in 4 D00 scale relative to test batterylized as follows: %SEi = SEi (Y%Em) / (SE

max) where % Em is the maximum effect percentage observed corresponding to the maximum MS
obtained, and SE max is the maximum Score test Endpoint calculated. The TBI is calculated according
to the following formd a : %T B | = ( x%Sei / N) wher e N is
ecotoxicological risk is defined as follows: absent (TBI <5%), low (5 < thi <10%), moderate (10%
<20%), high (20% <50%), very high (tbi>50%).
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During the experiment, significant differences were observed between the inside and outside of the
mesocosms, highlighting the effects of isolation, as well as a temporal evolution related to environmental
conditions.

Dissolved oxygen was significantly lower inside compared to outside botli38.73 £ 15.29% and 123.70%,
respectively; p < 0.05) and at T107.07 + 2.91% and 139.23%,; p < 0.06)g(ire 4.3.11B, Errore.
L'origine riferimento non & stata trovata.). Similarly, pH values were lower inside the mesocosms (T
8.25+ 0.07 and 8.372T8.34 + 0.03 and 8.47; p < 0.0%)igure4.3.11D, Errore. L'origine riferimento
non e stata trovata). Salinity, on the other hand, was lower insideg@25.70 + 0.07 and 27.71; p < 0.05)
but higher at T(26.95 + 0.14 and 25.23; p < 0.05jdure4.3.11C, Errore. L'origine riferimento non é
stata trovata.).

Over time, internal temperaturEigure4.3.11A) decreased fromo(28.32 + 0.91 °C) to T(26.69 = 0.19
AC;* 0.01 O p < 0.05) 2(2hd27 hien0 s FiduephZLlA Ero@. cO .eta5s)
L'origine riferimento non é stata trovata.). Dissolved oxygen significantly decreased frop{196.23 +
20.87%) to subsequent FigurethldB, Erfore. L'Origifeliferiméntomon< 0 . 0 !
é stata trovata). Salinity showed a progressive and significant increase fegd@2107 + 0.27) to 7(25.70

+ 0.07; ** p < 0.001) and 7 (26.95 £ 0.14; *** p < 0.001) Kigure 4.3.11C, Errore. L'origine

rlferlmento non é stata trovata). Finally, pH decreased fromy18.63 + 0.05) to 7(8.25 + 0.07; ** 0.001
O p < 0.01), then s(18.gh4 N 0.n0c3;e afgared.34MHIro®. apt  <T |
L'origine riferimento non é stata trovata.).
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Figure 4.3.1.1 Temporal variations of the main physico-chemical parameters inside (colored points)
and outside (black points) the mesocosms during the experiment (TS Tg, TH. (A) Temperature, (B)
Dissolved oxygen, (C) Salinity, and (D) pH. Error bars represent standard deviations (n = 3).

Nitrogenous nutrients MO ;NON aMH N exhi bited clear difference
of the mesocosms. Nitrate{NO ) was significantly | ower 1inside
at T (2.32 N 0.17 Omepettivahyg; 5p04 Omob) Lahd s
L ¥ and 1. 30 @igwed.3.21A,Table SLNitrile(\NBN6OQ )( was al so si gni
inside at T (0.24 N 0.02 Omol L 7 and 0.32 Omol
slightly higher than external (0. Figured.3.2B, TaBle Omo |
9.5). Ammonium (NNH ) was significantly higher inside 1t
and 1.73 Omol L T; p < 0.05) and T Fighire 8.22.C8 1. 01
Table 9.S)

Considering the temporal evolution inside the mesocosadé N Figure 4.3.2.A, Table 9.S2and NN O
(Figure 4.3.2.B,Table9.S2 decreased significantly compared tc
Omo | L 1, respectdiTvelayl,d)*T* *whyeH € a@n cNOelg s efd si gni f
0.13 Omol L 7 at -T ; a-Tdp@pdue43.2C, Tabled®.SPp. 05, T
Phosphate {® O ) was at the | owest detectable concentr
mesocosS ms, equal to the external val ues, and i
significantly higher t hBa(Rigure 4.3.2D, Thee9SP. 01 Omoll L T
Silicate (SiSi ( OH) ) was significantly higher inside conm
9.61 Omol L Y; p < 0.05) and T (17.11 N 3.58 Om

23



Finanziato
dall’'Unione europea
NextGenerationEU

Ministero . '
7 dell’'Universita l [taliadomani
> adella Ricerca -

compamp®d0t 05T w¢FRyere4B 8 adblke 8 @

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

changes over ti me
9.S] Table 9S2).

* (p < 0.05) significant according to bootstrap test

b A Khbih® Inside @ Outside b A ( &b v Inside ® Outside
12.5 1.0
10.0 075
i 75 &
> o> 050
N
5.0 . A
L ]
25 0.25
™ [ ]
TO F TO fr1
I YY 2V fbda¥n0)  -@ inside® Outside { At X{@Ickil&y Inside ® Outside
6 ] D]
20
z 6 ' ;
c;n o 15
Ao >
10 . .
2 ~ .
[]
| - R | = | =
TO U 1 r T0 'mn !
L Experimental time
t K2 a Ldkir S -®- Inside ® Outside
010
Y
N
> >
A 006
- - o L ]
0.00|
To T F

Experimental time

Figure 4.3.2.1 Concentrations of dissolved inorganic nutrients measured inside (colored points) and
outside (black points) the mesocosms during the experiment (TG Tg TF). Error bars represent
standard deviations (n = 3). Asterisks (*) indicate statistically significant differences according to the
bootstrap test (p < 0.05). The analyzed nutrients include (A) nitrate (N-NOF), (B) nitrite (N-NOPR), (C)
ammonium (N-NHW, (D), silicate (Si-Si(OH)Y and (E) phosphate (P-PONY.
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At T , the sediments were predominantly sandy, wi
silt with 36.53 N 2.37% and clay with 15.00 N 0.
and T in sediment grain size distribution

However, compared to T , a clear shift in grain s
sediments. Silt became the prevalent fraction, reaching 42.33 + 6.66% inside the mesocosms and 45.20%
outside. Correspondingly, the percentafjsamnd decreased to 39.40 + 9.95% inside and 36.30% outside,
whereas that of clay remained the lowest but increased slightly to 18.27 + 3.32% inside and 18.5% outside
the enclosured~gure9.S1).

Inside the mesocosms, TN, TOC, and C/N showed differences compared to external sediments. TN was

significantly higher inside than outside at T (
p < 0.05), whereas no significant differenceswetes er ved at T (1.94 N 0. 49
g T Fbwe4.3.81A, Table9S1) . TOC di splayed a similar patte
1.01 mg C g 1 dw and 16.65 mg C g T dw; p < 0.05
and external sedi ments (17. 14 NFigRre48@1BnTgble@S1y T dv
The C/ N ratio was significantly | ower inside at

difference was negligible (10.47 £ 1.08 and 10.#/8)re4.3.31C, Table9.S1).
Considering temporal changes inside the mesocosms, TN slightly decreased from the beginning of the

experiment (T : 2.42 N 0.38 mg Fgured.3BIAdTAbe9.32) T (
as did TOC (T : 20.37 N 3.65 mgFig@e4®.31B, Table9.S2)T : 1
The C/ N ratio inside the mesocosms showed a sl i
foll owed by an increase at T (10.47 N 1.08); h o
(p O Fygurésd3.R1C(Table9.S2).
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* (p < 0.05) significant according to bootstrap test
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Figure 4.3.3.1. (A) Total nitrogen (TN), (B) total organic carbon (TOC), (C) and molar C/N ratio
measured in sediments at TG Tg, and TE. Colored points refer to results inside the mesocosms, black
points the outside environment. Error bars indicate standard deviations (n = 3).

I nside the awsocolsimght IChl |l ower compared to the ou
1.64 O0g L 7, respectively) and (Fgure4B.41A (TéoleBY N 0.
Phyt opl ankton biomass (BP) showed a different pa
N 1.62 O6g Cc L ¥ and 43.72 O0g C L 7; p < 0.05),
and 5. 44 Og ) Figure 43:4.C,Table 9.9).. Alndng the phytoplankton groups, diatoms

remained predominant throughout the experiment. Inside the mesocosms, their biomass was significantly
| ower than outside at T (16.51 N 3.00 Og C L 1

g ¢ L ¥ and 1.93 O0g C L 7; p < 0.05).

Dinofl agell ates showed no significant differences
g ¢ L v and 6.77 O6g C L T; T 0.90 N 0.91
Coccolithophores contributed minimally to total
0.07 6g Cc L 7V and 0.09 O0g C L T; p > 0.05), whil
0.04 O0g C L T; p si@niobhlcarllagel ¢éasteseweegyg€nt ed
L ¥ and 7.85 Og C L 7T; p < 0.05) and T (0. ¢
0.05). Microphytobenthos (MPB) showed a steady in
N 99.10 Og C cm j), consi steartdd thd ghwtrsiiches i (de :t
47.0 Og C cm j; p < 0.05; T : 1Bdure2%4.B\Tal8e®.310 and
Chdincreased from T (1.06 N 0.08 O6g L 1) to T (1
at T (0.74 N 0. 07 FiGue 413.4.A Table 9.9)..BP bllowkd @ similar Pattebn5 )  (
with diatoms remaining dominant throughout the &€

O p < 0.05) foll owed by a mar kFigae 408B4.€,Table ®.R)a t T
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FIl agel |l ates were stable between T and T (p O
whereas dinofl agell ates exhibited | ower values
significant. Figure 4.3.4.C, Table 9.2). MPB progressively increased throughout the experinféguie

4.3.4.B, Table 9.2).

Spearman correlationdéble 9.8 ) hi ghl i ght ed consi stent r eawaréi onst
strongly correlated awadnegativdlyadrrelatesl withiPO= 0L 82) 1 0 CHh |
positively associated withavt er col umn pri mary production (GPPw

* (p < 0.05) significant according to bootstrap test
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Figure 4.3.4.1. (A) Chlorophyll a (Chl a) in the water column, (B) microphytobenthic (MPB) biomass,
and (C) phytoplankton biomass (BP) inside (colored points) and outside (black points) the
mesocosms at TG Tg, and TR Error bars represent standard deviations (n = 3).

GPPw was slightly | ower inside the mesocosms comp
14.11 O6g C L Y h Y, respectively; p > 0.05) and
0.05) Figure 4.3.51A, Table 9.3). In the sediments, both GPPs and NPPs were lower inside the
mesocosms compared to outside at T (7.04 N 2.5
mg C m | h T and 3.61 mg C m | h T; p < X0405) &
mg C m | h T; 14.59 mg C m HRigurb4.351BaTable 9.8), iodkatimgg C m

a decrease in the benthic photosynthetic activity under confinement.

Over ti me, i nside the mesocosms, GPPw rates incr

maxi mum at T (** 0.001 O p < 0.01) Figured.3.531en d
v
1

*Q_(‘Dm

Table 9.2). (GPPs Figure4.3.51B,Table9.2 ) , di spl ayed a progressi e
mg C m ] h T) to T (7.04 2.56 mg C m | h
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Figure 4.3.5.1. (A) Gross primary production in water (GPPw) inside (colored points) and outside
(black points) the mesocosms at TG Tg, and TF. (B) At TG the sample was the same for inside and
outside conditions. Net primary production (NPP) estimated as the difference between gross primary
production (GPPs) and community respiration (CRs) in sediments. Error bars represent standard
deviations (n = 3).

I nside the mesocosms, HCPw was consistently highe
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0.05) Figure4.3.61B, Table 9.3).

Examining the temporal variability inside the mesocosn@ (p0 . 05) , HCPw sl ightly de
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Correlation analyses (Spearmampble 9.8) did not reveal any significant relationships between HCP and
the measured environmental variables; however, HCP was significantly higher inside compared to outside,
suggesting a microbial response to the availability of fresh organic matter.
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* (p < 0.05) significant according to bootstrap test
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Figure 4.3.6.1. (A) Heterotrophic carbon production in water (HCPw) and (B) in sediments (HCPs)
inside (colored points) and outside (black points) the mesocosms at TG Tg, and TE Error bars
represent standard deviations (n = 3).

PCA calculated on abiotic data from the water colRigure4.3.7.1A) explained 82.4% of the total variance,
with PC1 and PC2 accounting for 65.8% and 16.6%, respectively. PC1 was mainly positively correlated
with O % (0. 99INO pH 0(.®.397) ,anahth eNf at0i. 88l)y awidt s aN
PC2wasprimr i | y assoa@damdFP®i t OCBB). Samples at T \
guadrant , reflecting -bompo®©Oné&s. pAt and omi i zeld
located in the third quadrant, associated with high salinity andaGhtomoting major GPPw and BP
fraction values. At T |, i nternal sampl e-BHsandr e g a
P-P O concentrations, indicating high degradati ol
slightly closer to the T sampl e group, indicati
confirmed significant adnidf fTer e(nFc e=s 2a0molnligé6 ;T p, =T 0.

The PCA of abiotic sediments variableBigure 4.3.71B) accountedfor 52.0% of the total variance
considering the first two components (PC1: 42.0%, PC2: 34.5%). PC1 was strongly associated with TN
(0.99) and TOC (0.92), while PC2 was explained b
in the first quadant, representing organic matemriched sediments with high photosynthetic activity
(GPPs). At T , internal replicates slightly shif
heterotrophic conditions while the Jamples were gathered mostly in the lower part of the biplot, reflecting
an increase in silt% and in the overall heterotrophic components (CRs and HCPs). External samples,
particularly that of T , wer e f anmehtalcomditidnfiosidei nt er
the mesocosms. PERMANOVA on sediment replicates did not reveal significant differences over time (F
=1.231; p = 0.294; R2 = 0.29).
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Figure 4.3.7.1. PCA of abiotic variables in water (A) and sediment (B) samples. Both biotic (green
vectors) and abiotic (black vectors) variables are plotted to show their contributions to sample
distribution. Points indicate samples at different experimental times (TG Tg, TFH and distinguish
between inside (-R1/R2/R3) and outside (-E) the mesocosms. ANOSIM tests confirm significant
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differences between times and/or between inside and outside (p < 0.05). Vector length and direction
indicate the strength and correlation of each variable with community composition.

The percentage distribution of metals in the waters sampled in the three experimental areas of the Grado
lagoons at the two sampling times are showedrigure 4.3.81. Site characterization revealed clear
differences in metal distribution among the areas: at R1, Zn and Mn had the highest concentrations; at R2,
Zn was the most abundant; whereas at R3, Mn was predominant, although the highest concentration of As
was alsadetected there.

At the end of the experimental period, the same sites showed a marked change in the sampled waters (inside
the mesocosms), with an increase in Mn and a sharp decrease in Fe at R1, while at R2 and R3 Zn was again
the most represented metal.

The passive samplers placed inside and outside the mesocosms at R1 highlighted a different metal distribution
compared to grab sampling, particularly showing the occurrence of Hg together with Fe and Zn, and to a
lesser extent Mn. Inside the mesocosms,phssive sampler revealed the same prevalence of metals,
although Hg was clearly increased at the expense of Zn. It is worth to note that occurrence of elements as
Cd, Cr, Fe and Pb are detectable mostly or exclusively with these devices.
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TO T2 DGTintDGText T2ext
R1 R2 R3

As Cd Co Cr mCu Fe mHg mMn ®mNi mPb mV mZn

Figure 4.3.8.1. Percentage distribution of metals in the waters sampled in the three experimental
areas of the Grado lagoons at the two sampling times.

Metal distribution in lagoon sediments showed different patterns across the experimentabsited.3.92).
At R1, almost all major metals were present in comparable percentages, with clearly lower amounts of As,
Pb, and Zn. At R2, higher concentrations of As and Cd were observed, while Zn was scarcely represented.
At R3, by contrast, Zn was highly represehtegether with Pb. At T2, the surface sediments inside the
mesocosms showed a clear change in metal distribution, likely attributable to the experimental conditions.
At R1, the general pattern of several elements was maintained, but with a marked inchNiaesed Hg
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and, to a lesser extent, As. At R2, Zn became more evident, whereas As, Cd, and Mn decreased, while Hg
increased again. At R3, many metals decreased, with increases observed for Be, Cr, and Hg, whereas Pb
and Zn were substantially reduced. Organic compsuneasured in surface sediments showed different
distributions after the experimental period, especially at R1 and R3. At R1, organic compounds were almost
completely reduced, while TBT was the most represented compound inside the mesocosms. At R2, an
increase in TPhT and TBT was observed. At R3, the high amount of TPhT measured at TO was substantially
reduced, with a concurrent increase in MPhT and DPhT. TBT was also reduced, with a slight increase in

DBT and MBT.
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Figure 4.3.9.1. Organic compounds detected in water at R1 by SPMD passive samplers. A) Inside
mesocosm B) outside mesocosm.
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Figure 4.3.9.2. Percentage distribution of metals in the surface sediments sampled in the three
experimental areas of the Grado lagoons at the two sampling times.
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showed for seawater§ifure 4.3.102 A) an absence or negligible toxicity at TO, which then slightly
increased at T2 moderately at R1, more markedly at R2, and sharply at R3.Sediment ekigiates (

4.3.102 B), on the other hand, showed slight toxicity already at TO. This toxicity increased at T2 for R1,

unexpectedly decreased slightly for R2, and was high at TO for R3, decreasing only marginally at T2.
Considering the results of both matrices togetRéyure 4.3.102C), which provide a single integrated
toxicity value, R1 exhibited moderate toxicity that did not change after the enclosure period. R2 showed

high initial toxicity that decreased over time. Finally, R3 had the highest toxicity value, which decreased
wi t hi

slight 'y at
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Figure 4.3.10.1 Percentage distribution of measured organic compounds in the sediments sampled
in the three experimental areas of the Grado lagoons at the two sampling times.
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Figure 4.3.10.2 Integrated results of the ecotoxicological test battery as TBI (see Materials and
Methods) for the three areas (R1, R2, R3) at experimental times (TO and T2), for seawaters (A),
sediment elutriates (B) and considering results of both matrices (C).
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The patchy distribution o€ymodocea nodosa the study area led to conditions of oxygen supersaturation
and prevented the establishment of proper hypoxia during the experimental period. Moreover, adverse
meteorological conditions with strong noghstern winds occurred after the second sampdisgypting
water stratification and inducing a thorough mixing of lagoon waters. However, despite hypoxic conditions
did not establish, a significant decline in dissolved oxygen was still obtained in mesocogpaserbto
external controls, at both experimental times, triggering shifts in structural phgiseraical and biological
variables, and in the main biological processes.

After 4 days, besides oxygen, also the total phytoplankton biomass significantly decr@@ased 65.9% vs
control), and the senescent cells likely settled towards the bottom accumulating in surface sediments.
I ndeed, TN and TOC i re6%eaads+dHdl +&55%, Tespechvely, sodgared to N
external conditions. This input of fresh organic matter in sediments stimulated both pelagic and benthic

degradation processes. In fact, at T HCP toncr ea
external) and particularly in the sediments (+45.3 + 26.2% internally compared to external values). This
hi gh microbial activity in both matrices was a p

ammonium increased by ca. 2.5x andcailes by +65.3 + 44.2% compared to the external control. This
high nutrient availability, also following the organic matter deposition from the water column, triggered
MPB biomass proliferation (+86.5 + 22.6% vs control). However, the autotrophic pathvsayface
sediments was mostly directed towards the increase of microalgal biomass rather than to the benthic
photosynthetic activity. Indeed, both GPP and NPP displayed significantly lower rates compared to those
estimated externally, highlighting the iontance of seawater renewal in supporting benthic phototrophic
processes.

After 10 days, the trophic state inside the enclosures completely shifted towards heterotrophy. TOC and TN
contents were very similar to the external conditions, and very low phytoplankton biomass could not either
relevantly uptake inorganic nutrients oropide fresh organic material. This, in turn, slowed down
microbial remineralization rates in the wate23.7 + 28.8% vs control) and sedimen3(2 + 64.1%)
resulting in an excess of naptaken inorganic nutrients: phosphates increased by ca. 5x,rannmby
ca. 2.5x, and silicates by +65.3 + 44.2%, compared to external conditions. Consequently, also the
photosynthetic activity was significantly lower than outside both in the wa&B(+ 13.9% vs control),
and in surface sediments. Only MPB tookahage of these conditions, increasing its biomass up to +87.2
+ 73.3% compared to outside, confirming remarkable resistance of the benthic diatom community to
unfavourable and anoxic conditions (Larson and Sundback, 2008).

Generally, the induced confinement led to higher benthic respiration, reduced production and, consequently,
to overall heterotrophic conditions while in natural conditions autotrophic conditions persisted at both
experimental times.

Finally, PCA analysis confirmed a shift from initial natural, wellygenated conditions, towards a pelagic
autotrophic peak after 4 days, and a dominance of all heterotrophic processes at the end of the experiment,
with mass and energy fluxes shiftingritaghe water column to sediments. Even a moderate oxygen decrease
i48.1 N 7. 3%) triggered cascading effects on bi
imbalance in the benthjgelagic coupling of the lagoon ecosystem.

Water samples for metal analyses were collected at three spatial replicatB8)(RfL TO around the
mesocosms before starting the experiment. For logistic reasons, the time necessary to complete the
sampling for the analyses of all physichlemical and iblogical variables at each spatial replicate was
around one hour, therefore it took approximately three hours to conclude the water sampling at TO. The
concentration of prevalent metals differed greatly among the three replicat&3YRdnd this depende
on the speed at which environmental conditions change in the lagoon. In particular, the great variability in
the occurrence of metals among replicates was clearly due to tide conditions: incoming vs outcoming tide
rapidly change the chemical features tbé lagoon water, and the contaminants it contains. As a
conseqguence, Zn was the most represented metal in R2 but less abundant in R1 and R3. Similarly, also the
distribution pattern of other metals markedly differed among the three spatial replicates.
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At the end of the experiment (T2), water samples for metal analyses were collected from three distinct
mesocosms, and from one external point to compare the results obtained in the enclosures with those from
the natural environment. Two replicates (R2 BR3) were very alike: both displayed a similar distribution
pattern of metals, and Zn was the most represented element in both mesocosms. The replicate R1, however,
greatly differed from the other replicates. These mesocosms are quite large, each ehcladiofthe
lagoon bed, and therefore the conditions that are established inside can vary greatly. They, in fact, represent
and mirror the ecological spatial variability of the lagoon ecosystem and, to some extent, these differences
among replicates weregected.

Interestingly, the distribution pattern of metals and the dominance of the same elements, which was obtained
in R3 at the beginning of the experiment, was very similar to that observed externally after 10 days, at the
end of the experiment. Even thougheseV days have passed between the two sampling events, similar tide
conditions occurred at the moment of sampling and therefore it is likely that comparable water masses with
similar contaminant contents, were collected.

Regarding the results obtained using passive samplers, those placed inside and outside the mesocosms did no
return a very dissimilar picture in terms of the distribution pattern of metals. However, they evidenced an
enrichment of some metals, especialiyHg, inside the mesocosms. This suggests that the stagnation and
water stratification, induced by the enclosure, already cause the transfer of Hg from sediments to the water
column, even without having reached proper hypoxic conditions. This finding @&y important
implications for the lagoon ecosystem functioning, especially in its most confined areas where water
stagnation is common in summer and autumn.

On the other hand, SPMD passive samplers showed only slight differences in the concentration of the
considered organic compounds between inside and outside, suggesting that the altered conditions inside the
mesocosms were anyway too mild to trigger anyceable effect on their mobility.

Regarding the distribution of metals in surface sediments, the greatly diverse results obtained from the three
spatial replicates at TO indicate the very patchy distribution of metals in a small spatial area around the
mesocosms. This is also evidencedrfrihe results of ecotoxicological assays, and it is supported by the
varying grainsize composition obtained around the mesocosm. It is also in line with previous results on
metal distribution in the Grado lagoon and in the Gulf of Trieste, where theshigle¢al concentrations,
especially Hg, were found to be associated with coarse sediments due to the occurrence of cinnabar (HgS)
particles of mining origin (Biester et al., 2000). This makes it more difficult to extrapolate any possible
effects induced bwater stagnation from those linked to the intrinsic natural variability of these sediments.

Ecotoxicological evaluations also showed clear differences among the three replicates. For the sediment
matrices at TO, toxicity tended to decrease over the experimental period. This could be due to the
mobilization of contaminands such as Hg in R2 or ZniR3 from the sediment to the water, likely linked
to enclosure effectd-{gure4.3.102 A, B).

Taking into account the measured organic compounds, the decrease in sediment toxicity can similarly be
explained by the degradation of some compounds over time inside the mesocosms. This is clearly evident
in R3, where the high concentration of TPhT meedwat TO was substantially reduced, accompanied by a
concurrent increase in MPhT and DPhT. TBT was also reduced, with a slight increase in DBT and MBT.

In R1, the increased toxicity observed over the experimental period is consistent with the marked increase in
Hg in the water and of TBT in the sediment sampled inside the mesocosms. This is probably due to changes
in redox conditions that can mobilize argtins from porewater into the particulate phase, increasing
measured sediment concentrations.

That desorbed TBT could+asorb onto fine particles or newly settled sediment, giving the illusion of an
Aincreaseo in surface sedi ment concentration.
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The experimental setp with mesocosms allowed observation of ecosystem responses to multiple stressors in
a neaffuture scenario, revealing shaerm resilience. Nevertheless, the modifications in the benthic
pelagic couplingsuggestthat prolonged or recurrent water stagnation could lead to dystrophic events
already at the beginning of summer. Overall, these findings provide evidence on the vulnerability, yet
adaptive capacity of coastal lagoons exposed to multiple stressors, hlighhipe enclosureetup as a
powerful tool to understand complex ecosystem responses under global change.
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The global ocean is undergoing profound transformations driven by anthropogenic climate change and
escal ating chemical pollution. l ncreasing at mosp
acidification, with major consequences for seawatentstry and marine biodiversity (IPCC, 2023). These
stressors disrupt fundamental physiological processes, including calcification, photosynthesis, and nutrient
uptake, thereby inducing largeale shifts in ecosystem structure and function (Gattusq 204b).

Concurrently, contamination blyacemetals (e.g., mercury, arsenic) and sulfide compounds derived from
industrial, agricultural, and urban effluents exerts additional pressure on marine systems. These toxicants
accumulate in sediments and biota, impairing metabolic activity and reduciagissmg resilience to
environmental fluctuations (EBBharkawy, 2024). In coastal ecosystems, the interaction between €limate
related stressors and chemical pollutants often results in synergistic or antagonistic affplitging
ecological instability and leading to complex, Horear responses (Nardi et al., 2020).

Within this framework,Posidonia oceanicaneadows represent key yet highly vulnerable habitats in the
Mediterranean Sea. Indeed, as photosynthetic and héditging organisms, seagrasses can create local
refugia from unfavorable or toxic conditions associated with global change, owing thitgteicarbon
sequestration capacity and the structural complexity of the microhabitats they form (Falkenberg et al.,
2021). Moreover, they provide essential ecological, physical, and socioeconomic services, including
primary production, habitat provision, nursery functions for commercially valuable species, coastal
protection, and carbon storage (Vassallo et al., 2013). Despite their recognized importance, ongoing
environmental degradation and the emergence of nevti@biressors (e.g., warming, acidification, and
contamination) threaten both the persistence of these habitats and their ability to sustain surrounding
bi odiversity and ecosystem f-uem systéms suggedgs.thatieleviatdde n c ¢
co concentrations can enhance Ppdceabicasloveverhttesei s a |
potential benefits may be counterbalanced by increased sulfide intrustec®metal toxicity under
warmer and more acidic conditions (Signa et al., 2024; Relitti et al., 2024).

Despite these insights, knowledge of the cumulative andtknng effects of climate change and pollution on
P. oceanicdunctionality remains limited, particularly when evaluated through an integrated chemical and
ecotoxicological perspective. In this context, the aim of the present study is to investigate the combined
effects of global change drivers (warming and acidtfan), chemical contamination (sulfides and trace
metals) and ecotoxicological characterizationPoroceanicameadows. The ultimate gbis to elucidate
the extent to which this key species can act as biological stress mitigator, maintaining stable morphology
and phenology, and to contribute to a deeper understanding of how forthcoming changes may trigger the
decline of essential habiss&ind, consequently, the loss of critical ecosystem services on which human well
being depends.

Coastal volcanic areas share several features with projected global climate change scenarios in marine systems
(e.g., el evated temperature and CO l evel s, res
compounds such as sulfides and trace mgal)ms et al., 2018). These environments therefore represent
valuable natural laboratories for investigating shand longterm biological and ecological responses at
different hierarchical levels of organization (species, communities, and ecosysi&iiis)p this
framework, two sampling campaigns (September 2024 and May 2025) were conducted in the fumarolic
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field of Panarea island (Aeolian archipelago), one of the largest shallow hydrothermal systems in the
Mediterranean.

The submarine hydrothermal system surrounding Panarea Island consists of an almost circular volcanic
platform bounded by a shelf break at depths of approximateh13@0n (Romagnoli et al., 2012). This
system hosts numerous active vent sites charactdrized vi gor ous -dominatddé8BH84 of C
vol %) gases withd4dlww H) Samedntemyt [(®dwdconcentrati
and CH (Esposito et al., 2006; Tassi amanralet. |, 20
al., 2011), as well as thermal fluids reaching temperatures of up to 140 °C (ltaliano, 2009). In November
2002, the hydrothermal system experienced a sudden intensification of venting activity (Caracausi et al.,
2005), attributed to the injectiari magmatic fluids into the deep geothermal reservoir. This event triggered
a lowenergy submarine explosion that led to the toeanplete eradication of marine life within the
affected area, with evident impacts alsoRmsidonia oceaniceneadows and agsiated fauna up to 50 m
from the eventds epicenter. Recolonization of toF
the gas burst (Andaloro et al., 2008). Subsequent ecological investigations revealed dbeanica
meadows in the Panarea area display distinctive morphological and functional traits, such as reduced shoot
size, the absence of a seasonal growth cycle, and a depauperate epiphytic community (Vizzini et al., 2010;
Gambi et al.,, 2023). These features md#ke Panarea hydrotheringystem an exceptional natural
laboratory for studying the responses of this key seagrass species to -phiatate stressors and
environmental degradation.

Building on several years of research conducted by OGS in the area, two representative shallow hydrothermal
sites (HotCold and Campo21Figure5.2.11a) were selected based on their different physhemical
characteristics and depth. In addition, three control sites were identified along the southern coast of Salina
Island, two at 12 m depth (Tre Pietre and Punta Megna) and one at 21 m depth (Oihgsa)control
locations were chosen to match the Panarea sites in terms of depth, meadow structure, sediment grain size,
and hydrodynamic exposure, while being unaffected by hydrothermal emidsigms6.2.11 b).

TheHot-Cold site, located at depths between 10 and 12 m, displays a Riksaeafloor morphology where
P. oceanicdorms patchy meadows rooted in matte substrates interspersed with coarse sand deposits. This
site is notable for pronounced thermal heterogeneity: some zones remain at ambient temperature, whereas
others are influenced by hot fluid emissions that warnmsduments to as much as 60 °C. The warmer
patches are commonly identified by the presence of yellowish bacterial mats, indicative iofgongo
hydrothermal activity (Karuza et al., 2012).

TheCampo21site, adjacent to a tectonic fault, is characterized by a rocky seabed and a rocky wall rising from
22 m to 1516 m depth. Due to the presence of hydrogen sulfide in the emitted gases, the area is densely
colonized by sulfuoxidizing microbial biofilms fMaugeri et al., 2009). The benthic environment supports
high macrophyte diversity, including extensive stands of Btloceanicaand Cymodocea nodosa
occurring near the emissions at 21 m as well as on the upper platform at 16 m, providiegl astting
for investigating interactions between habftaiming species and chemically dynamic conditions (Gaglioti
& Gambi, 2018).
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Figure 5.2.1.1. Sampling sites in a) Panarea and b) Salina islands

Seawater, sediments afd oceanicashoots were collected to evaluate the occurrence, the extent and the
potential impact of the stressoPassive samplers were also deployed to estimate bioavailable metals.

Hobo probes were deployed for rdi@mhe continuous data of temperatures and pH in the two impacted sites of
Panarea and in the three control sites of Salina Island. Two probes per site, approximately 5 m apart, were
placed on the first day of the sampliciglise and recovered the last day.

CTD profiles (SBE 19plus V2 SeaCAT) were performed at each sampling site to characterize the vertical water
column structure in terms of temperature, salinity, dissolved oxygen and pH.

Discrete water samples were collected with Niskin bottles, as close to the seafloor as possible at three different
stations in each site, for total alkalinity (TA), spectrophotometric pHT and nutrients analyses to assess the
changes in the carbonate systéfor pH and TA determinations, 25GL borosilicate glass bottles were

filled with seawater, poi soned with 100 ¢eL of [
activity, sealed with gl ass st oppeamdes farndidsoleetl or e d
inorganic nutrients (nitriteNO,, nitrate, NOs, ammonium,NH., phosphatd”?Q,, and silicic acidHaSiOx)

determination were filtered on 0.7 em pore size
20eC) in polyethylene vials wuntil | aboratory ana

The freely dissolved, timeeighted average concentrations of trace metals in the water of the shallower target
sites were measured using passive samplers deployed throughout the period of the planned sampling
activities. More specifically, one set of r8/24 DGT (almost 4 for each class of elements: trace metals,

As, Hg) passive samplers were deployed at each of the shallower siteSalHoh Panarea island and

Punta Megna irBalina Islanyl along the water column at a maximum depth of 5 m from thecsurfa
Temperature was measured and sediment (50 ml) and water samples (100 ml) for metal and
ecotoxicological analyses were collected when the DGTs were placed and then also when they were
recovered one week after.
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Samples of interstitial water were collected as close as possible to the seagrass anddgetabed bottom in
Hot-Cold and Campo2l1 21m sites in Panarea and Punta Megna site in Salina to assess the chemical
composition. Samples were collected using albmg stainlessteel tube (0.5 cm in diameter) inserted in
the submarine sediments down to several tens of cm. Water was pumped from the tube and transferred to a
plastic 100 cc syringe through a thiway Teflon valve by a scuba diver and finally staredlDPE bottles.
In the lab, alkalinity was analyzed by acidimetric titration (AT) using an automatic burette filled with 0.01
MHClandmethylor ange as an indicator. Temperature (UC)
the customized underwatergbe 100K NTC, while pH and redox potential (Eh) were determined using a
Lange sension portable meter.

At each station, surface sediment adjacent to seagrass meadows was collected by SCUBA divers in triplicate
using a PVC container.

At eachstation shoot density was recorded by SCUBA divers fgpticates) using a quadrat metal frame (40
x 40 cm) (Buiaet al. 2004) Moreover, ffteen orthotropic (vertical) shoots &osidonia oceanicavere
randomlycollected at each station by carefully detaching them from the plagiotropic (horizontal) rhizomes
at their insertion point.

The collected samples were analyzed in laboratories of the research team (ENEA, OGS ECCSEL NatLab Italy
of Panarea islandJNIPA), based on the competes@ad skills of each partner

Analyses of pH and TA were carried out using a Cary 100 Scdwisidle spectrophotometer and a Mettler
Toledo G20 equipped with a LAUDA L100, respectively, following the laboratory procedures described
by Dickson et al. (2007). The analytical precision fi¢td was estimated to be +0.002 {phhits. The
accuracy and precision of the TA measurements on CRM were determined to be better than £2.0 mmol
kg' * TA values were calculated using the Alkalinity Calculator spreadsheet developed by Currie et al.
(2024), based on Standard Operating Procedure 3b of Dickson et al. (2007). As for nutrients, samples were
defrosted and analysed colorimetrically using arsaged flow QUAATRO Seal Analytical AutoAnalyzer
according to Hansen & Koroleff (1999). The detection limits for the method were ¥,00.02eM, 0.03
eM, 0.01¢M, and 0.01eMfor NO,, NOs;, NH4, PQ,, and HSIOs, respectively. All the analyses were
performed by OGS part at the laboratories in Trieste and part at the ECEFBELNatLab Italy in Panarea.

All resulting data were processed using the; &5 3.0 Excel implementation (Pierrot et al., 2021) to
calculate additional parameters, including Total Dissolved Inorganic Carbon (DIC or CT) and partial
pressure of CO (pCO ), necessary to assess chan
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Immediately after the retrieval from seawater, DGTs were rinsed with-®lilvater and stored at 4°C;
successively, in laboratory, metals and As were eluted from the binding gel of the device in 1 ml of 2M H
NOs. The elution extracts were diluted with Mil)) water and trace metal analysis was carried out by ICP
MS (Agilent 7800). A blank resin was always considered. DGT performance was evaluated according to
the method used by Zhang and Davison (1995). The ntnatiens of metals and As measured by D@T, i
three replicates, were calculated using equations and parameters provided by Davison (2016). Analysis of
total mercury concentrations in DGT units was performed using AMA 254 mercury analyser: the chelating
resin was removed from the device and direatiplysed without further preparations. A blank resin was
analysed in the same conditions, and its mercury content was always subtracted to the mercury
concentrations measured for the samples.

The measurements of metal element concentrations in seawater sarepgmerformed using ICRIS
(Agilent 7800) equipped with a UHMI (Ultra High Matrix Introduction) system, for the analysis of complex
matrices characterized by high salt content, an Ar humidifier and with both a He and a HeHe collision cell,
to suppress any ietferences. External calibration standard solutions were prepared by appropriately
diluting a 10 pg mE1 multi-element standard solution (Environmental Calibration Standard solinton,
Agilent Technologies) in a salt matrix consisting of 3.5% NaCl (99.99 SuprapurR, Merck) in H20 MilliQ
and 1% di HNO3 (TraceSelectTM Ultra, Fluka), to simulate "artificial" seawater. A Rh solution was used
as an internal standard to compensate forvamiations in instrument efficiency that could influence the
measurements during analysis.

Quality data was evaluated analysing, in the same analytical conditions used for seawater samples, the
following certified reference materials: CASS CASS6 - Nearshore Seawater Certified Reference
Materials for Trace Metals and other Constituents, @RMEA403 seawater (element content).

The main cations (Ca2+, Mg2+, Na+, K+) and anions, (8042, Br-, ~, NO3) were determined by ion
chromatography (IC) in the laboratories of the Dept. of Earth Sciences of the University of Firenze, using
Metrohm 861 Compact IC and Metrohm 761 Advancgmmpact IC chromatographs, respectively.
Ammonium (NH4+) was analyzed by molecular spectrophotometry (MSP, Nessler Method) using a HACH
DR2010 instrument. The analytical errors for AT, IC, and MSP were below 5%.

The analytical determination of trace elemeisénic, As; Cadmium, Cd; Chromium, Cr; Copper, Cu; Iron,
Fe; Lead, Pb; Mercury, Hg; Manganese, Mn; Nickel, Ni; Vanadium, V; Zinciidreezedried powdered
sedi ment samples was conducted wusing thAomUSEPA
Emi ssion Spectrometryo6 pr ot ocOES (Optina 8000, Rekinginled s ar
equipped with an autosampl&@amples were previously subjected to mineralisabipmmixing samples
withHNO , O H a nQdistllédlwatein a closed microwave system (CEM, Model MARS)r As
and Hg, a hydride generator was used alongsideQEB and the samples were treated with a reducing
solution containing NaBH and NaOH. Anal ytical
reference materials (CRMsjMarine sediment (NIST-2702, National Institute of Standards and
Technology) The recovery ranged from 84 to 101%. The detection limit was calculated as three times the
standard deviation of the blanfs> 20) and was 0.003 mg kglry weight (dw) for altrace elementsll
results are expressed in mgidw.

Freezedried powdered sediment samples were analysed for carbon and nitrogen stable é@padd>N
a) using a Thermo Delta Plus XP isotope rati o m:
EA 1112 el ement al analyser. The i1isotopic values
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to the international s ¥GandamospkericiNe ®NDaecordigjaoltremn i t ¢
f or mu ¥ [fRsampidfRstandard - 1 x 103, where X is the mass of the stable isotope (13 for C and 15 for N)

and R is the correspondifi/*2C or'>N/*N ratio. The analytical precision, based on the standard deviation

of replicates of internal standard analyses (IAEA-6  f ®&CranddAEANO-3 fleNr) , 0 was 0. 1a
d*C and 0d¥%. Atthe Same time, total carbon (C %), total organic carbon (TOC %) and nitrogen

(N %) in sediment samples were analysed using method VII.1, 'Determination of total or organic carbon
and total nitrogen with an elemental analyser, as reported in MialdD&tree 13/09/1999 (GURI, 1999).

The detection limits of the elemental analyser used were respectively 0.01%g, Bomd30.005% for NT.

For TOC% only, the samples were first subjected to acid attack with HCI and then dried at 50°C.

Toxicity tests, in triplicate, were carried out on seawater and sediment elutriates. For the preparation of
sediment elutriate, Artificial SeaWater (ASW) (ASTM 1994) was added to the sediment in the ratio 4:1
(volume/dry weight) and placed in a shakerXdr at room temperature. Then, the mixture was centrifuged
at 3,000 rpm (1,000xg) for 20 min and filtered (& 0«AH). For aqueous samples, a bioassay battery,
consisting of three different species representing different trophic levels, Rigadiella teatiolecta,
bacteriaVibrio fischeri and crustaceafirtemia salinawas chosen.

The chronic test was carried out according to ISO 10253. The culture medium for algal growth was prepared
according to 1SO protocol. A screening with the undiluted (whole) sample was performed. An algal
suspension at a concentration of 1%@&6lls/mL was prepared. Then, an aliquot of algal suspension was
added to each replicate to reach the final concentration of t&ll€/mL. Culture medium has been utilized
as negative control (six replicates). The test flasks were placed in a thermostatic chamBeér\ait2@
light source in the 7,0008,00Glux range for 72 h. The cell density of each sample was measured after 72
h by the Burker chamber. The effect percentage for each sample was calculated with respect to the control.

Cysts were hatched by using the procedure described in APAT-G8A (2003). The encysted organisms
were first hydrated in a volume of ASW for 1 h at 25 °C at 3,800 Ix. Then, the cysts were incubated
for 24 h in the dark at the same temperature. @tmticity test (96 h) was conducted according to APAT
IRSA (2003). Ten nauplii were transferred in a beaker with 40 mL of sample. Each sample was tested in
triplicate. The negative control consisted of six replicates of artificial seawater. The treaiveests
incubated at 25 °C with a light regime of 14:10 h light/dark. No food was provided during the exposure.
Every 24 h, the number of live individuals was recorded. The effect percentage for each sample was
calculated with respect to the control.

Aliivibrio fischeri luminescence inhibition test was carried out using whole (undiluted) seawater and elutriate
samples as a screening assessment. Each sample was mixed with the bacterial suspension and incubate
according to the biolight toxy procedure. A negative controkisting of diluent (2% NaCl) was included
in each test run. Luminescence was measured after 15 and 30 minutes of exposure using the Biolight toxy,

foll owing the manufacturerds i nstructumnessence Res u
inhibition relative to the control.

For each sample, the results of the different tests were integrated using the TBI (Manzo et al., 2014). The TBI
was calculated also for seawater and elutriate samples separately. The effects on the chosen endpoints were
expressed as percentage and classkiflo calculate the TBI, the percentage of the effect (%E) on each
endpoint was corrected to obtain the Score test Endpoint (SEi) using the following formula: SEi = %E (M
x S) SCF where SCF (statistical correction factor) is the Stud¢eds between saple and control. The
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values of 0, 1, 2, 3, and 4 were attributed to SCF, corresponding to no differences (p > 0.05), biostimulation
(p < 0.05), high biostimulation (p < 0.01), toxicity (p < 0.05), and high toxicity (p < 0.01), respectively;
matrix (M) based on the ecologicalevance of the matrices and on the level of sample manipulation equal

to 2 for elutriate; severity (S) referred to the degree of effect that the bioassay endpoints measure. Mortality
and bioluminescence inhibition are considered the most severe endpbavied by algal growth and
fertilization equal to 4 for algal growth, 3 for fertilization, and 5 for mortality and bioluminescence. SEi is
expressed in alQ00 scale relative to test battery utilized as follows: %SEi = SEi (%Em) / (SE max) where

% Em isthe maximum effect percentage observed corresponding to the maximum MS obtained, and SE
max is the maximum Score test Endpoint calculated. TBI is calculated according to the following formula:
%TBI = (x%Sei [/ N) where N i sicoogical riskia cetinedras follbws:e n d p c
absent (TBI O5%), low (5 < tbi <10%), moderate (

In the laboratoryPosidonia oceanicaamples were thoroughly rinsed with distilled water to remove any
extraneous material. Phenological and lepidochronological analyses were carried out on tie same
oceanicashoots following the approach described by Pergent (18838}, leaf bladesvere then gently
detached from the rhizorgestarting from the outermost (oldest) leaf and proceeding toward the innermost
(youngest)Leaves wer¢hennumbered sequentially and classified according to the presence/absence of
the leaf base and leaf blade léngto adult (base present), intermediate (base absent, leaf blade > 5 cm),
and juvenile (base absent, leaf blade <5 cm) leaves (Giraud, 1977hAftéeaf llometric measurements
( s ePhendiogical analyss s ecti on for more details) were car:
using a ceramic blade collect the associated epiphytbsit were freezedried, weighed for biomass
measurement and finely ground prior to further analysis. TlRenceanicascales were gently removed
from the rhizoms starting from the oldest portion of the rhizome, following their natural distichous and
alternate insertion order. The scales were #reznged on a benchaintaining the order of removahd
subject to | epi dochr onlLepidocgronolagicalamalgs@s ug eanteind rs f( G re
details). After that,llizome portions and both intact and rintact scales were weighed to estimate their
relative biomassScales were then finely ground prior to further analysis.

Biometric measurements Bf oceanicdeaves were taken manually using a ruler and a digital caliper (Reyes
et al., 1995). For each leaf, the following parameters were measured:

i.  Length of the leaf base (adult leaves only);

ii. Length of the leaf blade (from ligula to apex), including any brown-@fmiosynthetic) tissue;
iii. Maximum leaf width at the central portion of the blade;
iv.  Apex condition (0 = intact; 1 = eroded).

From the phenological datastte followingparameters derivedere calculated:

i.  Surfacearea(leaf blade length x width) / shgot
il. Percentage of browtissue brown tissue lengtkeafbladelength) / shoof
iii. Coefficient A percentage of adult and intermediate leaves &ritidedapice$ / shoot

To identify the annual growth cyclef the P. oceanicashootsthe thinnest scales were cuthn from their
insertion point on the rhizome, and their thickness was measured under a stereomicroscope. The portion of
rhizome between two consecutive thinnest s¢atesresponihg to a lepidochronological yearwas
measured folength (mm),andmaximum and minimum width (mmysing a caliper. Theorresponding
scales were counted and, when intact, their length (mm) was also recorded.
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By considering only the rhizome sections that had completed a full annugltbyslexcluding the youngest
and oldest portionshe following parameters were derived:

i.  Yearly rhizome growth rate;

il. Number of scales produced per year,;
Iii. Rhizome primary production;
iv.  Mean shoot age.

Analysis of trace elementag, Cd, Cr, Cu, Fe, Pb, Hg, Mn, Ni, V, Zn) in P. oceanicasamples was performed
as described in Section 5.2.3.3 for sediment samples. The only difference lies in the analytical control,
which in this case was performed by mineralising thagarosiphon majoBCR-060" CRM from the
Institute for Reference Materials and Measurements.

Stable carbon and nitrogen isot@pel elementainalysisvereperformednP. oceanicdeaf and roosamples
as described in Section 5.2.3.3 for sediment sampleszedriedP. oceanicasamples weralsoanalyzed
f o ¥S afd So using a ThermBisherlRMS (Delta V ADVANTAGE) coupled with an elemental analyzer
(ThermoFisheFlash 2000pndinterfaced via a Conflo IV for the management of dilution and reference
gasesResultsarggi ven in the U notation as sadard¥fienha devi
Canyon Diablo TroiliteV-CDT) as follows: (S = [¢4SF2S sample)R*SF?S standard) 1] x 10°. The
analytical precision, based on the standard deviafiogplicates of internal standards (IAE3O-6, IAEA-
S1,NBS127)was0 . 2 a .

For total sulphur contenS5(%), the analytical procedure was verified using a standard reference material
(recovery between 94 and 102%) supplied by the United States Geological Survey: Marine Sediment,
MAG-1 (0.39%) and Cody Shale, S@d0.059%). Calibration was performed by analgssulfanilamide
(S = 18.6%).

Principal Component Analysis (PCA) was used to visualise distances among stations in geasmas
considered and their relationships witace elements both in surface sediment arfel inceanicdeaves
and roots

For each compartme(ediment, Leaves and Roots) a Multiple Pollutant Index (MPI) defindddayo et al.
(2005), was created consideriogly nonessentialtrace elementgAs, Cd, Cr,Hg, Pb)and using the
following formula:

mpr =[]
i=1

Where Cf_i is the concentration of edcéice element

Partial least squares (PLS) regression multivariate analysis was used to assess the influence of different types
of factors onPosidonia oceanicanetrics(Density, Surface area, Brown tissue, Epiphyte biomass, Leaf
Number, Coeitient A). The explanatory variables considered aegnely water pHHT), MPI for
sedimentMP1 S), P. oceanicdeaves KPI L) and root{MPI R), sulfur stable isotope ratio in leava®{S
L) androots (P*SR). M. The leaveone-out crossvalidation was used for each model. The best number of
PLS components was chosen based on the bestdfadetween lower RMSE and lower model
complexity. Jacknifing method was used to compute confidemmaterval for testing if the coefficients
are statistically different from zero. PLS models were computed using the pls R pédlautet al.,

2024) A p-value < 0.05 was considered significant. All the analyses were performed using the R (4.2.2)
statistical software.
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The HOBO probes used for continuous pH monitoring revealed a marked fluctuation durinepiing senvey
conducted in September 2024, with the lowest peak of 6.8 + 0.48 recorded in Hot site. In contrast, the Cold
site proved to be the least acidified &mel most stable among the impacted are@gi(e5.3.11a). In May
2025, the overall pH range (from 7.96 £+ 0.14 measured at Campo21_21mto 7.40 + 0.40 at Campo21_16m)

was narrower than that observed in September, and the trend recorded oveddyepemod showed less
variability across all impacted siteSigure5.3.11 b).
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Figure 5.3.1.1. Average daily pH values measured by HOBO probes deployed at the sampling sites
in Panarea and Salina islands during a) the September 2024 and b) the May 2025 sampling
campaigns.

The physicechemical characterization of the water column showed no anomalies in temperature, salinity, or
dissolved oxygen, all of which displayed profiles typical of the sampling season (September 2024 and May
2025) across all sites. In contrast, the grfiles measured in May 2025 at the impacted sites of Panarea
exhibited differences compared with those of the control sites, as illustrafgguie5.3.12 and Figure
5.3.13. Data recorded by the pH sensor of the CTD probe deployed at t#eoldisite indicated that Hot
showed values ranging from 6.91 to 7.42 within the first two meters (corresponding to the thermocline),
followed by a gradual increase up to 7.71 at 10 nird@jigure5.3.12 a). Cold, on the other hand, displayed
an almost linear profile down to 9.5 m, after which a slight decrease was obgégued.3.12 b).
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Figure 5.3.1.2. pH and temperature profiles measured by CTD probe deployed at: a-b) Hot-Cold site
in Panarea and c) the control in Salina Island during the May 2025 sampling campaigns.

For Campo21_16m, the pH profile in May 2025 showed values exceeding 8.0 near the surface and then
decreasing progressively with depth. A pronounced drop is observed arelifdrl@vhere pH falls below
7.0, reaching its minimum in the deeper layers ofpttodile (Figure5.3.13 a).

The vertical profiles recorded at the control stations, Punta Megna and Tre Rgpire.3.12 ¢ andFigure
5.3.13 b respectively), in Salina Island indicate a typical early summer stratification with a limited pH
variability along the water column.

a) Campo2l_16m b) Tre Pietre
Temperature (2C) Temperature (C)
185 195 205 215 225 18.5 19.5 20.5 21.5 225
0.0 0.0
P 222>
5
[ / '
4.0 ) 4.0 T
\ )
6.0 ; 6.0 ]
) . ) )
g' 20 . F' 8.0 1
b / - P l ’
10.0 R b 100 7
)] [ :
12.0 t 12.0 i
/ )
14.0 t 14.0
[
16.0 16.0
18.0 r r T 1 18.0 T T 1
5.0 6.0 7.0 8.0 9.0 5.0 6.0 7.0 8.0 2.0
pH pH
=——Temp [degC] = = pH e Temp [deg C] = = pH

Figure 5.3.1.3. pH and temperature profiles measured by CTD probe deployed at: a) Campo21_16m
site in Panarea and c) the control in Salina Island during the May 2025 sampling campaigns.
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The results obtained measuring-{dH the water samples collected by Niskin bottles showed that average pH
values recorded in May 2025 were generally lower than those measured in September 2024 and that in both
the campaigns the pHatin situ temperature resulted to be lower in the impacted than in control sites,
except for Cold in September with pH8.01 Table5.3.11). The most acidified site was Campo 21_16m
with pHr September = 7.88 and piMay = 7.30.

Table 5.3.1.1. Average pH values measured by spectrophotometer for each sampling sites during
the September 2024 and the May 2025 sampling campaigns.

September 2024 May 2025

Panarea Hot 11 7.93 7.79
Panarea Cold 11 8.01 7.71
Panarea Campo 21_16m 16 7.88 7.30
Panarea Campo 21_21m 21 7.96 7.32
Salina Punta Megna 12 8.02 7.95
Salina Tre Pietre 12 8.04 7.94
Salina Lingua 20 8.07 7.97

Regarding the other carbonate system parameters calculated for Septemb&aB@Z13.12), TA showed
similar values at the Panar ea aHn, the Biginhummeaordsdiat e s ,
the Lingua contr ol% theérmagimumtmeaszes &t Zold7irBpactechsitd. Thie pwest
saturation states of qgqCa and gqAr were both rec
respectively. For dissolved inorganic nutrients, silicate (SigPWas generally the most abundant across

al |l sites, showing t he hiatHoe Nittate (N@riolowvedtas tleetsécandd ( 2
mo st represented nutrient, w i talso nseaswned ati HotuAmmonia | u e
(NH)) concentrations reached a maxi mum)concenttationsl 1 ¢

were generally bet wlewiephbsplBat remaingd beélowdhz deteationl limitat all
sites except Campo21_21ifaple5.3.12).

Table 5.3.1.2. Average values of carbonate system parameters and dissolved inorganic nutrients

measured in each sampling sites during the September 2024 sampling campaign

Panarea Hot 11 255929 5951 49 33 0010 1787 <0.01 0.104 2.565
Panarea  Cold 11 2,562.75 4832 56 37 <001 1294 <001 0111 1.718

Panarea 2(:1 aTgr?] 16 253734 7114 42 28 0018 1217 <001 0088 0958
Panarea 2(:1 an;fr?] 21  2532.84 5423 45 29 0016 <002 0015 0059 0.930
. Punta
Saliva o0 12 256153 4583 56 37 0019 0247 <001 0101 1775
T
Salina Piertere 12 253549 4292 58 38 <00l 0163 <001 0100 0.881

Salina Lingua 20 251451 3998 54 35 <001 0108 <0.01 0.146 0.893
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Trace metal concentrations measured in seawater samples, collected in September 2024 and in May 2025
sampling campaigns, in the three sites of Panarea island (Hot /Cold, Bottaro cratere, Lisca Nera, in 2024
and Panarelli, in 2025) and in one site in SafBeottazza/Punta Megna) are showmnaible5.3.13 and
Table5.3.14. Seawater samples were collected at the moment of the DGT deployment. It can be noticed
that there were no significant differences in the metal concentration values between the different sanpling
sites for September 2024 sampling campaign. Most of theealts showed concentration values below the
corresponding detection limits. Differences between the concentration values measured in seawaters are
observed for Mn and Fe. Mn contents in seawater samples were in the range of 0.368owgL
concentration value measured in Grottazza/Punta Megna) and 3.84higher concentration measured
in water sample measured in HotCold site). Fe showed the higher concentration (72té&&gawater
sampled in Salina site (Grottazza/Punta Megan), while in thelsamopllected in the remaining sites, its
concentrations were below the detection limit of 1.00 ptgiLat this value.

Table 5.3.1.3. Chemical characterization of seawater samples (values in pgL™?) of each sampling site
obtained during DGT deployment in September 2024 sampling campaign

(ngl™)

September 2024

Panarea HotCold 166  <0.100  3.54 100 <0025 <0100 < 0100 0924 1.40 120 <0010 <0100  4.07

Panarea l::';:::: 1.71 <0000 0479 <100 <0025 <0100 < 0100 <0.500 1.46 12.1 <0010  <0.100 4.19

Panarea Lisca Nera 168 0.100 0853 <100 <0025 <0100 < 0100 <0.500 1.42 120 <0010 <0100 416
Grottazza

Salina /Punta 174 <0100 0368 748 <0025 <0100 < 0.100 <0.500 1.46 1.9 <0010 0139 4.13
Megna

A greater variability in trace metal concentration values measured in the seawaters sampled in the different
sampling sites was observed for the sampling campaign in May 2025. The seawater sample collected at the
Hot-Cold site showed high concentrations Mf (11.5 pgL!) and Fe (7.46 pgt), compared to the
corresponding concentrations measured for both in the other sites. At Punta Megna site, higher
concentrations of Fe (8.18 pglLand Zn (26.6 ugt) were observed than those determined for these two
elements in the other sites. The concentrations of Ni and Cu measured in seawater samples did not differ
significantly between the different sites: for Ni, values ranged between 0.179(mglasured in Bottaro
cratere) and 0.272 pg'i(measured in Panarelli) and for Cu, between 0.125%{glBottaro cratere) and
0.430 pgL! (in Punta Megna site). As, Mo, V concentrations did not differ significatively both between
sites and sampling campaigns. Moreover, differently from the results obtained in Septedtsrpling
campaign, Pb concentration values in seawater samples collected in May 2025, were above the detection
limit of this metal in each sampling site, with values that ranged from 0.19C"ugéasured in Bottaro
crater, to 3.70 ug £, determined in Punta Megna.
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Table 5.3.1.4. Chemical characterization of seawater samples (values in pgL™?) of each sampling site

obtained during DGT deployment in May 2025 sampling campaign

(ngl™)
May 2025
Panarea HotCold 160 <0100 115 7.46 0.033 0254 033 443 167 110 <0010 103 3.00
Panarea ‘3:’::::: 174 <0100 479 2.45 0.028 0.179 0.125 2.23 175 110 <0010 0190 3.03
Panarea  Panareli 177  <0.100 0476 1.96 0.027 0272 0386 533 1.80 1.1 <0010 126 3.07
Salina \PI':;:; 178 <0100 0.906 8.18 0.029 0.249 0.430 26.6 1.76 112 <0010 370 3.03

Time-weighted average concentrations of the labile/bioavailable fraction of metals in seawater samples,
determined using DGTat the shallower investigated sites during the two sampling campaigns (September
2024 and May 2025) are shownTiable5.3.15 andTable5.3.16. In general, for most metal species, the
calculated Ggr values were lower than or close to the total concentration (C) values of these metals
measured directly in the seawater samples. For some metal ions, in particular nickel and copper, at all the
sites analyzed in the 2024 sampling campaign and at sonts ppothe 2025 campaign, and under certain

sea conditions, the concentrations obtained with the DGT were higher than those measured directly in the
corresponding seawater samples. This is likely due to the accumulation of bioavailable and mobile
complexes , during the exposure of the passive sampler of these elements (nickel, copper and in some cases
also manganese and zinc) in the DGT resin gel. As consequence, higher concentration values were obtained
than the "total" values measured for these ionthénseawater sample taken at the same sites of DGT
deployment. Finally, use of DGTs allows us to obtain data and information for all those elements
(particularly mercury, whose concentration was not measured in the seawater sample) whose total
concentratias were so low as to be below the corresponding instrumental detection limits.

Table 5.3.1.5. Concentrations of DGT labile metals (values in pgL™* and, for Hg, in ng L) obtained
during 7-days deployments at each sampling site in September 2024 sampling campaign

(ngl™) ngl™!

September 2024
Panarea Hot Cold 0.174 <0010 162 1.04 0.022 0.118 0.350 0.734 0.335 0.008 0.025 11.2
Panarea Bottaro cratere 1.27 <0.010 1.29 0.365 0.024 0.135 0.277 0.612 0.718 0.009 0.045 8.72
Panarea Panarea - Lisca Nera 2.04 <0.010 1.00 0.277 0.013 0.144 0.292 0.548 1.13 0.008 0.067 29.4
Salina Grottazza [Punta Megna 0.218 <0.010 2.79 0.436 0.014 0.137 0.421 1.42 0.435 0.007 0.111 11.8
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Table 5.3.1.6. Concentrations of DGT labile metals (values in pgL? and, for Hg, in ng L) obtained
during 7-days deployments at each sampling site in May 2025 sampling campaign

(ngl™) ngL!

May 2025
Panarea HotCold 0078 0.028  2.39 167 0007 0203 0453 0500 0181 0005 0016  3.17
Panarea ]::’;::l': 0026 0033 0839 0536 0008 0310 0312 0981 0182 0006 0064  0.96
Panarea Panareli 0129 0023 028 0206 0009 0215 0114 1.06 0223 0006 0053  3.26

Salina  Grottazza 0.036 0.025 0.503 4.19 0.007 0.230 0.161 2.09 0.228 0.007 0.151 4.06

Interstitial water chemistry differed between Panarea and Sdlatag(5.3.21). Sediment temperatures at
Panarea reached 41.0°C in September 2024 and 54.0°C in May 2025 at the Hot site. At Salina, temperatures
remained within 20-£6.4°C during both sampling periods. Redox potential showed substantial spatial
variability. In May 2@5, Panarea recorded the lowest Eh values, dow@2b and-234 mV at the
Campo21_21m sites. Salina values ranged f#th? to-8.4 mV. Ammonium concentrations in September
2024 ranged from 1.0 to 6.4 mg L May2825, coheentratiorsa a n

at Panarea ranged from 1.2 to 4.8 mg L T, whi | e
concentrations increased markedly at Salina in
site. During the same perid , Panarea values ranged from 2.3

concentrations ranged from 3.3 to 12.0 mg L T a
concentrations in September 2024 rafph23d. 9 rmgn I8 2T
Salina. In May 2025, Panarea concentrations increasedtd98.0. 0 mg L T, whil e Sal
L ¥ at both sites. Major ions (Na , Mg] , Ca] ,

Panarea and Salina acrdsgh sampling periods, with no consistent differences detected. The presence of

P. oceanicgveg.) influenced several chemical parameters. At Panarea, vegetated sites showed higher Eh
values and lower ammonium concentrations than adjacent unvegetated sites. At Salina, vegetated sites
displayed lower Eh than unvegetated ones. The strongest tiegetdated difference occurred at Salina

in September 2024, when the vegetated site showed the highest nitrate concentration recorded.
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Table 5.3.2.1. Chemical characterization of interstitial water samples collected in vegetated (veg:
light grey) and unvegetated (unveg: white) sediments in Hot-Cold, Campo21_21m and Punta
Megna sites during the two sampling campaigns.

Panarea Hot 41.0 &3 82.4 113,137.7) 285.8 1,313.2 | 440.7 2.3 | 20,0201 | 72.7 2.3 2,960.6

Panarea Cold 28.3 1.0 103.7 [13,203.2| 398.0 | 1,383.4 | 4206 2.4 | 22,352.8| 74.3 3.4 3,144.0

Campo2l_21m
Panarea e 25.7 3.9 0.0 12,491.7| 263.6 | 1,355.7  415.4 2.0 | 22,302.2 | 75.8 BB 3,099.1

Campo2l_21m

Panarea unveg 25.7 6.4 6.1 |14,697.1| 352.4 | 1,264.7 | 3756 1.9 | 22,670.2| 77.2 2.3 3,297.2
. Punta Megna

Salina - 26.4 2.2 0.0 14,438.9| #415.8 | 1,321.0  460.1 1.2 | 22,250.6 80.4 330.6 | 3,086.9
Punta Megna

Salina 26.4 3.5 173.9 |15151.9| 367.5 | 1,362.8 | 472.3 3.1 | 26,639.8| 73.3 2.7 2,986.0

unveg

Panarea Hot 54.0 6.55 13 2.1 115.0 113,588.0/ 2344.0 | 1,215.0 351.0 2.5 | 22,886.0| 76.0 12.0 | 2,888.0

Panarea Cold 27.3 5.7 41.2 1.2 98.0 13,985.0) 391.0 | 1,375.0 | 287.0 2.5 | 22,863.0| 71.0 6.5 3,254.0
Campo2l_21m

Panarea 19.3 5.5 221 3.5 33.0 |13,551.0) 347.0 | 1,321.0 | 351.0 2.2 | 23,045.0 78.0 3.3 3,055.0

veg

Campo2l_21m
Panarea unveg 18.6 6.4 234 4.8 141.0 |14,885.0/ 411.0 | 1,180.0 | 266.0 1.8 | 23152.0| 79.0 6.9 3,368.0

. Punta Megna
Salina veg 20.9 7.13 70.2 1.5 0.0 14,674.0/ 405.0 | 1,225.0 | 285.0 1.5 | 23,544.0| 78.0 21.0 | 3,185.0

Punta Megna
Salina unveg 20.4 6.8 8.4 1.9 0.0 |14,896.0| 415.0 | 1,452.0 | 520.0 1.9 | 24,855.0| 80.0 2.3 3,384.0

Overall, trace element concentrations in the surface sediments collected in September 2024 and May 2025
from the study aresmincluding both the verdreain Panarea, with 4ites(Hot, Cold, Campo21_16m and
Campo2l1_21m), and the contaneain Salina Islands with 3ites(Tre Pietre, Punta Megna e Lingua)
exhibited markedly different patterns across elemétitgi(e5.3.31).

One trend, consisting in generally higher concentrations at thereatdompared with the contralrea was
evident for Cr and Hg, although with a certain degree of variability asitess e.g. Cr concentrations
peaked in Lingua than the other cont@oéa, and Hg was the only element showing significantly higher
concentration in Campozites than the other veatea (Figure5.3.31, Table5.3.31). All the other trace
elements showed, in contrast, significantly higher concentrations at the Hot arsit@adidan at both the
Campo2lsites. The lattesites, in turn, displayed almost always comparable concentrations to each other
and broadly similar to those measured at Salina, only for As and Ni. Differently, Hot anditéoldere
generally similar to Salinsites for Cd, Cu, Fe, Pb, V and Zn, although the Lingii@showed in some
cases significantly higher concentrations than at the other cangé®l (Figure5.3.31, Table5.3.31). A
slightly different pattern emerged for Mn, whose concentrations were consistently higher at Salina than at
Panarea, with the following trend: Salina > Hot and Cold > Ca2ip@igure5.3.31, Table5.3.31).
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the study sites and seasons.
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Table 5.3.3.1. Univariate PERMANOVA results for trace element concentrations in surface sediment across the study sites and seasons. Significant
values are indicated in red.

As Cd Cr Cu Fe Hg
Source of variation df PseudoF p PseudoF p PseudoF p PseudoF p PseudeF p PseudoF p
Season (Se) 1 0.1 0.828 2.7 0.115 0.2 0.674 39.7 0.001  166.1  0.001 0.3 0.598
Sites() 6 81.4 0.001 62.6 0.001 57.8 0.001 2415 0.001 334.8 0.001 86.8 0.001
Sex§ 6 7.5 0.001 4.7 0.004 4.9 0.002 3.2 0.017 11.7 0.001 2.4 0.039
Residuals 28
~ b)Pairwisetests As cd Cr Cu Fe Hg
. o S24 M25 S24 M25 S24 M25 S24 M25 S24 M25 S24 M25
Betweensiteswithin seasons
p p p p p p p p p p p p
Hot, Cold 0.010 0.909 0.184 0.08 0.068 0.024 0.65 0.645 0.331 0.562 0.279 0.052
Hot, Campo21_16m 0.003 0.001 0.001 0.003 0.011 0.169 0.001 0.002 0.001 0.001 0.001 0.009
Hot, Campo21_21m 0.006 | 0.003 0.002 0.004/ 0.305 | 0.007/ 0.002 @ 0.001 0.001 @ 0.001 0.002 0.011
Hot, Tre Pietre 0.002 0.001 0.896 0.116, 0.002 0.001 0524 0592 0.381  0.004 0.005 0.001
Hot, Punta Megna 0.003 0.001 0.078 0.258 0.001 0.001 0.154 0.035 0.702  0.006  0.007 0.002
Hot, Lingua 0.006 | 0.002 0.37 0.015 0.074 0.177 0.002 0.001 0.023  0.004 0.006 0.002
Cold, Campo21_16m 0.001 | 0.028 0.003 | 0.014| 0.172 0.05 0.001 | 0.006/ 0.001 | 0.001  0.097 0.003
Cold, Campo21_21m 0.001 | 0.037 0.002  0.013/ 0.868 | 0.003] 0.001 0.001 0.001 @ 0.001 0.072 0.003
Cold, Tre Pietre 0.001 | 0.018 0.498 0.007 0.001 0001 0595 0319 0649  0.005 0.029 0.001
Cold, Punta Megna 0.001  0.032 0.623 0.017 0.004  0.002 0.122 0.04 0.058  0.007  0.032 0.001
Cold, Lingua 0.001 | 0.021  0.045 | 0.003 0419 0774 0.001 | 0.001 0.004 0.01 0.031 0.001
Campo21_16m, Campo21_21m 0.042 0.686 0.976 0.174 0.505 0.554 0.511 0.048 0.31 0.702 0.725 0.42
Campo21_16m, Tre Pietre 0.016 0.064 0.008 0.001 0.006 0.003 0.001 0.002 0.002 0.001 0.001 0.003
CampoZ21_16m, Punta Megna 0.206 0.613 0.001 0.001 0.005 0.003 0.006 0.001 0.001 0.001 0.001 0.002
Campo21_16m, Lingua 0.531 0.541 0.002 0.001 0.055 0.065 0.001 0.001 0.001 0.002 0.001 0.002
Campo21_21m, Tre Pietre 0.005 0.055 0.006 0.001 0.007 0.001 0.001 0.001 0.002 0.001 0.001 0.002
Campo21_21m, Punta Megna 0.016 0.357 0.001 0.001 0.017 0.002 0.003 0.001 0.001 0.001 0.001 0.003
Campo21_21m, Lingua 0.012 0.414 0.001 0.001 0.537 0.02 0.001 0.001 0.001 0.001 0.001 0.002
Tre Pietre, Punta Megna . 0014 0063 036 0768 0.09  0.036 0194 |0.013| 0.465  0.342 0.017 | 0.199
Tre Pietre, Lingua 0.013 0.181 0.565 0.025 0.001 0.001 0.001 0.001 0.463 0.188 0.01 0.061
Punta Megna, Lingua 0.497 0.758 0.01 0.047 0.002 0.007 0.001 0.001 0.004 0.768 0.126 0.021
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Between seasons withisites

Hot
Cold

Campo21_16m

Campo21_21m

Tre Pietre
Punta Megna
Lingua

Table 5.3.3.1 (continued)

a) Main test
Source of variation
Season (Se)
Sites()
Sex§
Residuals

b) Pairwise tests

Betweensiteswithin seasons

Hot, Cold

Hot, Campo21_16m
Hot, Campo21_21m

Hot, Tre Pietre
Hot, Punta Megna
Hot, Lingua

Cold, Campo21_16m
Cold, Campo21 21m

Cold, Tre Pietre

Cold, Punta Megna

Cold, Lingua

Finanziato

cfr
S24 = M25
M25 < S24
S24 = M25
S24 = M25
S24 < M25
S24 < M25
S24 = M25

df

)]

28

*
dall'Unione europea
*

- NextGenerationEU

0.572
0.039
0.098
0.474
0.024
0.012
0.150

PseudoF

38.2
64.5
2.9

S24

0.445
0.002
0.045
0.001
0.026
0.001
0.001
0.026
0.001
0.052
0.001

Campo21_16m, Campo21_21m
Campo21_16m, Tre Pietre
Campo21_16m, Punta Megna

0.286
0.001
0.008

n. Ministero
%5 dell’'Universita
> @ della Ricerca

cfr p cfr
S24 = M25 0.544 S24 <M25
S24 = M25 0.088 S24 =M25
S24 =M25 0.289 S24 =M25
S24 =M25 0.891 S24 =M25
S24 = M25 0.424 S24 =M25
S24 <M25 0.048 S24 =M25
S24 <M25 0.019 S24 =M25
p PseudoeF p
0.001 80.2 0.001
0.001 59.9 0.001
0.027 12.2 0.001
M25 S24 M25
p p p
0.26 0.595 0.054
0.002 0.008 0.002
0.002 0.012 0.001
0.27 0.281 0.097
0.301 0.022 0.152
0.042 0.734 0.014
0.001 0.019 0.001
0.001 0.045 0.001
0.035 0.767 0.001
0.031 0.104 0.009
0.013 0.41 0.003
0.868 0.165 0.154
0.001 0.013 0.001
0.002 0.034 0.001

: Italiadomani
p cfr p cfr p cfr
0.017 S24=M25 0.076 S24 <M25 0.017 S24 =M25
0.096 M25<S24 0.008 S24=M25 0.135 S24 =M25
0.059 S24 =M25 0.738 S24 <M25 0.038 S24 =M25
0.219 S24 =M25 0.868 S24 <M25 0.001 S24 =M25
0.941 S24 =M25 0.129 S24 <M25 0.004 S24 <M25
0.782 S24=M25 0.121 S24 <M25 0.002 S24 =M25
0.124 M25<S24 0.002 S24 <M25 0.005 S24 <M25
PseudoF p PseudaeF p PseudeF
0.0 0.954 0.0 0.903 12.4
6.5 0.002 57.4 0.001 50.0
0.9 0.536 0.6 0.775 1.4
Betweensitesacross seasons
p p p
0.536 0.981 0.117
0.023 0.001 0.002
0.029 0.006 0.004
0.372 0.488 0.065
0.023 0.623 0.411
0.6 0.003 0.003
0.007 0.003 0.006
0.003 0.005 0.002
0.084 0.468 0.008
0.004 0.406 0.035
0.067 0.002 0.002
0.859 0.939 0.031
0.164 0.003 0.001
0.989 0.001 0.003

0.369
0.173
0.199
0.629
0.003
0.131
0.034

p
0.005

0.001
0.273
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Campo21_16m, Lingua
Campo21_21m, Tre Pietre
Campo21_21m, Punta Megna
Campo21_21m, Lingua
Tre Pietre, Punta Megna
Tre Pietre, Lingua
Punta Megna, Lingua
Between seasons withisites
Hot
Cold
Campo21_16m
Campo21_21m
Tre Pietre
Punta Megna
Lingua

0.001
0.001
0.014
0.001
0.798
0.059
0.346
cfr
S24 < M25
S24 < M25
S24 < M25
S24 = M25
S24 = M25
S24 = M25
S24 = M25

0.001
0.001
0.002
0.001
0.856
0.099
0.078

0.005
0.001
0.029
0.362
0.340
0.532
0.104

[

0.005
0.026
0.092
0.008
0.069
0.197
0.016
cfr
S24 = M25
S24 = M25
S24 = M25
S24 = M25
S24 < M25
S24 < M25
S24 < M25

Ministero
dell’'Universita
3¢ e della Ricerca

0.003
0.001
0.001
0.001
0.966
0.011
0.03
p
0.057
0.388
0.881
0.301
0.002
0.002
0.003

taliadomani

[
w!
n .
- = 1
-
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0.017
0.192
0.786
0.013
0.138
0.545
0.007
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ESILIENZA

0.006
0.002
0.005
0.006
0.352
0.019
0.003

0.002
0.003
0.004
0.004
0.36
0.012
0.007

Between seasons

acrosssites

cfr

p

S24 <M25 0.003
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The Principal Component Analysis (PCA) performed on the full tedement dataset confirmed the spatial
patterns previously described. The first two components (PC1 and PC2) captured the main gradients in
element concentrations in both seasons, cleaggraéing the vensites from the control oned~igure
5.3.32). This pattern is consistent with the multivariate differences detected by the PERMANG@Y& (
5.3.32). In both seasons, PC1 was mainly driven by Hg, which showed the highest values at the Campo21
ventsites, and from Mn, Cd, Cu, Fe, Pb, V and Zn at the coated especially driven by the Lingwsite
PC2 reflected a secondary gradient associated with As, Ni and Cr, along which Panarea Hot sited Cold
separated from the other Panasées and from all the Salingites, confirming its comparatively higher
concentrations for these elemerig(re5.3.32).
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Figure 5.3.3.2. Principal Component Analysis (PCA) of trace element concentration
in surface sediment across the study sites and seasons.

Table 5.3.3.2. Multivariate PERMANOVA results for all trace element concentrations in surface
sediment across the study sites and seasons. Significant values are indicated in red.

a) Main test
Source of variation df PseudeF p
Season (Se) 1 11.3 0.001
Site (St) 6 46.4 0.001
Se x St 6 28.6 0.001
Residuals 28

b) Pairwise tests

S24 M25 2) Between
1) Betweensites within seasons seasons within cfr p
p p sites
Hot, Cold 0.024 0.277 Hot S24=M25 0.116
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Hot, Campo21_16m 0.001 0.002 Cold {Hn T 0.013

Hot, Campo21 21m 0.003 0.003 Campo2l1_16m S24=M25 0.132

Hot, Tre Pietre 0.010 0.019 Campo21_21m S24=M25 0.114

Hot, Punta Megna 0.002 0.024 Tre Pietre S24 =M25 0.155

Hot, Lingua 0.001 0.008 PuntaMegna { HnNn T 0.009

Cold, Campo21_16m 0.002 0.005 Lingua {Hn T 0.018
Cold, Campo21_21m 0.001 0.001
Cold, Tre Pietre 0.004 0.003
Cold, Punta Megna 0.001 0.005
Cold, Lingua 0.001 0.004
Campo21_16m, Campo21 21nm  0.374 0.527
Campo21_16m, Tre Pietre 0.003 0.001
Campo21_16m, Punta Megna 0.001 0.001
Campo21_16m, Lingua 0.001 0.001
Campo21_21m, Tre Pietre 0.003 0.001
Campo21_21m, Punta Megna 0.002 0.001
Campo21_21m, Lingua 0.001 0.001
Tre Pietre, Punta Megna 0.121 0.456
Tre Pietre, Lingua 0.009 0.012
Punta Megna, Lingua 0.002 0.007

Comparing trace element concentrations in sediments with the concentration thresholds established by the
Italian Ministerial Decrees DM 172/2015, DM 173/2016 and subsequent amendments (GURI, 2015; GURI,
2016) revealed that As exceeded both L1 and L2 lifiitsore. L'origine riferimento non € stata
trovata.), namely the concentration below which sediments are considered to pose low or high,
respectively, probability of toxic effects or bioaccumulation at lbolas and seasons. Exceedances of the
L2 threshold also occurred consistently at the Hot and 6itdd, and occasionally at Campo21. Cd
sporadically exceeded the L1 limit acresea, with a marked and consistent exceedance at Salina in May
2025. Cr and Ni never exceeded either L1 or L2. Cu exceeded L1 at the Hot asileSaliad at Tre Pietre,
and eached its highest value at Lingua, where it surpassed the L2 limit in both seasons. Hg exceeded the
L1 threshold only at Campo2l1 in both sampling periods. Pb showed a pattern broadly similar to Cu,
exceeding the L1 limit at the Hot and Csitks and at Salina, although without ever surpassing L2. Finally,

Zn slightly exceeded its L1 threshold only at Lingua in May 2025. For Mn and V, no regulatory reference
thresholds for sediments are currently provided by the applicable legisld&imware( L'origine
riferimento non é stata trovata.3).

Table 5.3.3.3. Threshold concentrations for trace elements in marine sediments according to Italian
regulations (GURI, 2015, 2016). In bolt the thresholds that exceeded in this study.

Trace element

As 12.0 12.0 20.0
Cd 0.3 0.3 0.8

Cr 50.0 50.0 150.0
Cu - 40.0 52.0
Hg 0.3 0.3 0.8

Ni - 30.0 75.0
Pb 30.0 30.0 70.0
Zn - 100.0 150.0
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U7 ) C values wer e oV er sitéskcompacedtp contraresd, ehera significanly more | v e
depleted and enriched values were recorded at Tre Pietre and Lingua respectively (Figure 5.3.3.3, Table
5.3.3.3). U0l N showed no detectable signal and i

and organic carbo(C%, TOC%) displayed overall higher concentrations at thearegtparticularly at
Campo2lsites, compared to both H@old and Salinaites, except for Lingua where coamable (N%) or
even higher values (C%) were found. C/N and Corg/N ratios were consistently loweisdeElmnpared
to all the other ones, while Campo21 21m displayed the highest value across thee@ant Lingua
across the other Salis#tes (Figure 5.3.3.3, Table 5.3.3.4).
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Figure 5.3.3.3. Mean (= SD) of carbon isotopic composition (li3C), elemental concentrations (total
nitrogen, N; total carbon, C; total organic carbon, TOC) and elemental ratios (C/N and Corg/N) in
surface sediments across the study sites in September 2024.
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Table 5.3.3.4. Univariate PERMANOVA results for carbon isotopic composition (li*3C), elemental concentrations (total nitrogen, N; total
carbon, C; total organic carbon, TOC) and elemental ratios (C/N and Corg/N) in surface sediment across the study sites in September 2024.
Significant values are indicated in red.

. S T S "

Source of variation PseudeF PseudoeF PseudoeF PseudeF p PseudeF p PseudoF p
Site (St) 6 7.9 0.004 4.6 0.012 17.2 0.002 5.6 0.009 21.7 0.002 4.5 0.013
Residuals 13
~ b)Pairwisetests L13C N C TOC CIN Corg/N
Betweensites p p p p p p
Hot, Cold 0.080 0.122 0.272 0.299 0.072 0.007
Hot, Campo21_16m 0.205 0.039 0.034 0.049 0.114 0.012
Hot, Campo21_21m 0.521 0.047 0.043 0.033 0.001 0.001
Hot, Tre Pietre 0.036 0.111 0.737 0.085 0.021 0.038
Hot, Punta Megna 0.244 0.561 0.113 0.060 0.043 0.023
Hot, Lingua 0.004 0.019 0.001 0.003 0.002 0.005
Cold, Campo21_16m 1.000 0.022 0.023 0.038 0.586 0.515
Cold, Campo21_21m 0.171 0.030 0.012 0.031 0.047 0.035
Cold, Tre Pietre 0.005 1.000 0.155 0.254 0.161 0.271
Cold, Punta Megna 0.763 0.369 0.283 0.387 0.738 0.971
Cold, Lingua 0.012 0.032 0.002 0.005 0.007 0.173
Campo21_16m, Campo21_21m 0.433 0.909 0.418 0.374 0.038 0.021
Campo21_16m, Tre Pietre 0.036 0.016 0.012 0.047 0.236 0.413
Campo21_16m, Punta Megna 0.828 0.008 0.014 0.036 0.815 0.502
Campo21_16m, Lingua 0.033 0.373 0.535 0.962 0.007 0.306
Campo2l_21m, Tre Pietre 0.022 0.031 0.014 0.022 0.456 0.406
Campo2l_21m, Punta Megna 0.453 0.007 0.012 0.019 0.038 0.031
Campo21_21m, Lingua 0.007 0.672 0.066 0.278 0.038 0.061
Tre Pietre, Punta Megna 0.050 0.362 0.897 0.579 0.213 0.233
Tre Pietre, Lingua 0.002 0.034 0.004 0.023 0.012 0.782
Punta Megna, Lingua 0.116 0.122 0.002 0.013 0.004 0.160
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Cor g/ Nt oFigue®334iursd ild 4 tCe s htolwant
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ventareawere more homogeneous than Corg/Ntot, which instead spanned a wider range and displayed a
clear gradient from the Hot to Campo 21_2dite In contrast, at th€ontrolareg bothCorg/Ntotandii T | C
values exhibited eatherpronounced spatial gradient. However, almost none of the values overlapped with
those reported in the literature fBr oceanicawhereas st values instead showed partial overlap with

t he

Gij C

and Cor g/

Nt ot ranges

reported

f omc bact

carbon (POC and DOC) mainly derived from phytoplankton, zooplankton, and detrital mgamal et
al., 2006) suggesting &ariable contribution of all these sources according tGitee
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Figure 5.3.3.4. dC vs. Cog/N ratios of in surface sediments across
the study sites superimposed to the published d**C vs. Corg/N ranges
for organic inputs to coastal environments (from Lamb et al., 2006)

As regardsPosidonia oceanicano significant seasonal differenciesshoot densityvere detectedwhereas
seasonal variability emerged when considedpgphytebiomassA clear spatial gradiemh shoot density
was also eviderdcross theontrol sites, but not across vessites, whereshoot density was overall lower
than compared tahe controlsites (Figure 5.3.41, Table 5.3.41). Epiphyte biomass exhibited marked
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spatial variability, especially during the May 2025 survey. In this period, the highest epiphyte biomass was
recorded at the Cold and Tre Piedites at the Vent and Contralea respectivelfFigure5.3.41, Table
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Figure 5.3.4.1. Mean (£ SD) P. oceanica shoot density and epiphyte biomass across the study sites
and seasons.

Table 5.3.4.1. Univariate PERMANOVA results for P. oceanica epiphyte biomass and shoot density
across the study sites and seasons. Significant values are indicated in red.

Epiphyte biomass Shoot density |

Source of variation df PseudeF p PseudeF p
Season (Se) 1 5.40 0.023 0.20 0.658
Site (St) 6 6.59 0.004 7.36 0.001
Se x St 6 9.92 0.001 1.68 0.191
Residuals 28

b) Pairwise tests Epiphyte biomass Shoot density

S24 M25 Betweensites across

Betweensites within seasons seasons
p p p

Hot, Cold 0.412 0.096 0.405
Hot, Campo21_16m 0.141 0.118 0.136
Hot, Campo21_21m 0.572 0.288 0.853
Hot, Tre Pietre 0.144 0.003 0.014
Hot, Punta Megna 0.033 0.001 0.052
Hot, Lingua 0.263 0.143 0.773
Cold, Campo21_16m 0.199 0.129 0.028
Cold, Campo21_21m 0.967 0.06 0.441
Cold, Tre Pietre 0.178 0.317 0.004
Cold, PuntaMegna | 0.008 | 0.677 | 0.010
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Cold, Lingua 0.54 0.132 0.496
Campo21_16m, Campo21_21  0.313 0.011 0.060
Campo21_16m, Tre Pietre 0.592 0.003 0.068
Campo21_16m, Punta Megne  0.327 0.007 0.584
Campo21_16m, Lingua 0.316 0.592 0.046
Campo21_21m, Tre Pietre 0.389 0.002 0.006
Campo21_21m, Punta Megne 0.084 0.005 0.023
Campo21_21m, Lingua 0.712 0.026 0.930
Tre Pietre, Punta Megna 0.016 0.029 0.130
Tre Pietre, Lingua 0.368 0.004 0.010
Punta Megna, Lingua 0.013 0.001 0.023
Between seasons withisites
cfr p
Hot M25<S24  0.032
Cold S24=M25 0.261
Campo21_16m S24 =M25 0.688
Campo21 21m S24=M25  0.058
Tre Pietre S24 <M25  0.004
Punta Megna S24 <M25  0.004
Lingua S24=M25 0.121

Analyses ofP. oceanicaphenological traits highlighted contrasting spatial and seasonal patterns. Leaf
production andhe percentage déaves witheroded apexGoefficient A showed significant differences
both amongsites and between seasomghile leaf surface area and the percentage of brown tissue were
mainly influenced by seasonality rather than spatial varialfiliéple5.3.42). In more detailall variables
but Surface Arewere significantlyljower inMay 2025compared to §tember 2P4. Moreover,no marked
spatial variability wagound forleafnumber despitehe loweswvaluesbeingobserved at the Lingua control
site (Figure5.3.42. Mean & SD) P. oceanicdeaf number, surface area, brown tissue/shoot percentage,
and coefficient Aacross the studsites and seasons
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Figure 5.3.4.2. Mean (+ SD) P. oceanica leaf number, surface area, brown
tissue/shoot percentage, and coefficient A across the study sites and
seasons

Table 5.3.4.2. Univariate PERMANOVA results for P. oceanica leaf number, Coefficient A, surface
area and brown tissue % across the study sites and seasons. Significant values are indicated in red.

e umber | Cosficient A

Source of variation df PseudoF p PseudeF p PseudoF p PseudoF p
Season (Se) 1 17.18 0.001 12.83 0.002 45.12 0.001 216.74 0.001
Site (St) 6 3.50 0.01 3.62 0.007 2.38 0.064 1.97 0.112
Se x St 6 2.00 0.108 2.21 0.091 1.95 0.092 0.78 0.554
Residuals 28
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b) Pairwise tests

Betweensites across seasons p p

Hot, Cold 0.972 0.556
Hot, Campo21_16m 0.161 0.032
Hot, Campo21_21m 0.067 0.042
Hot, Tre Pietre 0.148 0.633
Hot, Punta Megna 0.196 0.720
Hot, Lingua 0.146 0.145
Cold, Campo21_16m 0.175 0.018
Cold, Campo21_21m 0.077 0.004
Cold, Tre Pietre 0.10 0.90
Cold, Punta Megna 0.192 0.722
Cold, Lingua 0.159 0.155
Campo2l1_16m, Campo21_ 21 0.477 0.794
Campo21_16m, Tre Pietre 0.851 0.089
Campo21_16m, Punta Megna 0.974 0.023
Campo21_16m, Lingua 0.001 0.008
Campo21_21m, Tre Pietre 0.635 0.068
Campo21_21m, Punta Megna 0.513 0.003
Campo21_21m, Lingua 0.004 0.006
Tre Pietre, Punta Megna 0.885 0.757
Tre Pietre, Lingua 0.004 0.298
Punta Megna, Lingua 0.005 0.133

cfr p cfr p cfr p cfr p

Between seasons acrosses oo _ 50/ 0.001  M25 < S2 0.001 S24 < M25 0.001  M25 < S22 0.001

Lepidochronological analysis of orthotropic rhizomes, integrating data from both sampling seasons, provided
historical information on growth dynamics and leaf production across the study areas. When considering
pooled dataareaspecific growth strategies in scale production emerdeégdufe 5.3.43). Cold and
Campo21_1l16nsitewere characterised by the higher and lower scale number produced over time, despite
coupled with marked interannual variability, whereas Hot and Campo21sRésnwere respectively
characterised by an increase and a decrease in scale production over time. At thereanaiblsites
displayed a more stable pattern over time, with minimal fluctuations in Punta Megna.

When rhizome primary production was examined using pooled data, values acsites atinged overall
between 0 and 0.3dwr h i z ¢Fgere513.44). Despite this relatively narrow range, a clear temporal
pattern emerged. At vesites, rhizome primary production showed a marked decrease in recent years,
particularly from around 2020 onwards, whereas a similar decline was observed atarearbut was
less pronouncedn contrast, mean rhizome growth rate exhibited a different paffégure 5.3.45).

Overall, growth rates were characterised by higher variability atsieatthan at contrahrea. However,

the temporal trend revealed a more pronounced decrease in growth rate asitesitighereas verdrea

showed a comparatively weaker decline through time. This pattern contrasts with that observed for rhizome
primary production, suggesting a differential response of groglétted parameters to local environmental
conditions.

Shoot age showed clear differences between vent and csitésofFigure5.3.46). Overall, ventarea (Hot,
Cold and Campo21 at both depths) were characterised by lower mean shoot age and relatively limited
variability, indicating a generally younger and more homogeneous population structure. In contrast, control
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sites exhibited higher shoot age values and greater variability, with Punta Megna and Lingua showing the
highest and lowest mean shoot age respectively. This pattern suggests a more mature and heterogeneou:
meadow structure at contratea compared to vesinpacted areas.
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Figure 5.3.4.3. Mean (£SD) P. oceanica scale number across the study sites pooling the
two seasons.
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Figure 5.3.4.4. Mean (£SD) P. oceanica rhizome primary production across the study sites

pooling the two seasons.
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Figure 5.3.4.5. Mean (£SD) P. oceanica annual shoot growth rate across the study sites
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Figure 5.3.4.6. Mean (xSD) shoot age (years)
across the study sites pooling the two
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Overall, trace element concentrationd?inoceanicdeaves and roots collected in September 2024 and May
2025 showedignificantspatial and seasonal patterns across elemEigiré5.3.47, Table5.3.44). In
general, concentrations were higher in roots than in lehigidighting the role of belowground tissues as
the main accumulation compartment.

A common pattern among several elements (including As, Fe, Hg, Mn, Pb and V) consisted of seasonally
consistent higher concentrations at v&itdgs compared to contrgites, particularly in root tissues. Within
the ventareg Hot and Coldsites generally exhibited higher values than the Camgd2d, while Campo21
concentrations were often comparable to those measured at thes8edin contrast, elements such as
Cr and Cu showed limited spatial variability, with overall comparable concentratiomedmevent and
controlarea and between tissues. A different pattern emerged for Ni and Zn, whose concentrations were
generally higher at contrgites than at vensites, especially in leaves, reflecting a pattern different from
that observed for most other elements. Seasonal variability was overall less marked than spatial variability.
However, higher concentrations were generally recorded in September 2024 compdagd2@?5 for
several elements, particularly at vesites, whereas contrarea showedmore stable values between
seasons.
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Figure 5.3.4.7. Mean (x SD) concentration of trace elements in P. oceanica leaves and roots from
across the study sites and seasons.
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Table 5.3.4.3. Univariate PERMANOVA results for trace element concentration in P. oceanica leaves from across the study sites and seasons.
Significant values are indicated in red.

a) Main test

Source of variation df PseudoeF p PseudaF p PseudaeF p PseudoeF p PseudeF p PseudeF p
Season (Se) 1 0.4 0.552 9.8 0.005 39.1 0.001 3.3 0.046 4.6 0.048 23.3 0.001
Site (St) 6 9.1 0.002 1.8 0.132 8.7 0.001 30.9 0.001 45.8 0.001 15.6 0.001
Se x St 6 3.3 0.002 8.5 0.001 19.5 0.001 4.2 0.001 3.8 0.008 2.5 0.039
Residuals 28

b) Pairwise tests

. i S24 M25 S24 M25 S24 M25 S24 M25 S24 M25 S24 M25
1) Betweensites within seasons

p p p p p p p p p p p p
Hot, Cold 0.076 0.129 0.361 0.310 0.361 0.106 0.022 0.002 0.725 0.211 0.292 0.610
Hot, Campo21_16m 0.074 0.272 0.159 0.090 0.159 0.115 0.019 0.001 0.002 0.018 0.210 0.120
Hot, Campo21_21m 0.055 0.043 0.305 0.005 0.305 0.049 0.021 0.001 0.002 0.019 0.653 0.045
Hot, Tre Pietre 0.045 0.073 0.661 0.018 0.661 0.109 0.017 0.001 0.008 0.012 0.024 0.062
Hot, Punta Megna 0.052 0.181 0.008 0.055 0.008 0.056 0.016 0.001 0.002 0.079 0.050 0.261
Hot, Lingua 0.054 0.357 0.015 0.020 0.015 0.009 0.017 0.002 0.001 0.160 0.016 0.067
Cold, Campo21_16m 0.872 0.880 0.993 0.908 0.993 0.648 0.011 0.006 0.002 0.001 0.529 0.086
Cold, Campo21_21m 0.054 0.923 0.196 0.244 0.196 0.951 0.010 0.003 0.002 0.008 0.357 0.291
Cold, Tre Pietre 0.007 0.008 0.283 0.018 0.283 0.407 0.063 0.013 0.001 0.002 0.003 0.005
Cold, Punta Megna 0.004 0.034 0.070 0.071 0.070 0.601 0.005 0.003 0.001 0.001 0.009 0.022
Cold, Lingua 0.985 0.465 0.054 0.045 0.054 0.034 0.008 0.011 0.001 0.031 0.005 0.029
Campo21_16m, Campo21_21m 0.159 0.849 0.078 0.210 0.078 0.632 1.000 1.000 0.552 0.222 0.168 0.330
Campo21_16m, Tre Pietre 0.031 0.217 0.160 0.008 0.160 0.336 0.368 0.370 0.122 0.546 0.001 0.092
Campo21_16m, Punta Megna 0.043 0.289 0.005 0.036 0.005 0.975 1.000 1.000 0.051 0.116 0.002 0.298
Campo21_16m, Lingua 0.937 0.709 0.007 0.043 0.007 0.165 1.000 0.379 0.078 0.196 0.002 0.303
Campo21_21m, Tre Pietre 0.069 0.167 0.673 0.065 0.673 0.051 0.374 0.368 0.059 0.357 0.006 0.035

Campo21_21m, Punta Megna 0.066 0.224 0.132 0.463 0.132 0.544 1.000 1.000 0.142 0.075 0.012 0.069
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Campo21_21m, Lingua
Tre Pietre, Punta Megna
Tre Pietre, Lingua
Punta Megna, Lingua

2) Between seasons withigites
Hot

Cold

Campo21_16m
Campo21_21m

Tre Pietre

Punta Megna

Lingua

Table. 5.3.4.3 continued

a) Main test
Source of variation

Season (Se)
Site(St)

Se x St
Residuals

b) Pairwise tests
1) Betweensites within seasons

Hot, Cold
Hot, Campo21_16m
Hot, Campo21_21m

Finanziato

* %o
dall'Unione europea
*

- NextGenerationEU

0.521
0.470
0.213
0.276

cfr

S24 = M25
S24 = M25
S24 = M25
S24 = M25
S24 = M25
S24 = M25
S24 = M25

df

(o2l

28

Ministero
% dell’'Universita
> e della Ricerca

0.518 0.128 0.170 0.128 0.020
0.486 0.120 0.140 0.120 0.186
0.055 0.081 0.816 0.081 0.012
0.096 0.915 0.333 0.915 0.090
p cfr p cfr p
0.158 S24 =M25 0.059 S24 =M25 0.104
0.063 S24 =M25 0.272 M25<S24 0.026
0.453  S24 =M25 0.075 S24 <M25 0.019
0.172  S24 <M25 0.042 S24 =M25 0.119
0.288 S24 <M25 0.004 S24 <M25 0.025
0.182 S24 =M25 0.198 S24 <M25 0.002
0.206 S24 <M25 0.010 S24 <M25 0.001
Ni Zn
PseudoeF p PseudoeF p
0.0 0.938 42.2 0.001
14.1 0.001 4.5 0.004
8.9 0.001 7.5 0.001
Ni Zn
S24 M25 S24 M25
p p p p
0.047 0.626 0.054 0.438
0.004 0.044 0.105 0.014
0.002 0.054 0.091 0.01

PIANO NAZIONALE
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l l [taliadomani

1.000 0.374 0.280 0.730
0.383 0.372 0.001 0.090
0.352 1.000 0.005 0.280
1.000 0.361 0.515 0.087
cfr p cfr p
M25 < S24 0.001 S24 =M25 0.288
S24 =M25 0.120 S24 =M25 0.504
S24 =M25 0.222 S24=M25 0.216
S24 =M25 1.000 S24 <M25 0.009
S24 =M25 1.000 S24 =M25 0.453
S24 =M25 1.000 S24 =M25 0.071
S24 =M25 0.388 S24 <M25 0.046
Pb Vv
Pseude Pseudoe
F F P
0.8 0.396 0.3 0.591
2.9 0.027 4.2 0.003
1.2 0.361 2.0 0.095
Pb Vv
3) Betweensites across seasons
p p
0.039 0.191
0.122 0.01
0.948 0.059

0.004
0.067
0.009
0.008

0.083
0.026
0.215
0.936

cfr p

S24 = M25 0.206
S24 = M25 0.114
M25 < S24 0.004
M25 < S24 0.031
M25 < §24 0.028
M25 < §24 0.027
S24 = M25 0.100

Cr
Pseudo
F
9.2
1.8
1.1

0.003
0.116
0.404

Cr

4) Between seasons
acrosssites

cfr p
M25 < S24 0.008
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Hot, Tre Pietre 0.063 0.197 0.052 0.252 0.103 0.013
Hot, Punta Megna 0.274 0.842 0.029 0.226 0.045 0.015
Hot, Lingua 0.035 0.103 0.017 0.088 0.179 0.367
Cold, Campo21_16m 0.005 0.032 0.168 0.014 0.218 0.004
Cold, Campo21_21m 0.001 0.624 0.963 0.124 0.196 0.005
Cold, Tre Pietre 0.989 0.079 0.607 0.006 0.036 0.253
Cold, Punta Megna 0.254 0.351 0.295 0.076 0.103 0.002
Cold, Lingua 0.449 0.134 0.03 0.053 0.159 0.818
Campo21_16m, Campo21_21m 0.303 0.299 0.461 0.441 0.925 0.968
Campo21_16m, Tre Pietre 0.008 0.022 0.017 0.962 0.127 0.436
Campo21_16m, Punta Megna 0.01 0.024 0.058 0.049 0.473 0.899
Campo21_16m, Lingua 0.053 0.021 0.007 0.804 0.812 0.053
Campo21_21m, Tre Pietre 0.004 0.061 0.775 0.444 0.072 0.46
Campo21_21m, Punta Megna 0.003 0.305 0.422 0.516 0.3 0.85
Campo21_21m, Lingua 0.019 0.136 0.137 0.476 0.711 0.047
Tre Pietre, Punta Megna 0.235 0.168 0.348 0.027 0.16 0.447
Tre Pietre, Lingua 0.51 0.552 0.015 0.785 0.204 0.333
Punta Megna, Lingua 0.174 0.324 0.26 0.181 0.672 0.038
2) Between seasons withisites cfr p cfr p

Hot S24 <M25 0.014 M25<S24 0.005

Cold S24 =M25 0.178 M25<S24 0.006

Campo21_16m S24 <M25 0.025 M25<S24 0.005

Campo21_21m S24=M25 0.412 M25<S24 0.008

Tre Pietre S24=M25 0.119 S24=M25 0.2

Punta Megna M25 <S24 0.008 S24 =M25 0.168

Lingua S24=M25 0.368 S24=M25 0.232
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Table 5.3.4.4. Univariate PERMANOVA results for trace element concentration in P. oceanica roots from across the study sites and seasons.
Significant values are indicated in red

a) Main test
Source of variation df PseudoeF p PseudaF p PseudeF p PseudeF p PseudoF p
Season (Se) 1 9.8 0.006 0.2 0.716 72.1 0.001 103.0 0.001 4.0 0.062
Site (St) 6 6.0 0.001 5.8 0.002 101.8 0.001 2.2 0.078 12.4 0.001
Se x St 6 5.1 0.004 2.9 0.027 12.3 0.001 4.6 0.001 3.9 0.004
Residuals 28

b) Pairwise tests

: s S24 M25 S24 M25 S24 M25 S24 M25 S24 M25

1) Betweensites within seasons

p p p p p p p p p p

Hot, Cold 0.847 0.020 0.954 0.001 0.907 0.005 0.527 0.017 0.352 0.113
Hot, Campo21_16m 0.511 0.071 0.526 0.060 0.013 0.001 0.532 0.023 0.956 0.003
Hot, Campo21_21m 0.248 0.017 0.684 0.142 0.016 0.001 0.981 0.028 0.401 0.005
Hot, Tre Pietre 0.237 0.195 0.519 0.673 0.006 0.001 0.668 0.186 0.028 0.221
Hot, Punta Megna 0.930 0.033 0.867 0.717 0.033 0.001 0.368 0.131 0.042 0.412
Hot, Lingua 0.660 0.022 0.296 0.613 0.077 0.001 0.678 0.890 0.659 0.265
Cold, Campo21_16m 0.578 0.226 0.199 0.291 0.002 0.001 0.754 0.241 0.408 0.012
Cold, Campo21 21m 0.131 0.059 0.433 0.010 0.010 0.001 0.584 0.058 0.190 0.008
Cold, Tre Pietre 0.084 0.017 0.296 0.007 0.001 0.003 0.283 0.007 0.020 0.815
Cold, Punta Megna 0.715 0.379 0.461 0.003 0.008 0.001 0.941 0.168 0.016 0.067
Cold, Lingua 0.465 0.706 0.028 0.011 0.039 0.002 0.501 0.022 0.145 0.743
Campo21_16m, Campo2l1 21m 0.140 0.109 0.200 0.147 0.032 0.043 0.281 0.942 0.431 0.674
Campo21_16m, Tre Pietre 0.085 0.433 0.107 0.093 0.005 0.032 0.112 0.039 0.042 0.029
Campo21_16m, Punta Megna 0.438 0.599 0.473 0.043 0.041 0.010 0.109 0.282 0.055 0.006
Campo21_16m, Lingua 0.425 0.181 0.060 0.109 0.056 0.089 0.066 0.034 0.674 0.069
Campo21_21m, Tre Pietre 0.515 0.010 0.939 0.176 0.673 0.004 0.545 0.015 0.061 0.025
Campo21_21m, Punta Megna 0.047 0.186 0.376 0.143 0.962 0.020 0.124 0.284 0.127 0.006
Campo21_21m, Lingua 0.310 0.171 0.379 0.513 0.499 0.471 0.464 0.028 0.800 0.041
Tre Pietre, Punta Megna 0.059 0.176 0.273 0.919 0.764 0.928 0.071 0.801 0.159 0.131
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Tre Pietre, Lingua

Punta Megna, Lingua

Table 5.3.4.4 continued

* %o
*
*
*

* %

2) Between seasons withisites

Hot

Cold
Campo21_16m
Campo21_21m

Tre Pietre
Punta Megna
Lingua

a) Main test

Source of variation df
Season (Se) 1
Site (St) 6
Se x St 6
Residuals 28

b) Pairwise tests

1) Betweensites across
seasons

Hot, Cold

Hot, Campo21_16m
Hot, Campo21_21m
Hot, Tre Pietre

Hot, Punta Megna

0.603
0.277

cfr

S24 < M25
S24 = M25
S24 = M25
S24 = M25
S24 < M25
S24 = M25
S24 = M25

Pseudo

F
0.0
141
13

0.874
0.001
0.271

0.871
0.043
0.016
0.004
0.009

Finanziato
ja dall'Unione europea
* NextGenerationEU

0.024 0.201
0.332 0.088
p cfr
0.035 S24 = M25
0.267 S24 < M25
0.755 S24 = M25
0.933 S24 = M25
0.014  S24 =M25
0.718 M25 < S24
0.926 S24 = M25
Pseudo
= p
0.4 0.557
8.8 0.001
1.6 0.183
p
0.585
0.003
0.003
0.001
0.002

Ministero . l
% dell'Universita l ‘M [taliadomani
< @ della Ricerca - BreREed R Eienza
0.524 0.133 0.482 0.666 0.209
0.470 0.564 0.332 0.014 0.141
p cfr p cfr p
0.277 S24<M25 0.033 S24<M25 0.011
0.005 | S24<M25 0.004 S24=M25 0.187
0.868 | S24<M25 0.032 S24<M25 0.001
0.977 S24<M25 0.002 S24<M25 0.007
0.344 S24<M25 0.033 S24<M25 0.003
0.032 | S24=M25 0.162 S24=M25 0.09
0.214 S24=M25 0.231 S24=M25 0.087
Pseudo Pseudo Pseudo
F F F ¢
1.8 0.196 0.2 0.683 1.6 0.221
4.0 0.04 23.5 0.001 3.3 0.023
2.0 0.089 15 0.24 2.3 0.069
p p
0.242 0.024 0.055
0.037 0.004 0.548
0.003 0.023 0.017
0.326 0.004 0.032
0.175 0.007 0.116

0.027
0.090

cfr

M25 < S24
S24 = M25
S24 < M25
S24 = M25
S24 = M25
S24 = M25
S24 = M25

Pseudo
F
4.0
3.7
1.2

0.737
0.190

0.05
0.975
0.032
0.171
0.139

0.47
0.783

p

0.056
0.039
0.266

0.281
0.004
0.007
0.015
0.059
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Hot, Lingua

Cold, Campo21_16m

Cold, Campo21_21m

Cold, Tre Pietre

Cold, Punta Megna

Cold, Lingua

Campo21_16m, Campo21_21
Campo21_16m, Tre Pietre
Campo21_16m, Punta Megna
Campo21_16m, Lingua
Campo21_21m, Tre Pietre
Campo21_21m, Punta Megna
Campo21_21m, Lingua

Tre Pietre, Punta Megna

Tre Pietre, Lingua

Punta Megna, Lingua

0.052
0.002
0.002
0.001
0.001
0.003
0.050
0.007
0.022
0.126
0.008
0.183
0.364
0.124
0.002
0.127

Finanziato
dall'Unione europea
NextGenerationEU

0.008
0.011
0.020
0.023
0.031
0.155
0.003
0.126
0.050
0.126
0.006
0.033
0.118
0.070
0.165
0.919

ETgED
s

Ministero
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0.010
0.024
0.005
0.975
0.685
0.102
0.106
0.044
0.055
0.192
0.003
0.003
0.004
0.753
0.153
0.292

taliadomani

[}
L}
n .
- = 1
-
[ PIANO NAZIONA

DI RIFRESA E RE!

0.236
0.005
0.012
0.014
0.055
0.673
0.027
0.003
0.003
0.004
0.005
0.002
0.055
0.690
0.420
0.523

LE
SILIENZA

0.115
0.067
0.012
0.118
0.829
0.388
0.009
0.024
0.116
0.136
0.777
0.121
0.999
0.295
0.909
0.521

0.030
0.035
0.075
0.067
0.126
0.178
0.354
0.272
0.117
0.471
0.720
0.254
0.920
0.344
0.807
0.343
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The Principal Component Analysis (PCA) performed on the trace element concentrations meaBured in
oceanicaleaves and roots confirmed the spatial patterns previously described by the univariate analyses
(Figure5.3.48, Table5.3.45). In both seasons, the first two principal components (PC1 and PC2) explained
a substantial proportion of the total variance and clearly separatesitegftom controbites, in agreement
with the multivariate differences detected by the PERMANOVAQ|e5.3.45).

In both tissues and seasons, PC1 primarily captured thieceattol gradient, reflecting overall higher trace
element concentrations at vesites compared to controls. This axis 1 was mainly driven by As, Hg, Fe, V
and Zn, whose loadings were consistently associated witlakem particularly Hot and Cold, confirming
the accumulation patterns previously observed in both sediments and plant tissues stengreherally
clustered on the oppeoeaside of vensites along PC1, reflecting generally losmand more homogeneous
concentrations. PC2 represented a secondary gradient, associated mainly with Pb, Ni and Cr, and
highlighted differences within the veatea Along this axis, Hot and Cokites were clearly separated from
the Campo25kites, indicating higher concentrations of these elements at the former, consistent with the
spatial patterns described for both sedimentdamdeanicdissues. This separation was more pronounced
in roots than in leaves, further supporting the role of belowgrousuktisas the main compartment for trace
element accumulation. Seasonal differences were comparatively less marked than spatial ones, with a
broadly similar ordination structure in September 2024 and May 2025. This indicates that spatial variability
betweervent and controhrea represents the dominant source of variation in trace element composition,
while seasonal effects play a secondary role.
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Figure 5.3.4.8. Principal Component Analysis (PCA) of trace element concentrations in P.
oceanica leaves and roots across the study sites and seasons.

Table 5.3.4.5. Multivariate PERMANOVA results for all trace element concentrations in P. oceanica
leaves and roots across the study sites and seasons. Significant values are indicated in red.

Source of variation

Season (Se)
Site(St)

Se x St
Residuals

1
6
6

28

PseudeF
90.18
75.41
41.05

p
0.001
0.001
0.001

PseudeF
8.03
7.98
2.55

p
0.001
0.001
0.001

Betweensites within seasons

Hot, Cold

S24

p
0.03

M25

p
0.083

S24

p
0.243

M25

p
0.003
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57> edellaRicerca BTN
Hot, Campo21_16m 0.019 0.024 0.098 0.008
Hot, Campo21_21m 0.023 0.013 0.119 0.002
Hot, Tre Pietre 0.016 0.005 0.054 0.027
Hot, Punta Megna 0.015 0.039 0.189 0.005
Hot, Lingua 0.018 0.02 0.241 0.017
Cold, Campo21_16m 0.022 0.03 0.052 0.005
Cold, Campo21_21m 0.015 0.06 0.107 0.002
Cold, Tre Pietre 0.042 0.013 0.053 0.002
Cold, Punta Megna 0.014 0.02 0.159 0.001
Cold, Lingua 0.016 0.042 0.328 0.012
Campo21_16m, Campo21_21m 0.175 0.408 0.12 0.16
Campo21_16m, Tre Pietre 0.063 0.02 0.033 0.036
Campo21_16m, Punta Megna 0.016 0.077 0.083 0.019
Campo21_16m, Lingua 0.029 0.052 0.177 0.025
Campo21_21m, Tre Pietre 0.016 0.05 0.17 0.007
Campo21_21m, Punta Megna 0.013 0.127 0.132 0.007
Campo21_21m, Lingua 0.024 0.179 0.423 0.031
Tre Pietre, Punta Megna 0.284 0.106 0.282 0.225
Tre Pietre, Lingua 0.299 0.105 0.184 0.315
Punta Megna, Lingua 0.17 0.048 0.193 0.291

b) Pairwise tests

Between seasons withisites cfr p cfr p

Hot {Hn T 0.037 {Hn T 0.024
Cold S24 = M25 0.078 S24 = M25 0.144
Campo21_16m {Hn T 0.027 S24 = M25 0.128
Campo21_21m S24 = M25 0.141 S24 = M25 0.095
Tre Pietre {Hn T 0.016 {Hn T 0.025
Punta Megna {Hn T 0.014 S24 = M25 0.058
Lingua {Hn r 0.019 S24 = M25 0.284

The heaimap representation of bioaccumulation (BAF) and biotranslocation (BTF) factors illustrates clear
element, site- and seascdependent patterns . oceanicaaccumulation of trace elements in roots from
sediment and associated translocation to leavaisl€’5.3.46). In this study, BAF was calculated as the
ratio between trace element concentrations in roots and sediments (roots/sediments), reflecting the capacity
of belowground tissues to accumulate elements from the surrounding sediment. BTF was calculated as the
ratio between concentrations in leaves and roots (leaves/roots), providing an estimate of internal
translocation from belowground to aboveground tissues.

BAF values indicated moderate to high accumulation for selected elements, particularly Cd, Cu, Hg, Mn and
Zn, with the highest values generally observed at-vepactedsites, especially Campo21 (both depths).
This pattern was consistent across seasons, although slightly higher BAF values were often recorded in
September 2024 compared to May 20@5contrast, Cr, Fe, Ni, Pb and V consistently showed low BAF
values across atlites and seasons, indicating limited sedir@mtoot accumulation.

BTF values displayed greater heterogeneity than BAF, highlighting marked spatial variability in element
translocatiorto the abovegroundplanttissues Elevated BTF values were mainly associated with Mn, Ni
and Zn,followed by Cr and Cd. This wagarticularly evidentat ventsites during September 2024,
suggesting enhanced reotleaf transfer under vemtfluenced conditions. In May 2025, BTF values were
generally lower and more homogeneous, although relatively high translocation of Mn persisted at some
sites.
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Table 5.3.4.6. Bioaccumulation (BAF) and biotranslocation (BTF) factor values for trace elements
across the study sites and seasons, displayed as a heat map. Colour intensity reflects the magnitude
of BAF and BTF values, with higher values indicating stronger bioaccumulation and translocation
potential.
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V Isotopic and elemental composition

In P. oceanicd eaf tissues, avj C, N% and C/ N values in S
between vent and contrates (Figure5.3.49, Table5.3.47) . Over al | , sitssw&eratted ue s
heterogeneous and slightly more depleted compared to cargm] which displayed a lower variability.
Amongventsiies, Campo21_16m exhibited the more deplete
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sites whereas Lingua showed the most enriched si
detectable signal and is therefore not presented.

Total nitrogen (N%) concentrations and C/N ratio showed a specular pattern, being the former generally lower
at the Campo28ites than at the He€Cold and control ones, while C/N ratios were characterized by lower
values at the He€old and controkites than at both the Campo21 ones. On the other hand, total carbon
(C%) concentrations were markedly homogeneous acrosiseall

Turning to rhizome scalehyte t empor al evolution of 07T)C values r
and some vertites (Figure5.3.410). Across the entire time series, that spanned between 2015 and 2024,
controlsis s howed relatively stable U7T]jJC values, di s

both Campo2l verdites ex hi bi ted markedly more depleted Orf
temporal variability, whereas H@old sites showed a diverging pattern: Hsite values overlapped to
controlsites, and Coldsite showed a marked decreasing pattern over time. Intriguingly, at Campo21 and
Cold sites, U3C values shoed a clear shift towards more negative values from about 2019 to 2021,
followed by persistently depleted signatures in subsequent years. This pattern was consistent across the
different ventsites, although the magnitude of the depletion varied among them. No comparable temporal
trend was observed at Hot and contsdes, which maintained more enriched and stab¥ values
throughout the study period.
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Figure 5.3.4.9. Mean (+ SD) carbon isotopic composition (G!3C), elemental concentrations (total
nitrogen, N; total carbon, C; total organic carbon, TOC) and elemental ratios (C/N) in P. oceanica
leaves across the study sites in September 2024.
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Table 5.3.4.7. Univariate PERMANOVA results for carbon isotopic composition (U*3C), elemental
concentrations (total nitrogen, N and total carbon, C) and elemental ratio (C/N) in P. oceanica leaves
the study sites in September 2024. Significant values are indicated in red

a) Main test
Source of variation df
Site (St) 6
Residuals 14

b) Pairwise tests
Betweensites
Hot, Cold
Hot, Campo21_16m
Hot, Campo21_21m
Hot, Tre Pietre
Hot, Punta Megna
Hot, Lingua
Cold, Campo21_16m
Cold, Campo21 21m
Cold, Tre Pietre
Cold, Punta Megna
Cold, Lingua
Campo21_16m, Campo21_21m
Campo21_16m, Tre Pietre
Campo21_16m, Punta Megna
Campo21_16m, Lingua
Campo21_21m, Tre Pietre
Campo21_21m, Punta Megna
Campo21_21m, Lingua
Tre Pietre, Punta Megna
Tre Pietre, Lingua
Punta Megna, Lingua

Pseudo

=
5.7

0.006

0.063
0.008
0.136
0.557
0.963
0.131
0.048
0.530
0.269
0.101
0.002
0.466
0.039
0.025
0.008
0.225
0.157
0.044
0.661
0.137
0.219

Pseudo

E
2.9

0.048

0.830
0.014
0.047
0.725
0.257
0.614
0.044
0.033
0.436
0.084
0.161
0.584
0.004
0.257
0.084
0.171
0.485
0.138
0.327
0.906
0.236

Pseudo

=
25

0.049

0.365
0.037
0.029
0.893
0.249
0.862
0.023
0.035
0.156
0.064
0.168
0.548
0.018
0.306
0.134
0.232
0.645
0.193
0.164
0.932
0.147

Pseudo
F

1.0

0.429
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Figure 5.3.4.10. Mean (£SD) annual P. oceanica carbon
isotopic composition (U*3C) of rhizome scales across the
study sites in September 2024.

Lastly, sl f ur i sotopi c -elemagatotent (5%)mP. ¢céanicd&yes and rdots showed
clear tissueandareadependent patterns across the ssesongFigure5.3.411, Table5.3.48).

Overall, U4j S values were consistently higher in
sulfur between abovand belowground tissues. Furthermore, w&et generally exhibited lower and more
variable values compared to contsiks, particularly in root tissues. Within the vemea Campo2lsites
showed the | owest U] S values especially in root
Controlsites wer e characterized by hi gheleaves,nvith limed e ho
differences amongites, while Punta Megna showed significant lowest values in roots. Seasonal variability
was moder at e, with slightly higher and more hort
compared to May 2025, especially in leaves. Sulfur content (S%) also difet@een tissues arsies,
while seasonal differences were less marked. In both seasons and tissues, S% values were generally higher
at ventsites than at contradites.

83



Finanziato
dall'Unione europea
NextGenerationEU

% Ministero . '
1 dell’Universita l ‘M Ttaliadomani
E de"a Ricerca L[] PIANO NAZIONALE

DI RIPRESA E RESILIENZA

Leaves Roots Leaves
207 1.00

&

1

@

1

o

$202 Jaquaidag
o
g

$202 Jaquaidag

5202 fep
5202 fep

6“ ‘“ @“‘ ©
o 00\6 Qq’\/qﬂrr\, q\e \bﬂq‘\ﬂ‘qﬁ o (‘_."’\‘5 oq'\/ oq‘\/ Q\“' ‘:\B@ 3 ot 0‘3\0 n"'\ nq"\, ‘?‘B\S “@g o Cuo\65 Qeq:‘ cﬂr\’ ?\e“ \“‘@Q &

e ) \9»
@ o R

e @
0'36\ o o 0 o o

Faav & P

. Vent . Control

Figure 5.3.4.11. Mean (+ SD) sulphur isotopic composition (Ui**S) and elemental concentration (total
sulphur S) in P. oceanica leaves and roots across the study sites and seasons.

Table 5.3.4.8. Univariate PERMANOVA results for sulphur isotopic composition (i3*S) and elemental
concentration (total sulphur, S) in P. oceanica leaves and roots across the study sites and seasons.
Significant values are indicated in red

Source of variation df PseudeoF p PseudoF p PseudeF p Pse; te
Season (Se) 1 5.19 0.032 0.13 0.714 11.14 0.007 0.39 ' 0.545
Site(St) 6 10.79 | 0.001 2253 0.001 6.44 0.002 2.45 0.048
Se x St 6 7.20 0.001 2.45 0.041 2.94 0.033 1.10 0.405
Residuals 28
2) Between
) o S24 M25 S24 M25 S24 M25 sites across
1) Betweensites within seasons seasons
p p p p p p p
Hot, Cold 0.014 0.84 0.726  0.029 0.007 0.945 0.309
Hot, Campo21_16m 0.001 0.003 0.008 0.027 0.23 0.833 0.173
Hot, Campo21_21m 0.002 | 0.004 0.035 |0.008 0.724  0.202 0.463
Hot, Tre Pietre 0.896 0.116 0.883 0.011 0.013 0.418 0.888
Hot, Punta Megna 0.078 0.258 0.035 0.816  0.003 0.004 0.284
Hot, Lingua 0.37 0.158 0.211  0.003 0023 0.002 0.145
Cold, Campo21_16m 0.003 0.014 0.023 | 0.008 0.017 0.839 0.77
Cold, Campo21_21m 0.002 |0.013 0.046 | 0.002 0.029 0.525 0.799
Cold, Tre Pietre 0.048 0.756 0.858  0.047 0.857 0.878 0.291
Cold, Punta Megna 0.026 0.176 0039 0011 0311 | 0.003 0.874
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Cold, Lingua 0.045 0.343 0.164 0.024 0.395 0.016 0.023
Campo21_16m, Campo2l_21m 0.976 0.004 0.043 0.175 0.265 | 0.509 0.576
Campo21_16m, Tre Pietre 0.128  0.001 0.015  0.002 0.019 | 0.254 0.125
Campo21_16m, Punta Megna 0.145 0.001 0.971 0.015 0.004  0.058 0.886
Campo21_16m, Lingua 0.256  0.001 0.025 0.001 0.264 0.424 0.008
Campo21_21m, Tre Pietre 0.645  0.001 0.038  0.002 0.018 0.576 0.471
Campo2l_21m, Punta Megna 0.671 0.001 0.767 0.022 0.011 | 0.012 0.685
Campo21_21m, Lingua 0.341 0.001 0.033  0.002 0014 0021 0.059
Tre Pietre, Punta Megna 0.36  0.768 0.018 0.021 0.365 0.001 0.168
Tre Pietre, Lingua 0.565  0.250 0.404 0.882 0.395 0.012 0.037
Punta Megna, Lingua 0.996 0.476 0.042 | 0.004 0.196  0.404 0.024

b) Pairwise tests
Between seasons withisites cfr p cfr p cfr p

Hot
Cold

Campo21_16m
Campo21_21m
Tre Pietre
Punta Megna
Lingua

S24 = M2¢ 0.192
M25 < S24 0.004
S24 = M2¢ 0.658
S24 < M2t 0.001
S24 = M2¢ 0.078
S24 = M2¢ 0.080
S24 = M2t 0.060

S24 = M2t 0.153
S24 = M2t 1.000
S24 = M2t 0.647
S24 = M2t 0.160
S24 = M2t 0.081
S24 = M2t 0.217
M25 < S24 0.003

S24 = M2¢ 0.339
S24 = M2¢ 0.099
S24 = M2¢ 0.578
S24 = M2¢ 0.891
M25 < §24 0.001
M25 < §24 0.014
S24 = M2¢ 0.660
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Figure 5.3.4.12. PLS regression models

All Partial least squares (PLS) regression multivamatelels indicated that several explanatory variables
significantly influencedP. oceanicgFigure5.3.412). pHr had a significant negative effect on surface area,
while positively affecting epiphyte biomass and leaf numbee.SedimentMultiple Pollutantindex(MPI
S) created consideringnly nonressentiatrace elementéAs, Cd, Cr, Hg, Ph)showed significant negative
effects orP. oceanicashoot density, brown tissue, and leaf numbeaf MPI (MPI L) negatively affected
shoot density and coefficient A, whereReot MPI (MPI R) exhibited a negative effecnty on shoot
density. Finallyi ofboth leaves and roots had a positive effect on epiphyte bimnbss
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The characterization of the water column revealed substantial spatial and temporal variability associated with
hydrothermal activity at Panarea, while the Salina sites exhibited stable conditions typicaiveinhon
Mediterranean coastal environments. @umus pH monitoring during the September 2024 deployment
showed pronounced fluctuations, most notably the extreme minimum of 6.8 £ 0.48 recorded in the Hot site,
highlighting the dynamic nature of shalhoalwto CO Y
diel timescales. Such extreme shiorer m depr essi ons are consistent w
descri bed for Panarea (Saidi et al., 2023), as w
turbulence and hydrothermal plenoscillations generate rapid pH shifts (Karuza et al., 2012; Price et al.,
2017). In contrast, the Cold site displayed the least acidified and most stable pH signal among the impacted
areas, consistent with earlier observations that distinct vent subabi&marea can sustain different
geochemical signatures and degassing dynamics (Price et al., 2017). The narrower pH range and reduced
variability observed during the May 2025 deployment, ranging from 7.96 + 0.14 at Campo21 21mto 7.40
+ 0.40 at Campo21 6In, likely reflect seasonal changes in watelumn stratification and hydrothermal
pl ume dispersal. Similar seasonal modul ati on o
Mediterranean shallowvater systems, where las@ring mixing and less pronouncedrtical gradients
tend to dampen chemical fluctuations (Saidi et al., 2023). Despite these seasonal differences, both
campaigns consi st ent | yenrichddevant seftdrsead the rhost acidifiesl lzdnesw ,
Vertical CTD profiles provide adtibnal insight into the spatial structure of acidification. Temperature,
salinity, and dissolved oxygen were typical of their respective seasons, consistent with previous findings
that hydrothermal influence at Panarea is highly localized for thermaédo# parameters, but extensive
for pH and carbonate chemistry (Karuza et al., 2012; Price et al., 2017). During May 2025, the profile at
the Hot site showed strong neanface acidification (6.97.42 within the first two meters), followed by
progressivattenuation with depth. This pattern reflects intense shallow degassing and subsequent dilution
across the pycnocline, a mechanism previously described by Saidi et al. (2023). Conversely, the Cold site
displayed an almost linear pH decrease down to 9.6omsistent with weaker and more diffuse vent
influence and in agreement with the lesser temporal variability revealed by HOBO time series. The pH
structure at Campo21_16m differed markedly, with pH values exceeding 8.0 near the surface and declining
sharpy below the thermocline, reaching <7.0 atI®m. This deepening of the acidification signal is
consistent with the do-schhydrothérmal fluals) & grocess alsoréporkceim s e
previous characterizations of this sector (Pricd.eR17). The strong vertical gradient and the depth of
the minimum suggest a plurtkeiven accumulation of hig O waters whose extent
currents and vent flux intensity. By contrast, the Salina control sites (Punta Megna and TrsHieteel)
typical earlysummer stratification with minimal pH variation along the water column, reflecting stable,
nonthydrothermal conditions. These reference profiles reinforce the strong geochemical contrast between
the Panarea vents and surrounding vgateonfirming that the observed chemical patterns are driven by
|l ocalized hydrot her mal -will®©seasenatvagabilityo@verall rthe tomlgination h a n
of continuous pH monitoring and vertical profiling demonstrates that acidificatiGtarrea is both
spatially heterogeneous and temporally dynamic.

The physicochemical patterns observed across the hydrothermal sites of Pana@dldod Campo21) and
the control sites at Salina further highlight t
carbonate chemistry and nutrient dynamicshwilear implications foP. oceanicaneadow functioning.
The significantly lower pHT values recorded in May 2025 compared to September 2024, together with
consistently | ower pHT in impacted rel atistereé t 0o ¢
acidifying effect. The exception of Cold in September (pHT = 8.01) underscores the inherent variability of
vent systems where, as previously stated, degassing intensity, stratification, and local hydrodynamics may
temporarily dampen or enhance afitdition. Among all stations, Campo21_16m exhibited the strongest
acidification (pHT = 7.88 in September; 7.30 in
These values fall within the range reported for other Mediterranean volcanic sedps;ingjrihe role of
Campo2l as a relevant natural analogue for future ocean acidification. Total alkalinity (TA) was
remarkably similar between Panarea and Salina, indicating that hydrothermal systems predominantly
increase dissolved inorganic carbon (Di@hout reducing TA, thereby generating strong pH decreases
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without affecting buffering capacity (Karuza et al., 2012). This supports the interpretation that the low pHT
observed at Panar ea -richshydmthdarnmbfluidsl The lavest saterationkstates GfO
qgCa and qAr at C a mp oed thermdlynamic rpatent@lafor ecalciune dawbonate
precipitation. This agrees with previous analyses documenting conditions unfavorable for carbonate
formation near Panarea vents (Karuza et al., 2012; Price et al., 2017). Reduced carbonate saturation can
conrstrain calcifying organisms and alter epiphytic communities associate® vatteanicawith potential
consequences for meadow structure and sediment stability. Nutrient distribution patterns also reflect
hydrothermal influence. Silicate was consistently the most abundant nutrient and reached its maximum at
Hot, consistent with silicaéich hydrothermal inputs described for Mediterranean shallow vents. Nitrate also
peaked at Hot, likely due to enhanced regeneration or localized upwelling driven by vefdgnizeb
Ammonia, highest at Cold, may reflect reductive processes or sedimentary mineralization associated with
venting. Nitrite remained low and phosphate was generally below detection, indicating phosphorus
limitation across the system except at Camp@2in. Saidi et al. (2023) demonstrated that Panarea venting
alters nutrient availability and stimulates microbial enzymatic activity, influencing biogeochemical
pathways. The combined nutrient patterns indicatedase heterogeneity that may affect pretality

and microbial dynamics withiR. oceanicaneadows.

Together, the observed decreases in pHT, reduced carbonate saturation, and altered nutrient regimes are fully
consistent with pr evi-wae hydratherknal fields. Fhase eesules aadnfsm thah a | |
Panarea represents a dynamic naturabagab e f or ocean acidification, w
and associated geochemical processes create environmental conditions that closely resemble future
acidified oceans.

The interstitial water chemistry revealed marked contrasts between the hydrothermal sites of Panarea and the
nortvent environments of Salina, reflecting the strong influence of volcanic inputs on sediment
geochemistry. Sediment temperatures at Panarehadaxtremely high values (41°C in September 2024
and up to 54°C in May 2025 at the Hot site), consistent with direct hydrothermal heating. Similar high
sediment temperatures have been reported for shallow vents in Panarea and other Mediterranean volcanic
systems, where conductive and advective heat fluxes create steep thermal gradients within only a few
centimeters of the sediment surface (Price et al., 2017; Monecke et al., 2012). In contrast, Salina exhibited
temperatures within the expected seasonafjeafor Mediterranean seagrass meadows2@2C),
highlighting the absence of geothermal influence.

Redox potential (Eh) showed strong spatial variability, with Panarea exhibiting the lowest values in May 2025
(down to-221and2 34 mV at Campo2l1l_21m). Such reduwuichi ng ¢
hydrothermal sediments, where high organic emattegradation, sulfide accumulation, and mgtd
fluids contribute to redox depletion (Di Bella et al., 2022; German & Von Damm, 2006). The substantially
higher Eh values measured at Salif¥d(t0-8.4 mV) are typical of welbxygenated?osidonia oceaica
sediments, where rhizome oxygen leakage and active bioturbation help maintain less reducing conditions
(Mateo et al., 2006).

Ammonium concentrations were consistently higher at Panarea than at Salina in both seasons, reflecting
enhanced remineralization and possibly ammorigim hydrothermal pore fluids. The comparatively
lower ammonium levels at vegetated sites in PanareaesugjtatP. oceanicamay partially modulate
sediment biogeochemistry, likely through oxygen release from roots and rhizomes and enhanced uptake by
plant' microbe consortia, a process observed in other seagrass ecosystems subjected to reducing conditions
(Marba et al., 2006). Nitrate patterns differed strikingly between islands. Salina showed exceptionally high
nitrate concentrations in September 2024 (up to
values for Mediterranean sediments. In casti, Panarea nitrate concentrations were much lower across
both campaigns, consistent with suppressed nitrification in hydrothermal sediments dominated by reducing
and ammoniunrich conditions (Di Bella et al., 2022). Bicarbonate concentrations showaitiecable
variability between islands and seasons, with generally higher values at Panarea, particularly in May 2025
98141 mg L T). This enri chmentichiflusds iotmimesstitialwaterst wi t
as documented in previous stud s s howing that hydr ot her mal co
accumulation in both pore waters and the overlying water column (Karuza et al., 2013pétater et al.,
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2008). The nearero bicarbonate concentrations recorded at Salina in May 2025 likely reflect
methodological or detectigimit constraints, but the overall trends support the interpretation that
hydr ot her mal coO strongl y reahla poatsst to the dirong differences h e m
detected for redox parameters, nutrients, and b
showed no consistent differences between islands or seasons. This is expected for shallow hydrothermal
systens where fl uids are domi nat e-tempgemntureremdmaraberifldgds C O
that cause major deviations in ionic composition (Price et al., 2017; Italiano & Nuccio, 1991).

The presence dP. oceanicahad a notable influence on interstitial chemistry at both islands, although the
direction and magnitude differed by site. At Panarea, vegetated sediments showed higher Eh and lower
ammonium than unvegetated ones, consistent with the oxygenating effeeagyass roots and their
capacity to limit anaerobic processes. At Salina, however, vegetated sites exhibited lower Eh than
unvegetated ones, possibly reflecting higher sediment organic content and enhanced microbial
decompositio beneath dense canopies, a pattern frequently observed in Healthganicameadows
(Mateo et al., 2006).

Overall, interstitial water chemistry clearly distinguishes hydrothermal frormhgdrothermal sediments,
with Panarea characterized by elevated temperatures, reducing conditions, enhanced ammonium,
suppressed nitrate, and elevated bicarbonate. Thesenpadtign with previous geochemical studies of
Mediterranean volcanic CO vents (Karuza et al
reinforce the role of Panarea as a natural laboratory for studying the sedimentary consequences of long
term acidification.

The distribution and concentration of trace elements in surface sediments from the Panarea hydapg@aermal
refleced the complex interaction between localized hydrothermal in@utd environmental and
sedimentary processesiggesting the coexistence of multiple controlling proce3$eslow pH driven by
co emi ssions may enhan ciwatemexthantge wkile dlevated tempergtures n d s
and reducing porewaters associated with sulfide emissions promote selective metal immobilization
(German & Von Damm, 2006Richler, 202

Hg and Cr showed higher concentrations overall at siéest, consistent with hydrothermal fluids acting as
natural sources of volatile and elemech compounds in shallow vent systems (Dando et al., 1999; Vizzini
et al., 2013). This interpretation agrees with previous investigations conducted in the Panmatbarhyal
field, which documented significant trace element enrichment in sediments and biota following intense
degassing episodes (Renzi et al., 2011, Andaloro et al., 2012). More recent siudiesrfirmed that
hydrothermal fluids and associated porewaters at Panarea may contain extremely elevated Hg
concentrations, with strong spatial heterogeneity linked to vent intensity and temperature (Pichler, 2024).
The particularly high Hg concentrati@mbserved at the Campog2ites likely reflect efficient trapping
under reducing and sulfiech sediment conditions, where precipitation of mercury sulfide minerals can
lead to localized accumulation (Pichler, 2024). In contrast, As enrichment at Hoolsites is consistent
with stronger direct exposure to hydrothermal fluxes, as arsenic is commonly associated with magmatic
degassing and higtemperature watérock interactions (German & Von Damm, 2006; Price et al., 2013).
Most other trace elements (Cd, Cin, ' and Zn) and Fe were generally higher at Hot and Cold than at
Campo21, while Campo21 sediments were often comparable to those at Salina. This suggests that their
distribution is not controlled by hydrothermal inputs alone but is also influenced lmesedry factors
such as grain size and organic matter content (Signa et al., 2017). Mn displayed a distinct behaviour, with
consistently higher concentrations at Salina and progressive decrease towaiteveBecause Mn is
highly sensitive to redox conditions and becomes mobilized under reducing environments, this pattern
likely reflects dissolution and diffusion from sulfidieh hydrothermal sediments (Canfield et al., 2005).

Multivariate analyses corroborate these interpretations: PCA and PERMANOVA clearly separated vent from
controlsites and further distinguished subzones within the vent field, confirming that spatial variability is
the dominant source of variation and that hydrothermal systems should not be treated as geochemically
uniform environments.
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From a regulatory perspective, frequent exceedances of Italian sediment quality thré3UBIA015;2016
were observed foAs and Hgat several vensites, indicating a potential risk of bioaccumulatiorbiota
More localized exceedances for @udPb suggest that both vent and some control sediments may act as
long-term reservoirs of trace element enrichment. Although Cr and Ni remained below regulatory limits,
the absence of thresholds for Mn and V prevents a complete risk assessment for thesensgtive
elements.

Sediment elemental and isotopic composition further supports the interpretation of a hydrothermally
influenced but spatially heterogeneous environment. Higher total and organic carbon and nitrogen contents
at ventsites, particularly at Campo21, indicate enhanced organic matter accumulation relative to most
controlarea. (*3C values were comparatively homogeneous and more depleted acrastesewhereas
both (t3C and Corg/N ratios displayed clearer spatial gradients at camé&ral suggesting that ganic
matter at Panarea results from the mixing of multiple sources. Indeed, the comiBed. Corg/N
signatures indicate that sediment organic matter does not primarily derive fareanicaas most values
fall outside the typical isotopic and elemental ranges reported for seagrass material. Instead, they overlap
with values characteristic of bacteria, marine algae and plawleidved particulate and dissolved organic
carbon (Lamb et al.@6), pointing to a mixed contribution of microbial and imaisourcedn vent areas,
enhanced microbi al activity and altered <carbon
di stinctions bet ween primary producers and det
signatures across impactsites. Comparable isotopic homogenization has been described for Panarea and
other shallow CO vent Jheatisencesof a(détectdldel iNn as i gtn ad | .c
indicate rapid nitrogen cycling under strongly reducing sediment conditions.

The structural and functional responsesPafkidonia oceanicaneadows at Panarea reflect the persistent
influence of hydrothermal stressors on plant performance. Sfestwere characterized by consistently
lower shoot density and younger shoot age compared to controls, indicating a simplified and more
homogeneous population structure. Such patterns are consistent with chronic environmental stress limiting
long-term shoosurvival, as previously observed in disturbed or extreme environments Riheceanica
meadows shift toward faster turnover and reduced strlictumgplexity (Vizzini et al., 2010; Gambi et al.,

2023).

Seasonal and spatial variability in phenological traits suggests that vent exposure affects leaf dynamics and
tissue conditiomlespitea certain spatial and metritependentariability. The lower Coefficient A (eroded
leaf apices) at verdtites indicates reduced herbivory, contrasting wibhtrols This suppressed herbivory
at Panarea likely reflects toxic effects of hydrothermakdor essor s ( H S, trace
communities. However, elevated Coefficient A at some sitett suggests that phigal or chemical stress
can also impair leaf integrity directly, @seviouslydocumented by Signa et al. (2024) far oceanica
under combined low pH and sulfide exposuoen other Panarearea. These contrasting patterns highlight
the complexity of planherbivore interactions in muiitressor hydrothermal systenfimilarly, the
pronounced spatial variabiligndseasonal variabilitin epiphyte biomass, particularly at vemes, also
indicates that hydrothermal conditions indirectly modulate meafilmctioning by altering epiphytic
communities and planepiphyte interactions.

Lepidochronological reconstructions reveal that vent meadows are characterized by highly variable growth
trajectories and recent declines in rhizome primary production, especially afteisg§geshg unstable
growth conditions. The coexistence of decreaaimdjfluctuatingproductionandgrowth rates may indicate
a shift in carbon allocation strategies under chronic siGEsaparablgatterns of altered growth dynamics
and resilience tradeffs have been described ih oceanicameadows subjected to tlisbancedue to
environmental extremes (Noé et al., 2020; Gambi et al., 2023).

Trace element analyses demonstrate that vent conditions strongly influence metal accum&atioganica
with roots acting as the primary sink. Elevated concentrations of As, Cd, Cr, Hg, Fe, Mn, Pb and V in vent
plants mirror the geochemical enrichment of surrounding sediments and confirm the tight coupling between
sediment chemistry and plant uptake (Vizzet al., 2013; Signa et al., 2024b). High bioconcentration
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factors for Cd, Cu, Hg and Mn, particularly at Campo21l, indicate an efficient capacity of belowground
tissues to accumulate sedimelatrived elements, while heterogeneous translocation to leaves suggests
elementspecific regulation of internal transporuch compartmentalization is consistent with the role of
seagrasses as partial biogeochemical buffers that can sequester contaminants in belowground tissues
(Vizzini et al., 2010, Signa et al., 2024b).

Isotopic signatures provide additional insight into physiological functioning under vent influence. More
depleted and temporally variable U47jC valterms i n
modifications in carbon acquisition consistent t h per s i st e retrichedxwaters Simiar t o
isotopic shifts have been documented in seagrasses growing near volcanic vents, where elevated dissolved
co alters carbon assimilation pathwayd,28al68)d gr o
Mor eover, | ower and more variable U] S values in
reflect the incorporation of hydrothermal sulfur and exposure to sulfilesediments. This pattern
supports the interpretation thatngeneadows operate under altered redox and sulfur cycling regimes that
influence both belowand aboveground tissues.

Partial Least Squares (PLS) regression models integrating seawater pH, trace element concentrations in
sedi ments and pl ant ti ssues (leaves and-andot s) ,
aboveground compartments revealed multiple pathwtagsigh which hydrothermal conditions influence
Posidonia oceanicperformance.

Shoot density, leaf number, and brown tissue percentage exlsigteficantnegative associations with trace
element indices in sediments (MP) \&hile only shoot density also with trace element indicdeanes,
and roots MPI_L, MPI_R), confirming that metal bioavailability and accumulation constrain meadow
structure and foliar dynamics independently of pH effects. These patterns are consistent witktrovécity
reductions in photosynthetic capacity and carbon alloctdinaw tissue production (@rge and Dennison,
2000; Marba et al., 2007). The lackodr contrasting pH associations with these metrics differ markedly
from Signa et al. (2024b) at a different Panarea assd(Bottaro), where low pH increased leaf number
and brown tissue while reducing leaf size. This discrepancy likely reflesaspecific differences in trace
metal contamination: the dominant negative effects of MPI_S in our study suggest that metabtoxicity
characterized by Signa et al. (20@4nay override or modulate pHtiven compensatory responses
(accelerated turnover, premature senescence) observedtaadesslemenimpactedarea. The negative
relationship between leaf surface area and seawai@rimpblying larger leaves under lower pHalso
contrasts with ocean acidification studies where chronic low pH typiaatlysulfur exposureeducesP.
oceanicdeaf size Gambietal.,2@3) . Thi s counterintuitive pattern
effects that temporarily enhance leaf growth before chronic stress impacts prevail (Repolho et al., 2017),
or confounding effects of spatial variability in trace metal contaminatidruameasured estressorsg.g.
H S, | ight mayabscurathd true ptesf size relateoriship.

Epi phyte biomass showed positive associations wit
acidification and altered sulfur cycligparticularly low pH andthe incorporation of hydrothermally
d er i v-degleted jsulf maymodulate epiphytic community structuiarticularly, the reduction in
epiphyte biomass near the vents is consistent with the classic response of calcifying epibionts to ocean
acidification (HaltSpencer et al. 2008logueira et al. 2017)

The integrated analysis of seawater chemistry, interstitial processes, sediment geocheminsicamiba
oceanicaresponses shows that the Panarea hydrothermal system functions as a tightly coupled multi
compartment e nv i r anvemeanidification, redok dyoadmicsCa@d metal enrichment
interact across spatial scales. Hydrothermal emissions generate habhpgeneous and temporally
dynamic watercolumn conditions, characterized by persistent acidification, reduced carbonate saturation
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and altered nutrient regimes. These signals extend to sediments, where elevated temperatures and reducing
porewaters modify elemental cycling and trace metal distributions, producing geochemical patterns that
differ substantially from nowent Mediterranaaenvironments.

Sediment records captar¢he longterm imprint of hydrothermal forcing and highlight the coexistence of
multiple geochemical controls, confirming that vent systems should be considered spatially structured
environments rather than uniform settings. These sedimentary conditoreflected in the biology d?.
oceanica whose meadows display signatures of chronic hydrothermal influence, including reduced
structural complexity, altered growth dynamics, enhanced metal accumulation and modified isotopic
composition. Multivariate modelling further indicates that these responses arise from the combined action
of acidification, metal exposure and altered sulfur cycling, rather than from single stressors acting in
isolation.

Together, these findings indicate tfPatoceanicacan persist under sustained exposure to combined chemical
stressors, but that hydrothermal conditions may constraintéyng meadow stability and ecosystem
functioning. The observed coupling between environmental chemistry and plant performance gupports
need for integrated assessments that simultaneously considefcalatan, sedimentary and biological
processes when evaluating the impacts of global change drivers on seagrass ecosystems.

Within the broader framework of this project, Panarea provides a valuable natural setting for examining how
warming, acidification and contamination interact to influence the functionality of a key Mediterranean
habitat. The results contribute to improviogr understanding of the capacityRfoceanicaneadows to
act as biological buffers under muttiressor conditions and provide a reference baseline for assessing
future changes in coastal ecosystem structure and functioning.

92



Finanziato
dall’'Unione europea
NextGenerationEU

Ministero . l
dell’'Universita . [taliadomani
~> @ della Ricerca -

NO NAZIONALE
DI RIFRESA E RESILIENZA

In coastal regions, physical, chemical, and biological pressuresctw, creating a multistressor framework
that challenges ecosystem resilience and biodiversity maintenance (Gunderson et al., 2016). Among the
most pervasive pressures are plastic paliytanthropogenic disturbance and climati’en changes such
as ocean warming and acidification, whose interactions frequently produdsmemmand sometimes
synergistic ecological responses (Crain et al., 2008; Cété et al., 2016). Plastic contarepatisents a
major threat in marine environments, where maarw microplastics accumulate in seawater, sediments
and organisms, altering physiological processes, community structure and biogeochemical functioning
(Thushari & Senevirathna, 2020; Law 2Q1/h semienclosed basins such as the Mediterranean Sea, high
population density and intense maritime traffic further enhance plastic persistence and fragmentation,
increasing the likelihood of ingestion and entanglement events and intensifying theexjidsnthic and
pelagic communities. Plastics also act as vectors of chemical contaminants and microorganisms,
influencing pollutant dynamics, biofilm development and microbial colonization patterns (Zettler et al.,
2013; Amelia et al., 2021). At the santime, anthropogenic activities, including shipping, fisheries,
aquaculture, urbanization and tourism, intensify nutrient and contaminant inputs, degrade habitats and
reduce the recovery capacity of ecosystems from disturbance events (Halpern et al..Oz@ab
acidification adds another major stressor, altering carbonate chemistry and impacting calcification,
metabolism and ecological interactions across multiple trophic levels (Orr et al., 2005; Doney et al., 2009;
Figuerola et al., 2021). When actisignultaneously with plastic pollution or local pressures, acidification
can accelerate polymer degradation, alter leachate chemistry and modulate biological responses, thereby
amplifying the ecological consequences of plastic exposure (Vuong 2023; Dayaahd 2025).

Within this context, the present study evaluates the colonization, degradation and ecotoxicological response
behavior of two conventional polymers (PE, PP) and two biodegradable polymers (PLABWI&Edgure
6.2.11), deployed for up to six months at different sites characterized by contrasting environmental
conditions of acidification, hydrothermal activity, and human impéicjufe6.2.12).

The Aeolian Archipelago, located in the central Tyrrhenian Sea off the northeastern coast of Sicily, is a
complex of seven volcanic islands that represents a natural laboratory for studying interactions between
geochemical and biological processes. Tha &&haracterized by strong environmental gradients driven
by natur al volcanic CO emi ssions, which gener
chemistry. In addition, the archipelago experiences variable levels of anthropogenic presedréolink
tourism, maritime traffic, and coastal settlements (Boatta et al., 2013; Carapezza et al., 2011).

At six selected sites,three on the island of Vulcano and three on the island of Lipayu(e6.2.12, Table
6.2.11) - chosen for their differing environmental conditions (pH and temperature) and varying intensities
of anthropogenic activity, stainless steel contairfeigufe6.2.13) were deployed in September 2024, each
containing four different types of polymers. To avoid contamination, microplastics have been cut from
virgin sterilized macrocontainers of the same polymer and inserted into each macrocofigumer (
6.2.11). Depending on the type of analysis, macrocontainers with microplastics were collected after 3 (t1)
or 6 (t2) months of placement to conduct (i) biological assessments of macrofouling and microfouling
communities developed on polymer surfaces (the plagtisjh(ii) physical degradation analyses of the
plastic materials; and (iii) ecotoxicological assays to evaluate potential hazards of the exposed
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microplastics. In addition, biochemical and nutritional analyses were perform@tlada melanuruso
investigate metabolic, protein, and lipid responses to environmental stressors. Furthermore, at each
sampling site, samples for chemical characterization of the area were collected at the time of cylinder

deployment.

@ Antropogenic pollution
. Water warming
Acidification S . 28 !,

Figure 6.2.1.2. Maps of the study sites (red dots) showing the main environmental stressors in
each location

Table 6.2.1.1. Coordinated and depths of study sites

ISLAND SITE COORDINATES DEPTH (m)
Vulcano Baia di Levante 38.419379 N 14.961983 E 34
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Vulcano Baia di Ponente 38.419220 N 14.952530 E 34
Vulcano¢Gelso { LA 33 A t d 38.368827 N 14.994507 E 34
Lipari Porto 38.474828 N 14.956564 E 34
Lipari Spiaggia Valle Muria  38.458923 N  14.932375 E 3-4
Lipari Pietra del Bagno 38.475117 N  14.896807 E 12

Figure 6.2.1.3. Left: Microplastics of the same polymer types cut for PE; Right: Cylinders deployed
in Baia di Levante

Samples for all chemical analyses (sediments, seawater, DGTs, and SPMDs) were collected at tO of the
experimental

At each study area, approximately 2.5 g of sample were weighed and extracted after addition of surrogate
standards (deuterated PAHS) using an Accelerated Solvent Extractor (ASE 200, Dionex) with
hexane:acetone (1:1) at 120°C and 1500 psi for two extragtides. The extract was washed with water
to remove acetone, and the hexane phase (dried over sodium sulfate) was concentrated to a few mL with a
rotary evaporator after adding 1 mL ofisctane (EPA 3545a). The hexane fraction was purified on a silica
gel column (Merck 60, 7i®30 mesh, activated at 250°C for 16 h) and eluted in two fractions: F1: 10 mL
hexane and F2: 30 mL hexane:dichloromethane (2:1). F2, containing PAHs, was reduced to 0.5 mL and
spiked with pterphenyl as an injection standard (EPA3&leanup). Analyses were performed by-GC
MS (Agilent 7890a/5975c¢) with a 5% phenykthylsiloxane capillary column (EPA 8270D). Detection
used quadrupole MS with El at 70 eV and SIM mode. Helium (N55) was used as carrier gas. Peak
identification was bask on retention times and mass isotope ratios. Response factors were checked
regularly with calibration mixtures. Quantification followed an internal standard calibration curve.
Detection | imit was 0.1 e€g/ kg per compound.
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Sediment aliquots (except for Hg analysis) were edtéed at 40°C, sieved to 2 mm, and finely ground. Trace
metals were determined after microwaves si st ed acid digestion (HNO |,

removed by evaporation to near dryness, followecelyi s sol uti on in 1% HNO . An
usingICRMS ( Agi l ent 7800). Calibration standards wer
An i nternal standard mix (Bi, Ge, | n, L i quality Sc , T

was checked using blanks and certified reference materials-8BAG& MES$4 (NRCC). For Hg, samples
were airdried and analyzed directly using an AM#&4 Hg analyzer, with PAGS and MES$4 used for
quality control.

Water samples for dissolved inorganic nutrients determination (nitrite, NO2, nitrate, NO3, ammonium, NH4,
phosphate PO4, and silicic acid, H4SiO4) were collected with Niskin bottles, filtered on 0.7 um pore size
glassfibre filters (Whatman GF/F) and stote f r ozen (120 AC) in polyeth
analysis. Samples were defrosted and analysed colorimetrically using a segmented flow QUAATRO Seal
Analytical AutoAnalyzer according to Hansen and Koroleff. The detection limits for the method.@&re 0
eM, 0.02 €M, 0.03 &M, 0.01 eM, and 0.01 &M for N

During the sampling, seawater samples were filtered using a 0.45 um membrane filter (Millex HA, Merck)
and acidified with ultrapure 1% HNO3. Then, measurements of trace elements were performed using
Agilent 7800 ICPMS, equipped with a UHMI (Ultra High Max Introduction) system for the analysis of
complex matrices with high salt content and, in order to suppress interferences, in He and, for As and Fe,
HeHe mode. A 0.1 mg-L of Rh solution was used as an internal standard to compensate for any variations
in instrument efficiency that could influence the measurements during analysis. The standard solutions used
for the calibration curves were prepared by appropriately diluting a 1€ gnulti-element standard
solution - Environmental Calibration Standasblution, from Agilent Technologiesin a salt matrix
consisting of 3.5% NaCl (99.99 Suprapur, Merck) in H20 MilliQ and 1% di HNO3 (TraceSelectTM Ultra,
Fluka), to simulate "artificial" seawater. Quality measurements were evaluated by analyzing thiegollow
certified reference materials: CASS CASS6-Nearshore Seawater Certified Reference Materials for
Trace Metals and other Constituents, and ERMCA403 seawater (element content).

SPDM were deployed in seawater for a maximum period of 24 &ays€6.2.21). For PAH determination,
membranes were extracted twice for 24 h each with 200 +héxane containing surrogate standards
(deuterated PAHSs). Combined extracts were dried over anhydrous sodium sulfate and concentrated by
rotary evaporation. Cleamp used &ilica gel column (Merck 60, 7T@30 mesh, activated at 250°C i
h), eluting: F1: 10 mL hexane; F2: 30 mL hexane:dichloromethane (2:1). F2 was reduced to 0.5 mL and
spiked with pterphenyl (EPA 3630). Analyses were performed by /&& (Agilent 7890a/5975c¢) with a
5% phenylmethylsiloxane column, El 70 eV, SIM modelitmn carrier gas. Peak identification was based
on retention times and isotopic ratios. Quantification was via internal standard calibration. Detection limit
was 0.1eg/kg per PAH.

The DGTs were immersed in seawater for up to 7 dégsie6.2.22). Immediately after the passive samplers
withdrawn from the sea, the devices were rinsed thoroughly with-@lilliater. Successively, in laboratory,
the metals (As, Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni, V And Zn) were eluted from the binding gel in 1 ml of 2M
HNO3 for 24h. The obtained extracts were diluted with Mjllwater and trace metal analysis was carried
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out by using ICAMS (Agilent 7800). A blank resin was always considered. DGT performance was
evaluated according to the method used by Zhang and Davison (Zhang and Davison, 1995). The
concentrations of metals measured by DGT, in three replicates, wetdatsdcusing equations and
parameters provided by Davison (2016). Analysis of total mercury concentrations in DGT units was
performed using AMA 254 mercury analyzer: the chelating resin was removed from the device and directly
analyzed without further prepations. A blank resin was analyzed in the same conditions, and its mercury
content was always subtracted to the mercury quantity measured for the samples. The concentrations of
mercury measured by DGT, in three replicates, were then calculated usinipreqaamd parameters
provided by Davison (2016).

Figure 6.2.2.2. Preparation of DGT before their deployment in seawater
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After 3 months of deployment, the maaontainers containing microplastics were retrieved for biological
analyses, as described below.

For microbiological analyses, microbial communities from the surrounding seawater (TO) and those forming
the plastisphere (T1, after 3 months) were compared. Seawater was collected and filtered in situ at the start
of the experiment, while microfouling bitms developing on the microplastics were analyzed after three
months of exposure. Microbial communities were characterized through DNA metabarcoding targeting the
16S rRNA gene, both in seawater (TX; B L filtered on 0.2m membranes) and on plastiagments
(Tx; 5 fragments). DNA extraction from filters and plastics was performed using the DNeasy PowerWater
Kit (Qiagen) with slight modifications to increase DNA vyield (Celussi et al., 2018). DNA was quantified
using a Qubit fluorometer (Thermo Fisher Scientifithe V4 V5 region of the 16S rRNA gene was
amplified with primers 51 and 926R (Parada et al., 2016). Libraries were prepared following the 16S
Metagenomic Sequencing Library Preparation protocol and sequenced on an lllumina NovaSeq 6000
platform (2 x 2B bp) at the Institute of Applied Genomics (IGA), Udine (ltaly). Raw reads were inspected
with FastQC and MultiQC, and primers were trimmed using cutadapt (v. 4.5). Sequences were quality
filtered and denoised using DADA2 (v. 1.32.0) in R (v. 4.4.1) withgseudgooling method. Chimeras
were removed using the consensus approach. Error learning parameters were adjusted to account for
NovaSeq binned quality scores. Taxonomy was assigned to amplicon sequence variants (ASVs) using the
sklearn naive Bayes dsifier against the SILVA 138.2 99% database (7 taxonomic levels) within QIIME2
(v. 2024.2). ASVs affiliated with Eukarya, mitochondria, chloroplasts, or with frequency < 2 were removed.
Community patterns were investigated through PERMANOVA (4999 penmonsatadonis function) on
normalized ASV tables, and by nometric multidimensional scaling (NMDS) based on Bi@yrtis
dissimilarity using the vegan R package (Oksanen et al., 2019).

Macro-containers were retrieved with care to preserve encrusting organisms, which were fixed in 80% ethanol.
In the laboratory, samples were examined under a stereomicroscope and macrofouling taxa were identified
to the lowest possible taxonomic level.

FT-IR analyses were carried on microplastics after 3 and 6 months with LUMOS 1l (Bruker Optik GmbH)
equipped with a single reflection Diamond ATR cell. The spectra were recorded with 256 scans in the mid
infraredrange (4080 000 cmi 1) atcmi Yesolution of 4

Ecotoxicological analyses were performed on plastic leachates collected from each site after 3 and 6 months
of exposure, according to the following procedure. For the preparation of plastic leachates, plastic pellets
were mixed with Artificial SeaWater (A8) (ASTM 1994) at a ratio of 1:10 (pellet dry weight/volume)
and subjected to continuous agitation for 24 h at room temperature. After agitation, the mixture was filtered
(9 0.45 um) to obtain the aqueous leachate. Toxicity evaluation of the leachatashahasted using two
bioassays representing different trophic levels: the micralgealiella tertiolectaand the bioluminescent
bacteriumAliivibrio fischeri. Tests were performed using leachates at a concentration equivalent to 75 mg
L T of p.ltedisldctatest: Thé dhrpnic test was carried out according to ISO 10253. The culture
medium for algal growth was prepared according to 1ISO protocol. A screening with the undiluted (whole)
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sample was performed. An algal suspension at a concentration of 1x106 cells/mL was prepared. Then, an
aliquot of algal suspension was added to each replicate to reach the final concentration of 1x104 cells/mL.
Culture medium has been utilized as negatimetrol (six replicates). The test flasks were placed in a
thermostatic chamber at 20 °C with a light source in the 7,8 DClux range for 72 h. The cell density

of each sample was measured after 72 h by the Burker chamber. The effect percentagsdon@acvas
calculated with respect to the control. Ai)fischeri testA. fischerluminescence inhibition test was carried

out using whole (undiluted) seawater and elutriate samples as a screening assessment. Each sample wa:
mixed with the bacterial suspension and incubated according to the Biolight toxy procedure. A negative
control mnsisting of diluent (2% NaCl) was included in each test run. Luminescence was measured after
15 and 30 minutes of exposure using the Biolight toxy, following the martufar er 6 s i nstr uct
were expressed as the percentage of luminescence inhibition relative to the control.

To assess whether anthropogenic pressure could influence total protein content, total lipids, fatty acid profiles,
and mineral element composition@blada melanurusten specimens were collected at two sites: Lipari
Porto and Spiaggia Punta dell 8Asino. Al sampl ec
the Kjeldahl method, total lipids using the Folch extraction method, and fatty acid compositias by g
chromatography coupled with a flame ionization detector-FBE®). The mineral elementrgfile was
guantified using inductively coupled plasma mass spectrometryNIEP

The concentration of PAHs in sediments showed clear spatial variability across the study area, reflecting
differences in contamination sources and local environmental condition®(&it).). Overall, Baia di
Levante exhibited the highest l evel s of PAHs ( x
609. 14 ng/g) and Spiaggi a P WBanzaghilueranthénd, followen by( x P A |
fluorene and dibenzothiophene, were the most abundant contaminants, showing their highest values in
Valle Muria (148.24 ngl/g), Baia di Levante (241
respectively.
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Figure 6.3.1.1: Relative abundance (%) of PAHs in sediments at the different sampling sites.

V Trace elements

Spiaggia Punta dell 6Asino, foll owed by Bemrieheddi Le
sites (Fig.6.3.1.]. Fe (57,941 mg/kg) was the most abundant trace metal, followed by Mn (1,269 mg/kg)
and V (308 mg/ kg), al | recorded at Spiaggia Pun
recorded for V (245 mg/kg), Mn (1,228 mg/kg) and Fe (50,766 mg/laga @ Ponente showed the lowest
traceelement concentrations. Toxic elemef@sl, Pb, Hg) were generally low at all sites, with Cd values
ranging from 0.123 mg/kg (Baia di Ponente) to 0.196 mg/kg (Baia di Levante), Pb from 7.98 mg/kg
(Spi aggi aAsikRouta 2480 md/lg I(Lipdri Porto), and Hg always very low, ranging from 0.002
mg/kg (Baia di Ponente and Lipari Porto) to 0.232 mg/kg (Valle Muria).
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Figure 6.3.1.1: Relative abundance (%) of trace elements in sediments at the different sampling sites

Nutrient concentrations showed spatial variabilfig(re6.3.11). Pietra del Bagno showed the high values

of nutrients in particular of silicic acid (36.
ammonium (0.47 Omol L 7)), nitrite (0.067 Omol L
under | imit of detection in al/l sites except for

Omol L 7).

{ LIA | 3 3 Ay
Baia di Levante |1
Lipari porto [
Baia di Ponente |
Valle Muria. |10
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Figure 6.3.1.1. Relative abundance (%) of nutrients in seawater at the different sampling sites

The concentrations of trace elements measured in seawater samples did not show significant differences among
the sampling sited~gure6.3.12). For each element, the values observed across locations were relatively
similar and comparable. At the Lipari Porto site, however, seawater exhibited slightly higher concentrations
of Zn (17.4 pg/L) and Ni (0.113 pg/L) compared to the other areas. Isathe site, Cu also showed an
elevated concentration (0.412 ug/L), higher than those measured elsewhere, except for the Baia di Ponente
area, where Cu reached 0.475 pg/L. In all sites Cd were recorded under detection limit (< 0,010 pg/L).
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Figure 6.3.1.2. Relative abundance (%) of trace elements in is seawater at the different sampling
sites

6.3.1.3 SPMD

The highest levels of PAHs were detected at Pietra del Bagno, where naphthalene reached 1469.69 ng/L and
biphenyl 1135.79 ng/L Higure 6.3.13). Similarly, elevated values were observed at Valle Muria
(naphthalene 1323.77 ng/L, biphenyl 1276.18 ng/L) and at Baia Levante (naphthalene 1251.21 ng/L,
biphenyl 1081.52 ng/L). The most abundant compound is benzo(k)fluoranthene, which shows the highest
values at all sites (up to 4327.39 ng/L at Pietra del Bagno), followed by naphthalene (up to 1469.69 ng/L)
and biphenyl (up to 1276.18 ng/L), both with higher values at Valle Muria.
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Figure 6.3.1.3. Relative abundance (%) of PAHs absorbed by SPMD at the different sampling sites
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The concentration values of the elements obtained using passive samplers were generally consistent with the
direct measurements of the same elements in seaWwajarg6.3.12, Figure6.3.14). The most abundant
element was Zn, with the highest value recorded at Lipari Porto (10.2 pg/L), followed by Valle Muria (9.96
pg/L). Overall, the highest metal values were recorded at Pietra del Bagno, with elevated concentrations of
Fe (10.5 pg/L) and M (7.72 pg/L). Hg showed its highest values at Valle Muria (2.10 ng/L), Pietra del
Bagno (2.05 ng/L), and Baia di Levante (1.61 ng/L)

Hg I ——
Pb s I —
Cd I S ——
As IEEE—— I ———
Zn I —
G | I —
Ni  — I ——
CO I ——
e I
Mn I ——
Cr I —

V = ——
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M Baia di Ponente  mBaia di Levante Lipari porto Pietra del bagno  ®m Spiaggia Punta dell'Asino  m Valle Muria

Figure 6.3.1.4, Relative abundance (%) of trace elements absorbed by DGT at the different
sampling sites

For the 36 samples, a total of 35,510,200 raw sequences were generated, with an average of 986,394 + 486,577
sequences. After the denoising procedure, 26,066,808 were retained with an average of:- ZBHPGH
sequences per sample. For the final dataset, 23,668,030 sequences were retained with an average of 657,44!
+ 366,305 sequences per sample, and corresponding to 77,102 ASVs, with an average of 8,272 + 3,220 per
sample. The taxonomic composition ghstic samples differed significantly (p < 0.00&9rh that of
seawater, as determined by PERMANOVA. (Pelagibacterales) Clade la and Synechococcus and were the
most abundant taxa at the genus level in seawater. Lesismshowed a higher proporti¢rl2% vs~0.5%
at the other sites, on average) of the chemolithoautotrophic, -suiflizing bacterium on the contrary,
plastic pieces were characterized by the presence of patisteiated bacteria, such as members of the
Chitinophagales order, the Saprospéae family and the/oeseiagenus Figure6.3.21)
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Figure 6.3.2.1. Taxonomic composition of plastic-associated prokaryotic communities at the genus
level. The 15 most abundant taxa on average are shown.

Lipari porto PLA and PP samples showed a higher proportion (~15% vs ~0.1% in the other samples, on
average) oPseudoalteromonadaterBassociated communities presented a higher proportion (~3% vs
~0.3% in the other samples, on average) of the (Spongiibacteraceaej BlBde (Figure 6.3.21).
Focusing on plastic samples, NMDS showed that samples were mainly grouped Bigsite6(3.22).

This was confirmed by PERMANOVA, which indicated that both sampling site and plastic type had a
significant effect (p < 0.001) on prokaryotic community structure. The highest proportion of variance
explained was by site (35%), which was greater tharetttined by plastic type (16%).
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Figure 6.3.2.2. NMDS plot (stress = 0.16) showing Brayi Curtis dissimilarity in community
composition. Samples are colored by site and type.

A total of 93 macrofouling specimens were recorded. Polychaetes represented the dominant taxonomic group
(59. 3% of the total assembl age) . The | owweset Vv al
observed at Baia di Levante and at Lipari PoRigyre 6.3.23). The cryptogenic polychae@&mplaria
pseudomilitaris (Thiriot-Quievreux, 1965) was the most abundant species (30 specimens), while
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Neodexiospira pseudocorrugaf@ush, 1905) was the most frequent. The-imatigenous bivalve Pinctada
radiata (Leach, 1814) occurred at all sites except the control site Valle Muria, and was found exclusively
on biodegradable plastics, 90% on Mdierboth inside and outside the caimers, with an average shell
length of 8.6 = 4.7 mm. Overall, Matbr was the most colonized polymer, hosting 40.7% of the total
macrofaunal assemblagéiqure6.3.24). These findings confirm the role of plastics as substrates for the
recruitment and growth of neimdigenous species.
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Lipari porto g
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Figure 6.3.2.3. Biodiversity indices of macrofouling at the sampling sites
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Figure 6.3.2.4. Fouling percentages on different plastic polymers

The FTIR results obtained for the samples collected at t1 and t2 were used to assess chemical modifications
associated with biodegradation over time. The infrared spectra of each sample were compared with that of
the pristine material to identify variatisrin the main bands corresponding to characteristic functional
groups.Overall, no sitespecific and no pronounced degradation phenomena were observed in the samples
(Figure6.3.31). Among the tested materials, the MaB@isamples appeared to be the most degraded. After
only 3 months, the loss of the stearamide additive was evident from the disappearance of the peaks at 2926
cm T and 2B5S8tcet €hi(r©g) a ndretching) (AMduBabi etalm 2024). (nC = O
addition, the intensity of the band at 1720 cm T
in PBAT, increased progressively with exposure tifhe: PP and HDPE, aging was indicated by the
formation of oxygenated groups, primarily by the appearance of a band centered at approximately 3340

cm 1T after the first sampling, anid ODY mew Tbardgs
the seond sampling, consistent with the formation of toyg/l groups. Other studies on the weathering of
conventional polymers in seawater have similarly attributed new bands in tHe8380D0 c¢cm T and
1750 cm T regions to hydroxyl and carboxyl group

PLA showed no clear signs of chemical change.
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Figure 6.3.3.1. FT-IR spectra of the analyzed samples: Mater-Bi samples at t1 (a) and t2 (b);
HDPE at t1 (c) and t2 (d); PLA samples at t1 (e) and t2 (f); PP at t1 (g) and t2 (h).

The ecotoxicological responses of plastic leachates varied across the different sites and exposure times (3 and
6 months), suggesting that both polymer type and local environmental conditions influenced toxicity. After
3 months, all polymers induced moderseffects (4060%) on D. tertiolecta and A. fischerj with
polyethylene (PE) and polylactic acid (PLA) showing consistently higher toxicity in all sites.-Mater
generally exhibited lower effects (<50%), particularly in dstress environments such addggia Punta
del |l 6 Asi no an #iguRa3.44, Fidure6.242nent e (
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Figure 6.3.4.1. Toxicity (% effect) of plastic leachates collected after 3 and 6 months of in situ
exposure on microalgae D. tertiolecta
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Figure 6.3.4.2. Toxicity (% effect) of plastic leachates collected after 3 and 6 months of in situ
exposure on bacteria A. fischeri

After 6 months, the effects became more pronounced and site dependent. In sites characterized by natural or

anthropogenic stressors, particularly Baia di Levante (acidification and anthropization) and Pietra del
Bagno (temperature/acidification), toxiciof bio-based (Matebi, PLA) and conventional plastics (PP,

PE) increased. For instance, PE and PLA leachates exceeded 60% effect in Pietra del Bagno, while Mater
bi increased markedly at Baia di Levante, indicating that environmental stress may acpelgrats
degradation and release of soluble toxic compourusiwo bioassays showed distinct sensitivity patterns

to plastic leachate®. tertiolectagenerally exhibited stronger inhibition than fischerj particularly for

PE and PLA after 3 and 6 months of exposure. This suggests that algal cells, due to their photosynthetic
metabolism and larger surface area, may be more susceptible to compounds affecting membrane integrity,
nutrient uptake, and photogietic pathways. In contrash,. fischerirespmses were more variable and
appeared less affected at early exposure times but became more pronounced after 6 months, especially at
sites subjected to environmental stressors (e.g., Baia di Levante and Pietra del Bagno). This delayed rise in
bacterial toxtity suggests that prolonged degradation may release compounds that interfere with bacterial

l umi nescence systems, such as surfactants or oxi
early polymer degradation products, while bacteria aveersensitive to latestage leachates enriched in
reactive or soluble compounds.
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A total of 10 specimens @blada melanurusvere analyzed, of which 8 caught in Lipari Porto (LIP_) and 2
in Spiaggia Punta dell dAsino (GEL_) . Protein con
from Lipari Porto and between 19.5 and 19.9 g/100 g in those from Gelso. Also, lipiditatiors showed
a limited siterelated pattern. Fish from Lipari displayed total lipid values between 1.99 and 2.51 g/100 g,
while individuals from Spiaggia PuntiagfroedlD®ASs i nc

3.32 g/100 gKigure6.3.51).

25
20
15

10

g/100g

m Total proteins m Total lipids

Figure 6.3.5.1. Abundances of total proteins and lipids (g/100) in O. melanurus collected in Lipari
Porto (LIP_) and SpiaggiaPunt a del |l 6 Asi no ( GEL )

The fatty acid profile ofO. melanuruss howed site related variability,
monounsaturated (MUFA) and polyunsaturated fatty acids (PUFA). Saturated fatty acids (SFA) represented
the dominant fraction in both sites, ranging from 36.0 to 46.5 g/100 g FA in kgraples and from 33.6
to 42.4 g/100 g FA in Spiaggia Punta dell 6Asino
were the most abundant SFA across all individuals. MUFA levels were generally higher in Spiaggia Punta
del | 6 Asi nogup tiod29,9/100 g &A bompared to 229.5 g/100 g FA in specimens from
Lipari. This difference was mainly driven by elevated oleic acid (C1&}, which reached 31.5 g/100 g
FA in Spiaggia Punt a i28B80/100 g\FAiinrLiparilhe mghea MUWA contemt 1 6 . C
in Spiaggia Punta dell 6Asino individuals is <con

enhanced energy storagédure6.3.52).
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Figure 6.3.5.2. Abundances of fatty acids (g/100) in O. melanurus collected at Lipari Porto (LIP_)
and SpiaggiaPunt a del | 6 Asi no ( GEL_)

PUFA levels were more variable but followed an opposite pattern. Lipari samples showed higher PUFA
proportions (up to 40.4 g/100 g FA), largely due to elevated levels of docosahexaenoic acid {&22:6 n
DHA), which ranged between 15.7 and 23.5 g/100 g IRAcontrast, PUFA values in Spiaggia Punta
del |l 6 Asino f i s hH29.3veg/to® g IFA)wwith cofreBpdndiigly reduced DHA and
eicosapentaenoic acid (C20:8nEPA). The mineral composition dD. melanurusshowed consistent
patterns between specimen® | | ect ed at Lipar.i Porto and Gel so,
both macre and trace elementddacroelements (Ca, K, Na, Mg, P) were generally higher in Lipari
individuals. Cécium (Ca)ranged from 434.7 to 458.9 mg/kg in Lipari samples and from 379.9 to 407.7
mg/ kg in Spiaggi aFigrre6r8553. del | 6 Asi no fi sh (
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Figure 6.3.5.3. Average concentrations of mineral elements (mg/kg) in O. melanurus collected at
Lipari Porto (LIP_) and SpiaggiaPunt a del |l 6 Asi no ( GEL _)

Sodium {Na) was the most abundant element, ranging between 505.97 and 436.29 in Lipari and 403.19 and
419.99 in Spi ag §ataasiuirK),rhe mostdabundari miserah varied between 4100 and
4900 mg/ kg in Lipari speci mens, while values in
mg/ kg. Among trace elements, Fe, Zn and Cu showe
specimenslron (Fe) ranged from 31.6 to 36.7 mg/kg in Lipari fish, compared toiZ®23 mg/kg in Gelso.

Zinc (Zn) followed the same pattern, with values between 15.7 and 19.3 mg/kg in Lipari anti310.6

mg/ kg in SpiaggQopperfuyhéaeldsel WéAsi aloso | ower Tat Sp
5.5 mg/kg) compared to Lipari (6.8.5 mg/kg).Selenium £€ concentrations were low but detectable in

all samples (0.120.21 mg/kg), with slightly higher values in Lipari specimeévlanganeseMn) was also
consistently higherinLipari(0.12 . 20 mg/ kg) t han i n Sip08myMlg). &oxiPunt a
elements (Pb, Cd, Hg, As) were either below the limit of quantification (LOQ) or present at very low
concentrations in all samplelsead Pb and Cadmium Cd) were detected sporadically at trace levels

( 0O0. 02 mg/ Argedic(As)wemaimee belew LOQ in all fish. Sb was not detected in any sample.
Mercury Hg) was measurable in most specimens but always at minimal concentratioi® (@0hg/kg),

well below thresholds of concePhosphorugP) showed the highest values among elements, ranging from
2016to 2072 mg/kg in Lipari samples and slightly lower values (129890 mg/kg) in Spiaggia Punta

del Il 6 Asino fish.

The spatial variability of PAHs in sediments, wit
and Spiaggia Punta dell 6Asino, is coherent wi tl
anthropogenic pressure (Culotta et al., 200il8r PAH levels and patterns were previously reported for
Vulcano Island muds and nearby coastal sediments, where both hydrothermal emissions and human
activities contribute to contamination (Culotta et al., 2007). The dominance of benzo[ghi]fluoranthene,
fluorene and dibenzothiophene at the most impacted sites is consistent with observations from other areas
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of the Aeolian arc (Kozak etal., 2017). Tracé e ment patterns in sedi ment s,
and Valle Muria showing the highest Fe, Mn and V levels, reflect the strong imprint of the volcanic origin

of the study areas (Andaloro et al., 2Dleven though no vents or acidification were never observed in
either area. The comparatively lower metal concentrations at Baia di Ponente are in line with a weaker
volcanic and anthropogenic influence. Toxic metals (Cd, Pb, Hg) remained low atsadireiteomparable

to or below ranges reported for other central Mediterranean sediments, indicating limited anthropogenic
metal enrichment relative to the strong natural geochemical background (Andaloro et al., 2012). Nutrient
distributions showed a clegratial signal, with Pietra del Bagno characterized by markedly elevated silicic
acid and relatively higher inorganic nitrogen compared to the other sites. This pattern is consistent with
observations of nutriergnriched waters associated with remineréiiraand local upwvelling in the
southern Tyrrhenian and around volcanic structures of the Aeolian sector (Spagnoli et al., 2023). Trace
elements in seawater were relatively homogeneous among sites, with only slightly elevated Zn and Ni at
Lipari Porto, casistent with localized harbour and vessdhted inputs as described for other
Mediterranean coastal areas (Zhang & Davison, 2015). SPMD data revealed that the highest dissolved and
bioavailable PAH concentrations occurred at Pietra del Bagno, followedalle Muria and Baia di
Levante, with benzo(k)fluoranthene, naphthalene and biphenyl as the most abundant coniposinds.
pattern reflects findings from other Western Mediterranean coastal sites, where SPMDs have shown strong
sensitivity to gradients in PAH contamination associated with maritime traffic and confined embayments.
(Alvarez et al., 2013). DGT results for trace metals were generally consistent with direct seawater
measurements, indicating that the labile and bioavailable fractions of Zn, Fe, Mn and Hg closely follow
total dissolved patterns. This agreement is in Vi previous applications of DGT in Meditanean

coastal waters, where DGT has been shown to provide robust, integrative estimates of metal availability
under varying hydrodynamic and contamination regimes (Zhang & Davison, 2015). The elevated Zn at
Lipari Porto and Valle Muria, as well as highee and Mn at Pietra del Bagno, reflect the combined
influence of volcanic geochemistry, coastal morphology and local anthropogenic pressures already
highlighted in regional hydrothermal and tectonic studies of the Aeolian Archipelago (Andaloro et al.,
2012).

The high sequencing depth and the large number of ASVs observed across samples highlight the strong
microbial diversity associated with both seawater and plastic substrates. The clear compositional separation
between seawater and plastigsociated commuigs, confirmed by PERMANOVA, is consistent with
previous studies showing that biofilms developing on plastics form distinct ecological niches compared to
surrounding water (Cao et al. 2014; Saidi et al. 2023). In seawater, the dominance of Pelagth@cizdeale
la) and Synechococcus reflects typical oligotrophic Mediterranean profiles. The unusually high abundance
of sulfur-oxidizing Thiomicrorhabdus at Baia di Levante aligns with its known occurrence in hydrothermal
and gasvent systems, where reducedfsr compounds fuel chemolithoautotrophic growth (Cao et al.
2014; Saidi et al. 2023). The presence of this g
rich emissions on microbial assemblages. Plastic substrates instead supported tjiplespached taxa,
including Chitinophagales, Saprospiraceae, and the beagbaciated genus Woeseia, a pattern frequently
described in plastisphere communities worldwide. The enrichment of Pseudoalteromonas, up to 15% in PP
and PLA from Lipari Portois notable because this genus includes hydrocadbgrading and biofilm
forming strains favored in ports and polluted coasts (Zettler et al. 2013; Lv et al. 2024). Biodegradable
polymers showed specific microbial signatures: Maigrieces hosted eleat proportions of the BDT
clade (Spongiibacteraceae), a taxon recently linked to colonization and degradation of bioplastics in marine
waters (de Vogel et al. 2024). This suggests an early microbial responsd&s&ibpolymer components,
potentially @celerating surface modification and fouling. NMDS analysis showed that site explained more
variance (35%) than polymer type (16%), indicating that local environmental conditoich as
acidification at Baia di Levante, anthropogenic pollution at Liparitd? and lowimpact conditions at
Spiaggia Punta dell 6Asino play a stronger rol e t
Similar patterns have been reported in Mediterranean plastisphere studies, where temperature, pH, and local
pollution are primary drivers of community structure. Regarding the macrofouling, the community
assemblage, with polychaetes representing the dominant group is agrees with previous observations in
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Mediterranean fouling systems, where polychaetes are among the first colonizers of artificial substrates and
often dominate early successional stages (DO6AI es
values at Baia di Levante and Lipari Rodre consistent with known negative effects of acidification and
anthropogenic pressure on calcifying and-boitied benthic fauna (Ries et al, 2009). The presence of the
cryptogenic specieS. pseudomilitarignd N. pseudocorrugataconfirms that oppounistic polychaetes

thrive on newly available substrates. Mabelemerged as the most colonized polymer, hosting also the
almost totality of the noimdigenous bivalvé®. radiata This high colonization should be due to a mix of
features such as its fast degradation in seawater or faster biofilm formation if compared to conventional
polymer (Dussud et al., 2018).

The FTIR results provide insight into the early stages of polymer degradation under the environmental
conditions of the Aeolian Archipelago. Despite the environmental variability across sites, no pronounced
site-specific degradation patterns were detegadgesting that a 8-month immersion period is generally
insufficient to induce strong chemical alteration under natural conditions. Nevertheless, some-material
dependent differences clearly emerged. Among all polymers, {8asdrowed the clearest sigosearly
degradation, mainly through additive loss. After only 3 months, FTIR spectra displayed the disappearance
of bands at 2926 iddmstrendh288§p amdi a({Cl1l650 cm T
leaching of stearamide. Similar patterrisadditive depletion in starehased and biodegradable blends
exposed to seawater have been reported in recent work, where substantial modifications occurred even
before backbone degradation {Mutairi et al., 2024). The progressive increase in the PBAdted ester
band at 1720 ¢cm T is consistent with reports sh
scission during early weathering (Hejna et al., 2023). For PP and HDPE, early signs of oxidative aging
were evident through the appearancexfgenbearing functional groups, including a broad band around
3340 ¢cm T (hydroxyl groui@s stared chimeaggbragpdcamnkeamny
1000 cm T. These changes align with establishert
diffusion and biofilm activity promote surface oxidation before any measurable mass loss (La Mantia et al.,
2023; Rouillon et al., 2016). Similar spectral features associated with photodegradation, particularly
carbonyl and hydroxyl bands, have been wideported in marin@ging experiments on polyolefins. In
contrast, PLA did not show evident chemical transformation, in agreement with previous findings showing
that PLA is relatively resistant to shderm degradation in seawater due to its slow hydislyate at
natural temperatures and limited WiMduced oxidation (Feijoo et al., 2025; Nazareth et al., 2019). PLA
tends to degrade appreciably only under industrial composting conditions or over much longer periods in
the environment.

The ecotoxicological responses of plastic leachates revealed stron@rsitetimedependent patterns,
indicating that both polymer composition and local environmental stressors play a central role in
determining toxicity. After 3 months, all polymers poogd moderate inhibition in bofh. tertiolectaand
A. fischerj with PE and PLA consistently inducing the strongest effects. This finding aligns with previous
studies showing that polyolefins and polyesters tend to release more bioactive compoundsadyring
weathering, including oxidized additives and lowlecularweight oligomers (Rummel et al., 2022;
Maday et al. 2025). After 6 months, toxicity increased substantially, especially at sites under strong natural
or anthropogenic stress, such as Baidaliante and Pietra del Bagno. Elevated acidity, hydrothermal
inputs, and local anthropogenic pressures likely accelerated the degradation of both conventional and
bioplastics. The sharp increase in Madétoxicity at Baia di Levante supports the idea #avironmental
stress acts as a catalyst for polymer fragmentation, increasing the release of compounds that were not
present at earlier stages (Campani et al. 2020). The two bioassays provided complementarybinsights:
tertiolectashowed a higher sensitivity throughout the experiment, particularly toward PE and PLA. This
heightened vulnerability likely reflects the sensitivity of photosynthetic organisms to leachates affecting
membrane integrity, chloroplasts, and oxidative balaasgreviously repaet for microalgae exposed to
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plasticderived chemicals (Schiavo et al. 2021). In contrastischeriresponses were limited at 3 months

but intensified after 6 months, especially in the more stressed sites. This behavior is typical of bacteria
whose luminescence is inhibited primarily by ladtage degradation products, including surfactants,
oxidized tydrocarbons, and acidic compounds (Klein et al. 2021). The delayed response suggests that aging
plastics progressively release more bacteriotoxic substances as their polymer nwnresdenore
oxidized (Rummel et al., 2022).

Overall, the results indicate that algae are early responders to polymer degradation products, while bacteria are
more sensitive to latstage leachates enriched in reactive or soluble compounds.

The biochemical and elemental analyseOofmelanurusrevealed clear siteelated differences between
individuals <collected at Lipar. Porto and Spia
specimens. Such variability aligns with findings from Mediterranean sparids, whose biochemical
composition eflects local environmental conditions, trophic resources, and metabolic constraints (Yuvka
et al., 2025). Protein content remained relatively stable across sites, ranging between 20.3 and 22.3 g/100
gin fish from Lipari Porto and between 19.5 and
This limited variability suggests similar trophic positioning and metabolic requirements, consistent with
observations of wild Mediterranean sparids ex@wring moderate environmental gradients (Duarte et al.
2022). Also, lipid concentrations showed a low spatial pattern. The slightly higher lipid reserves in Spiaggia
Punta dell Asino fish may be | inked tsgorgduecdt er
metabolic expenditure, all of which can enhance energy storage in coastal fish populations (Laurent et al.,
2025). Fatty acid profiles also showed sitdated differences. Saturated fatty acids (SFA) dominated in
both sites, with palmitic16:0) and stearic acid (C18:0) as the main contributors, a pattern widely reported
for Mediterranean teleosts (Ozogul et al. 2009). Monounsaturated fatty acids (MUFA) were higher in fish
from Spiaggia Punta del | 6 As i RO Thisdrend mireors thenglevated y b
total lipid content and likely reflects dietary differences or more favourable metabolic conditions in
Spiaggia Punta dell 6Asino. Conversely, pol yuns:
specimens, largelyu to elevated DHA and EPA. Such enrichment is typically associated with diets richer
in pelagic prey and may reflect different fea@b structures and metabolic demands in more anthropized
harbour conditions (Ozogul et al. 2009). The mineral composttiowsd consistent patterns between sites,
but with notable differences. Macroelements (Ca, K, Na, Mg, P) were generally higher in fish from Lipari
Porto. Such enrichment may result from greater exposure to dissolved minerals in port environments or
differences in diet and osmoregulatory activity (Prabhu et al. 2015). Sodium and potassium were the
dominant elements in both sites, reflecting their essential roles in ionic regulation. Phosphorus was also
abundant, with slightly higher concentrations in Lipadividuals, possibly linked to dietary intake (Prabhu
et al. 2015).

Trace el ements showed a consistent reduction in fi
Iron, zinc and copper were all higher in Lipari specimens, a trend commonly associated with-harbour
related contamination from maritime traffi;ytéiouling paints, and coastal runoff (Chouba et al, 2024).
Elements such as selenium and manganese also followed this pattern, although with lower absolute
variability. Despite these differences, toxic metals (Pb, Cd, Hg, As) remained extremely lotv sitdsyt
in agreement with previous studies indicating negligible biomagnification of these contaminants in low
trophiclevel Mediterranean fish (Renieri et al., 2014). Mercury levels (0.02 mg/kg) were well within
background concentrations reporteddoastal species across the Mediterranean basin (Evers et al., 2024).
Overall, fish from Spiaggia Punta dell 8Asi no shc
status (higher lipids and MUFA), while those from Lipari Porto exhibited highiA and trace elements,
possibly reflecting differences in trophic dynamics, environmental quality and exposure to ‘naliear
contaminants. Toxic metals remained negligible, suggesting limited ecological ri€k foelanurusn
both sites.
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The results of this study show that, among all the polymers tested,-Blatas the most sensitive to
environmental stress, exhibiting clear chemical and physical transformations even aftaershort
exposure. The acidified and hydrothersirdluenced caditions, typical of the Aeolian Archipelago,
produced the first signs of additive loss, surface oxidation, and structural modification, accompanied by a
marked increase in leachate toxicity. These results indicate that bioplastics, despite being ttesigned
degrade more rapidly, can release reactive and potentially harmful compounds during the early stages of
environmental change. This challenges the common assumption that biodegradability inherently reduces
ecological impact, highlighting that bioplastiegradation in natural marine conditions may not equate to
reduced ecological risk. However, further studies are needed to better understand this important topic.
Environmental variability has played a central role in shaping both the chemical behgobmoérs and
the biological responses of surrounding communities. For all materials, sites characterized by natural
stressors (acidification, hydrothermal inputs) or anthropogenic pressures (port activity, local pollution)
accelerated degradation procesard amplified toxicity, confirming that the environmental context is a
dominant modulator of polymer aging and associated risks. Chemical and ecotoxicological analyses also
showed that biological communities responded consistently to local environmeai@ngs, reinforcing
the close link between polymer behavior, contaminant availability, and ecosystem functioning. Overall, the
evidence demonstrates the importance of evaluating polymer performance in realistiestraadti
scenarios representative ofelliterranean coastal ecosystems. Further research should addressniong
degradation dynamics, the evolution of leachate toxicity with prolonged exposure, and the interactive
effects of multiple natural and anthropogenic stressors on marine organishebéats. Such efforts are
crucial to inform material design, regulatory policies, and waste management strategies aimed at reducing
plasticrelated risks in vulnerable semiclosed basins such as the Mediterranean Sea.
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Across the coastal, transitional, and hydrothermal vent systems examined in this deliverable, the findings
converge on a critical insight: environmental stressorsether oxygen depletion, acidification, sulfide,
metal enrichment, or emerging chemicahtaminants pose significant threats to ecosystem functioning.
In the GradeMarano Lagoon, even moderate oxygen decreases triggered cascading effects that disrupted
benthiecpelagic coupling and shifted metabolism from autotrophic to heterotrophic, wiobglizing
mercury from sediments to the wat erdrivenatidification At
combined with elevated trace elements imp&iosidonia oceanicgerformance, with metal toxicity
overriding pHdriven responses and causing meadow structural simplification. At Lipari and Vulcano vents,
spatial heterogeneity in contamination drives distinct ecotoxicological conditions, where environmental
stress accelates polymer degradation and toxicity release.

These results demonstrate that ecosystem degradation operates through interconnected chemical, biological,
and ecological pathways. Multiple environmental stressors do not act in isolation but interact
synergistically, weakening resilience and recoveryacdp. The integration of chemical analysis,
biological assessment, ecotoxicological testing, and ecological measurement through multidisciplinary
approaches has revealed mechanistic pathways argpsitéic vulnerabilities that individual disciplines
cannot access. Accordingly, sustainable management of coastal and marine environments requires
governance frameworks and decisimaking processes that are informed by interdisciplinary science and
are capable of translating scientific evidence into adappiekcies, regulatory tools, and targeted
management actions for vulnerable habitats.
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