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Ocean acidification is not an isolated climate-related threat to marine organisms, as it may act in combination
with other stressors such as trace element contamination. Here, we took advantage of naturally acidified con-
ditions and mercury spill-out from the shallow CO, vent of Vulcano Island (Italy) to test whether fish functional

?Ei;y nf“etal traits explain contaminant dynamics better than species identity under ocean acidification scenarios. Specifically,
C orauna . . . . a1s . . . .
Pollufion we investigated if trophic group and mobility influence total mercury (THg) bioaccumulation and trophic

transfer in fish inhabiting Cymodocea nodosa seagrass meadows under low and ambient pH conditions. Low-
mobility benthic fish, mainly represented by invertebrate feeders and small piscivores, exhibited higher THg
concentration at the vent site than at reference sites, while highly mobile zooplanktivorous fish showed no
significant differences, highlighting the importance of fish mobility and local trophic benthic pathways in
shaping contaminant exposure and bioaccumulation. Moreover, the relationship between trophic position and
THg concentration in fish was stronger in the low pH site, indicating enhanced trophic transfer and bio-
magnification when Hg availability is higher. In contrast, weak or absent biomagnification in the reference sites
suggests that Hg transfer depends more on contaminant availability and food web structure than trophic position
alone. Overall, these findings indicate that functional traits better predict Hg bioaccumulation patterns than
species identity, supporting trait-based approach to assess contaminant dynamics in future ocean acidification
scenarios.

Trophic position

1. Introduction et al., 2009, 2011; Roberts et al., 2013; Basallote et al., 2014; Lewis
et al., 2016; Shi et al., 2016). As regards trace elements, one of the
main issues is the increase in their solubility and bioavailability due to

altered speciation and ligand building (Nikinmaa, 2013; Zeng et al.,

Ocean acidification (OA), the climate change-driven threat resulting
from the ongoing increase in atmospheric pCO2 absorbed by the ocean,

the subsequent change in seawater carbonate chemistry, and the
decrease in ocean pH, can strongly affect marine biodiversity and
ecosystem functioning (Gaylord et al., 2015; Pena et al., 2021; IPCC,
2023), with potential consequences for human health and well-being
(Falkenberg et al., 2020). Furthermore, OA is not an isolated threat, as
it often acts in combination with other stressors (e.g., ocean warming,
hypoxia, pollution; Kroeker et al., 2013). In particular, the combined
effect of decreasing ocean pH and increasing pollution has been studied
in several marine organisms and ecosystems (e.g., Lacoue-Labarthe

2015), driven by the lowering of pH and redox potential of seawater
(Byrne, 2002; Lall, 2002). For instance, low pH can enhance metal
desorption from organic ligands, leading to an increased influx of dis-
solved elements (e.g., Al, Cd, Cr, Cu, Ni, Pb, Zn) into sediments and the
water column (Ardelan et al., 2012). At the same time, the effects of low
pH on trace element accumulation and toxicity to marine organisms can
be contrasting depending on the species and life stage (Ivanina and
Sokolova, 2015). For instance, low pH has been found to enhance the
uptake of Ag, Zn and Hg in squid and cuttlefish embryos (Lacoue-
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Labarthe et al., 2009, 2011), while dampening Hg accumulation in some
fish species (Sampaio et al., 2017). Consequently, low pH may also affect
marine food webs by altering the trophic transfer of trace elements, with
direct implications for trace element accumulation and bio-
magnification along trophic chains (Ivanina and Sokolova, 2015).

Among trace elements, mercury (Hg) is one of the most widespread
and hazardous contaminants in coastal marine systems (Doney et al.,
2009). Mercury can be of natural or anthropogenic origin and is high-
ly toxic even at low concentrations. The inorganic form of Hg can
accumulate in sediments where it can be biologically methylated by
microorganisms to methylmercury (MeHg), which is the most toxic form
of mercury because it can pass through biological membranes (Cossa
et al,, 2022). Although fish can accumulate passively MeHg from
seawater through the gills, trophic transfer has been recognised as the
main route of exposure (Zhang et al., 2012). Consequently, Hg accu-
mulation in fish can be affected by functional traits, particularly feeding
habits, which regulate trophic-specific exposure and drive bio-
magnification toward higher trophic positions (Lall, 2002; Power et al.,
2002; Campbell et al., 2005; Nfon et al., 2009; Signa et al., 2017, 2019).
Fish mobility can further modulate Hg accumulation, as pelagic and
demersal species may belong to different trophic pathways, and forage
over different spatial and temporal scales (Signa et al., 2017; Zurlini
et al., 2025), resulting in contrasting bioaccumulation patterns. For
these reasons, despite many studies have investigated the patterns of Hg
bioaccumulation in fish (e.g,, Amundsen et al., 2023; Nalley et al.,
2023), understanding Hg accumulation and transfer within food webs
under future OA scenarios is particularly important given also the
associated potential risk for human health (Castro-Gonzdlez and
Méndez-Armenta, 2008; Brambilla et al, 2013). Additionally,
although it is well established that fish species can serve as effective
ecological indicators of the combined effects of OA and trace element
contamination, the extent to which their trait-based characteristics ac-
count for relative differences in trace metal accumulation and transfer
through food webs under low pH conditions remains insufficiently
explored.

Volcanic CO; vents are naturally acidified areas, which in many
cases are also characterised by the spillage of major, minor and trace
elements (Boatta et al., 2013; Aiuppa et al., 2021; Falcone et al., 2022;
Pichler, 2024). For this reason, they provide an opportunity to study in
situ the effects of multiple stressors (ie., OA and trace element
contamination) on species and communities (Vizzini et al., 2013;
Mirasole et al., 2020; Mishra et al., 2020; Andolina et al., 2025)
providing new insights into ocean functioning under future scenarios. In
particular, Roberts and Pichler (2022) recently demonstrated the
importance of fluid and gaseous Hg emissions at the Vulcano vent
(Aeolian Archipelago, Italy), recording mean total Hg (THg) concen-
trations in volcanic fluids ranging from 40 to 5110 pM in the hydro-
thermally active area, and from 0.8 to 2.4 pM in the rest of the bay.
Furthermore, under the peculiar conditions of CO5 vents, the combined
effect of acidified and reducing conditions has previously been shown to
favour the accumulation of trace elements in sediments and biota
(Vizzini et al., 2013; Mishra et al., 2020), with possible bioaccumulation
in marine food webs (Pichler, 2024). While the environmental
complexity of deep CO5 vents has been shown to favour trace element
accumulation in several marine taxa (Kadar et al., 2005, 2007; Martins
et al., 2006; Tovar-Sanchez et al., 2009), much less is known about trace
element accumulation and trophic transfer in shallow CO; vents (but see
Vizzini et al., 2013; Mirasole et al., 2020; Mishra et al., 2020). Among
these studies, Vizzini et al. (2013) found a clear spatial gradient of trace
element contamination in sediments, with potentially harmful levels
near the shallow CO, vent of Vulcano Island and decreasing contami-
nation levels a few hundred metres from the vent. This gradient was
reflected in primary producers at the base of the food web leaving open
questions about potential adverse effects on higher-order and mobile
consumers such as fish (Vizzini et al., 2013).

In this context, we followed up on research at the CO, vent of
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Levante Bay, at the Vulcano Island, belonging to the Aeolian Archipel-
ago, one of the most active volcanic areas in the Mediterranean Sea. The
shallow CO, vent in Levante Bay (Island of Vulcano) has been exten-
sively studied from a geochemical and biological points of view (for a
review see Aiuppa et al., 2021) and has been used as a natural laboratory
to investigate the effects of ocean acidification (OA) on marine species
and communities (e.g., Apostolaki et al., 2014; Milazzo et al., 2016;
Vizzini et al., 2017). Based on existing evidence, fish inhabiting vent
areas are expected to be exposed to higher Hg levels than fish from non-
vent areas due to volcanic-derived Hg inputs, and its increased Hg
availability under low pH and reducing conditions (negative redox po-
tential). Accordingly, we hypothesised that Hg accumulation and tro-
phic transfer increase with trophic position in fish assemblages from
vent areas. Additionally, we hypothesised that fish functional traits such
as trophic group and mobility better explain Hg accumulation and tro-
phic transfer patterns under OA than species identity.

To test these hypotheses, we compared one CO, vent site (low pH
conditions) with two reference sites (ambient pH) to assess: (1) differ-
ences in Hg concentration in basal organic matter sources and low order
consumers; (2) differences in Hg bioaccumulation in fish, analysed at the
species level and grouped by functional traits (trophic groups and
mobility); and (3) differences in the relationship between fish trophic
position and Hg bioaccumulation, evaluated at both the species level
and across functional trait groups.

2. Materials and methods
2.1. Study area and sampling activities

The gas composition at the primary vent in Levante Bay of Vulcano
Island is dominated by CO5 (97-99% vol.), which causes changes in the
carbonate chemistry of seawater (Boatta et al., 2013), resulting in a
pronounced pH gradient along the northern coast of the bay. Indeed,
Apostolaki et al. (2014) found 2016 + 72 patm (mean + SE), 2419 + 6
pmol kg~!, and 2495 + 6 pmol kg~! for seawater pCO,, dissolved
inorganic carbon (DIC) concentration and total alkalinity, respectively,
near the vent. In contrast, the same variables showed values of 699 + 99
patm, 2258 + 8 pmol kg~ and 2470 + 8 pmol kg™, respectively, at
ambient pH conditions (Apostolaki et al., 2014). While the concentra-
tion of some major and minor elements (such as Ca, Mg, Sr and Zn)
dissolved in seawater was comparable between sites at different pH
values (Boatta et al., 2013; Mirasole et al., 2017), other minor and trace
elements (such as Cr, Fe, Hg, Mn and Pb) showed greater spatial vari-
ability with maximum values close to the vent (Apostolaki et al., 2014;
Falcone et al., 2022; Roberts and Pichler, 2022). Furthermore, some
trace elements emitted from the vents (ie., As, Cd, Hg, Pb and Zn)
tended to accumulate in the sediment and biota around the vent, facil-
itated by altered geochemical fluxes at the sediment-seawater interface
determined by acidic and reducing conditions (Vizzini et al., 2013).

Based on the geochemical characterisation described above, sam-
pling was carried out between September and December 2014. Three
sampling sites were located at increasing distances from the CO; vent in
Levante Bay (Fig. 1) approximately 250 m from the primary CO, vent
(hereafter referred to as “Low pH”, with a mean pH 7.80 + 0.09),
approximately 500 m from the vent (“Ctrl 17, mean pH 8.19 + 0.03) and
on the nearby island of Lipari approximately 6.5 km from the primary
vent (“Ctrl 2”7, mean pH 8.22 + 0.02). The two reference sites (Ctrl 1,
Ctrl 2) were chosen as similar to the vent site in terms of orientation
(south-east), depth (2-5 m) and habitat (Cymodocea nodosa meadow
interspersed with small rocky boulders with macroalgae). These sites
have been studied in previous research (Mirasole et al., 2017, 2020,
2021a), providing detailed information on spatial and temporal vari-
ability in environmental conditions and element distribution, which
guided the experimental design in line with the recommendation of
Zurlini et al. (2025). At each site, fish were collected at 2-3 m depth
using small trammel nets, fish traps, and hand fishing lines deployed
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Fig. 1. - Map of the study area showing the sampling sites in Vulcano (Low pH
and Ctrl 1) and Lipari Islands (Ctrl 2) (Aeolian Archipelago, Italy). The primary
vent is located in Levante Bay (Vulcano) and is indicated by the star (from
Mirasole et al., 2020).

once a month in September, October and December 2014 for 18-24 h
(nets and traps) and 1-2 h (fishing lines). As regards low order con-
sumers, we collected zooplankton using a plankton net (mesh size: 200
pm) towed from a small boat for 30 min at each sampling area. Surface
sediment was sampled at each site using PVC hand corers (3 5 cm, 10 cm
length, six replicates per site). The most abundant macroalgae (Caulerpa
prolifera, Cystoseira spp., Flabellia petiolata and Halopteris scoparia) and
the seagrass species Cymodocea nodosa were collected by hand by scuba
divers (three replicates per site per species). All samples were trans-
ported to the laboratory on ice and then frozen at —20 °C until analysis.

2.2. Laboratory analysis

In the laboratory, zooplankton samples were sorted under a stereo-
microscope (10-40 x magnification) for whole-body analysis of the ni-
trogen stable isotope ratio (8'®N) and total mercury content (THg).
Macroalgae (Caulerpa prolifera, Cystoseira spp., Flabellia petiolata and
Halopteris scoparia) and the seagrass Cymodocea nodosa were cleaned
from epiphytes by surface scraping prior to 5'°N and THg analyses.
Sediment samples were wet sieved at 63 pm and the fine fraction was
used for THg analysis.

The fish sampled, belonging to seven families and fifteen species,
were measured for total length to the nearest cm. From this pool, 3 to 6
individuals per species and site were selected based on similar size for
dorsal muscle dissection and subsequent isotopic and THg analyses
(Table 1). Fish species were also classified into trophic groups according
to Guidetti and Sala (2007), and mobility expressed as habitat use
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categories (Table 1) according to Harmelin (1987). The former authors
classified fish in the following trophic groups: herbivores, planktivores,
detritivores, invertivores, small and large piscivores (Guidetti and Sala,
2007). On the other side, Harmelin (1987) schematised the spatial
organisation of the Mediterranean ichthyofauna by defining six habitat
use categories which vary along a mobility gradient from highly mobile
pelagic fishes to sedentary benthic fishes namely: 1) highly mobile
species living in large shoals in the water column; 2) shoaling species
occupying the water column but with low horizontal mobility; 3) mes-
ophagous demersal species with important horizontal and moderate
vertical displacements (mainly Sparids); 4) nekto-benthic species living
close to the bottom with very large horizontal displacements; 5) rela-
tively sedentary mesophagous species (mainly Labrids); and 6) small,
site-attached very sedentary species.

All samples (sediment, macroalgae, seagrass, zooplankton and fish
muscle) were freeze-dried (ALPHA 1-4 LD plus, Martin-Christ) and
ground to a fine powder using a ball mill (MM 200 Retsch). For the
quantification of THg concentrations, samples were first mineralised in a
microwave system (MARS 5, CEM). Sediments were mineralised using
HNO3 67-70%, H,0, 30%, HF 30% and Milli-Q deionised water
(Method 3052, United States Environmental Protection Agency 1996),
while biological tissues were mineralised using HNO3 67-70%, H202
30% and Milli-Q deionised water. An Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES, Optima 8000, PerkinElmer)
coupled to a hydride generation system with a reducing agent, consist-
ing of 0.2% sodium (Na) borohydride and 0.05% Na hydroxide, was
used to determine THg absolute concentrations. The analytical proced-
ure was validated against the following certified reference materials
CRMs (recovery: 87-98%): sediment NIST 2702 (National Institute of
Standards and Technology) for sediment samples, Lagarosiphon major
BCR-060 (Institute for Reference Materials and Measurements) for pri-
mary producers, and fish protein DORM-4 (National Research Council of
Canada) for zooplankton and fish muscle. THg concentrations were
expressed as mg kg ! dry weight (dw). In order to compare THg levels in
commercial fish species with the European Union Maximum Residue
Limits (MRLs) (Regulation EC, N. 2023/915), the THg concentration as
mg kg~! dw was converted to mg kg~! wet weight (ww) according to
Magalhaes et al. (2007).

Stable nitrogen isotope ratios of zooplankton and fish samples were
analysed using an Isotope Ratio Mass Spectrometer (IRMS Thermo Sci-
entific Delta Plus XP) connected to an Elemental Analyser (Thermo
Scientific Flash EA 1112). Nitrogen isotope ratios were expressed in
conventional §-unit notation (815N) as the deviation per mil (%o) from
the international standard atmospheric nitrogen (N3), according to the
formula:

35N = [(15N/14Nsample/15N/14Nstandard) - 1] x 10°.

The analytical precision, based on the standard deviation of the
replicates of the internal standards, was 0.2%.

2.3. Data elaboration and statistics

Considering that THg was analysed as an absolute concentration
rather than as part of a compositional dataset, compositional data ap-
proaches were not applied. Differences in THg concentrations among
sites (Low pH, Ctrl 1 and Ctrl 2) were first assessed using non-parametric
Kruskal-Wallis test, to avoid relying on distributional assumptions, for
sediment, macroalgae, seagrass, zooplankton and fish. Specifically, for
fish, tests were applied on THg concentration of i) all species across sites,
ii) trophic groups and iii) mobility expressed as habitat use categories.
Pairwise comparisons were performed using the Mann-Whitney test. For
mobility, THg concentrations were normalised to trophic position (TP)
to account for within-category variability in fish trophic position (Signa
et al., 2017). Habitat use categories 1 and 2 were excluded from this
analysis because only one species was present in both categories.

Fish trophic position was calculated using zooplankton as a baseline
by applying the following equation:
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Table 1
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- Summary of the fish families, species, trophic groups (Guidetti and Sala, 2007), mobility expressed as habitat use categories (sensu Harmelin, 1987), Maximum total
length (max TL, cm) in the adult stage was also indicated for each species (Froese and Pauly, 2023), number of replicates (N), range of total length (TL, cm) and trophic

position (TP) sampled in the three sites (Low pH, Ctrl 1 and Ctrl 2.

Low pH Ctrl 1 Ctrl 2
Family Species Label Trophic Mobility Max TL N TL (cm) TP N TL (cm) TP N TL (cm) TP
group categories” (cm)

P .

Blenniidae arablennis PS Herbivore 6 22 3 85129 35 3 7989 53 0 - -
sanguinolentus

Gobiidae Gobius incognitus GI Invertivore 6 10 5 7.3-8.1 34 5 7.1-11.3 3.4 5 6.8-9.7 3.3

Labridae Coris julis cJ Invertivore 5 28 4 10.2-18.1 3.4 4 11.0-15.8 3.5 4 10.2-16.6 3.6
Labrus viridis Lv Invertivore 5 50 3 10.3-12.2 3.8 0 - - 3 9.7-11.4 3.7
Symphodus SM  Invertivore 5 18 4 82103 34 0 - -4 94110 37
mediterraneus
Symphodus SO Invertivore 5 12 6 6275 36 6 5375 37 37
ocellatus
Symphodus roissali SR Invertivore 5 17 3 8.3-10.5 38 3 6.8-8.7 3.3 3 8.0-9.7 3.7
Symphodus tinca ST Invertivore 5 35 4 9.7-16.0 3.3 4 8.1-13.5 3.7 4 9.8-18.7 3.4
Thalassoma pavo TP Invertivore 5 25 5 10.0-11.4 3.4 5 10.5-14.6 4.0 5 11.5-14.5 3.7

Pomacentridae ~ Chromis chromis CcC Planktivore 2 15 6 5.9-11.1 3.4 6 6.0-10.5 3.3 6 5.3-9.4 3.2

11
Scorpenidae Scorpaena porcus SCo Sma 6 30 3 92140 32 3 124150 36 3 102-162 3.3
piscivore
Serranidae Serranus scriba SCR vSnv1all 5 36 3 14.2-16.2 3.7 3 10.3-11.9 35 3 11.4-17.1 3.7
piscivore

Sparidae Diplodus vulgaris DV Invertivore 3 45 4 8.8-14.8 32 4 7.4-13.0 3.4 4 8.7-9.0 3.5
Oblada melanura OM Planktivore 1 30 3 10.0-11.1 3.6 3 8.0-12.0 3.6 3 7.3-10.7 3.5
Sarpa salpa SS Herbivore 3 50 4 16.7-18.0 3.1 4 21.5-24.5 3.0 4 15.8-27.5 3.0

" Harmelin (1987) grouped fish into spatial categories schematised the spatial organisation of Mediterranean ichthyofauna by defining six home-range categories
varying along a mobility gradient from high-mobility pelagic fish to sedentary benthic fish: 1) high mobility species, living in large schoals in the water column; 2)
schoaling species occupying the water column, but with low horizontal mobility; 3) mesophagous demersal species with important horizontal and moderate vertical
displacements (mainly Sparids); 4) nekto-benthic species living close to the bottom and showing very wide horizontal displacements; 5) relatively sedentary meso-

phagous species; 6) small, site-attached very sedentary species.

Tpconsumer = (slch - SlsNb)/34 +X

where 5!°N, and 8'°Ny, are the nitrogen isotope values of the consumer
and the baseline species respectively, 3.4 (%o) is the average °N-
enrichment per trophic position and x is the trophic position of the
baseline species, set to 2 (Post, 2002).

Because mercury accumulation in fish is strongly size-dependent,
THg concentrations were normalised for body size to allow compari-
sons of trophic transfer independent of individual growth effects (Dang
and Wang, 2012). Size-adjusted mercury concentrations (THg,qj) were
obtained by regressing THg against total length for each species,
following Garcia and Carignan (2005), using a general linear mixed
model (GLMM with gaussian family and log link) and used as the
response variable in all subsequent trophic transfer analyses. GLMMs are
particularly appropriate when dealing with different species because
observations are typically not independent across species. Individuals
belonging to the same species tend to share biological, ecological, or
evolutionary characteristics, which can introduce correlation in the data
(Thorson and Minto, 2015). This approach improves the accuracy and
generalizability of the results, as it properly partitions within-species
and between-species variation.

To evaluate the effect of fish trophic position (TP) on THg,qj accu-
mulation under contrasting pH conditions, and to test whether func-
tional traits explain trophic transfer patterns better than species identity,
a mixed-modelling framework based on GLMM (with gaussian family)
was adopted. Specifically, the effect of TP on THgaq; accumulation and
whether this effect varied between sites (Low pH vs. reference pH) was
modelled. To account for biological variability at different levels of
organisation (species vs. functional traits), two alternative random ef-
fects were used to test whether species identity or functional traits better
explains THg,q; trophic transfer patterns. The first estimated model
(hereafter referred as the species-based model) was:

log (THgadj) = po + p1 TP + p, LowpH + 3 LowpH-TP + random (Species)

where THg,giconcentration is the dependent variable (response var-
iable), trophic position (TP) and reference sites are the independent
variables, and species identity (Species) is used as a random factor to
account for interspecific variability in THg accumulation.

In the second model (hereafter referred as the trait-based model), fish
species were grouped according to unique combinations of mobility and
trophic group (see Table 1), which were included as a random factor to
account for functional trait-driven variability:

log (THgadj) = o + By TP + s LowpH + f5 LowpH-TP
+ random (Trophic_group /Mobility)

log (THgadj> = fy + 5, TP + B, LowpH + fi LowpH-TP
+ random (Trophic_group / Mobility)

In both the estimated models, only fish species common to all sites
were included to ensure comparability across conditions, and the two
reference sites were combined to increase the sample size of the control
group. This improves the statistical power of tests, reducing the chance
of Type II errors (failing to detect a real effect; Cohen, 1988).

Finally, trophic magnification factor (TMF), representing the THg
biomagnification power across trophic positions was calculated for each
site from the slope of the regression equation of 5'°N vs. log-transformed
THg concentration according to the formula: TMF = 10° (Nfon et al.,
2009). TMF > 1 suggests biomagnification, while TMF < 1 suggests
biodilution (Nfon et al., 2009).

R software (version 4.1.2) was used for all graphs (‘ggplot2’ package)
and for calculating generalised linear mixed-effects models (‘MASS’
package). Data exploration was performed by R software using the ten-
step protocol (Zuur and Ieno, 2016).

3. Results

Sediments and macroalgae showed comparable total mercury (THg)
concentrations and a similar spatial trend with higher values at the Low
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pH than at both reference sites (Fig. 2), while the seagrass Cymodocea
nodosa differed between the three sites (Low pH > Ctrl 1 > Ctrl 2)
(Fig. 2). Zooplankton showed a different spatial pattern than basal
sources, with higher values at Ctrl 2 than at Low pH and Ctrl 1 sites
(Fig. 2).

Fifteen fish species belonging to seven families (Blenniidae, Gobii-
dae, Labridae, Pomacentridae, Scorpenidae, Serranidae, Sparidae), four
trophic groups (herbivores, planktivores, invertivores and small pisci-
vores) and five mobility (1: highly mobile species living in large schoals
in the water column; 2: schoaling species occupying the water column,
but with little horizontal mobility; 3: mesophagous demersal species
with large horizontal and moderate vertical displacements (mainly
Sparids); 5: relatively sedentary mesophagous species; 6: small, site-
attached very sedentary species) were collected at the low pH site and
two reference sites (Table 1). Most species were invertivorous and
relatively sedentary mesophagous species (group 5). Almost all species
were common to the three sites, except for Labrus viridis, Parablennius
sanguinolentus, Symphodus mediterraneus and Symphodus ocellatus which
were found only at the Low pH site and at one of the two reference sites
(Table 1).

Overall, fish species showed distinct species-specific accumulation
patterns, with six (Coris julis, Sarpa salpa, Serranus scriba,
S. mediterraneus, S. ocellatus and Symphodus roissali) of the fifteen ana-
lysed species showing higher THg at Low pH than at reference sites
(Fig. 3A; Table 2). Coris julis showed comparable THg concentrations
between Low pH and Ctrl 1, and both higher than Ctrl 2 (Fig. 3A;
Table 2). Regarding functional traits, fish classified by trophic groups,
herbivores, invertivores and small piscivores reflected the trend found in
basal organic matter sources, with significantly higher THg levels at Low
pH than at both reference sites (Fig. 3B; Table 2). In contrast, plankti-
vores showed comparable THg concentrations at all sites and high
variability at both reference sites (Fig. 3B; Table 2). For fish grouped by
mobility, group 3 and group 5 showed higher THg/TP concentrations at
Low pH than at both reference sites, while group 6 showed higher THg/
TP at Low pH than Ctrl 1 (Fig. 3C; Table 2).

Comparison of THg concentrations with the European Union
Maximum Residue Limits (MRLs) for species of commercial interest
(four of the fifteen species analysed in this study), showed that Scorpaena

ES Ctl1 Bl Ctr2 B LowpH

0.154 . —
B
3
"> 0.10-
e
[e)]
£
(e -
T —
— .
0.05- l ——
*. ——
0.00

] 1 1 T
Sediment Macroalgae Seagrass Zooplankton

Fig. 2. - Concentration of THg (mg kg~! dw) in basal organic matter sources
(sediments, macroalgae, seagrasses) and low order consumers (zooplankton) at
the three sampling sites (Ctrl 1, Ctrl 2 and Low pH). Significant codes: ‘****’
0.0001, “** 0.001, “*** 0.01, “*> 0.05.
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porcus (THg = 0.06 + 0.02, 0.05 + 0.003 and 0.04 + 0.02 mg kg~! ww
in Low pH, Ctrl 1 and Ctrl 2 respectively), Diplodus vulgaris (THg = 0.01
+0.005, 0.01 + 0.02 mg kg~! ww in Low pH, and both Ctrl 1 and Ctr] 2
respectively), Oblada melanura (THg = 0.02 + 0.01, 0.02 + 0.001 and
0.02 + 0.01 mg kg~ ww in Low pH, Ctrl 1 and Ctrl 2 respectively), and
S. salpa (THg = 0.01 + 0.003, 0.01 & 0.004 and 0.004 + 0.002 mg kg~
ww in Low pH, Ctrl 1 and Ctrl 2 respectively) were always below the
MRL (0.5 mg kg~! ww, Regulation EC, N. 2023/915; Magalhaes et al.,
2007).

Generalised linear mixed models (GLMM) showed that the effect of
the trophic position on the size-adjusted Hg (THga.qj) concentration
varied significantly between sites at different pH in both models (Fig. 4).
In particular, in the species-based model, the effect was positive and was
higher in the Low pH than in the two combined reference sites (fs =
0.570 SE =0.189,p = 0.003, Table 3, Fig. 4A). Species, used as a random
factor in the model, accounted for only 50% of the variance. In the trait-
based model, the effect was positive and was higher in the Low pH than
in the two combined reference sites (5 = 0.604 SE = 0.187, p = 0.002,
Table 3, Fig. 4B). Unique combination of mobility and trophic groups,
used as a random factor in the model, accounted for about 90% of the
variance. Finally, the trophic magnification factor (TMF) was higher in
the Low pH site (1.75) than in either reference site (1.36 and 1.35 in Ctrl
1 and Ctrl 2, respectively).

4. Discussion

The forecasted decrease in ocean pH over the coming decades (IPCC,
2023) is a global climate-related threat that is expected to affect biodi-
versity, with consequences for ecosystem functioning and services (Zeng
etal., 2015; Falkenberg et al., 2020). Although CO4 vents are considered
natural laboratories for testing the effects of ocean acidification (OA) on
marine organisms due to their long-term exposure to high pCOy/low pH
conditions, these ecosystems can also provide an opportunity to study
the combined effect of OA and trace element contamination as the
typical reducing conditions favour the bioavailability and bio-
accumulation of trace elements which are present in volcanic fluids
(Kadar et al., 2005, 2007; Martins et al., 2006).

First, we assessed whether fish at the vent site were exposed to higher
THg levels than at reference sites. Our results confirm the spatial pattern
of THg contamination found by Vizzini et al. (2013) in the same study
area, demonstrating that higher THg concentrations occurred in sedi-
ments and macrophytes (i.e., macroalgae and seagrasses) at the low pH
site near the shallow CO; vent in Levante Bay than at reference sites. In
particular, Vizzini et al. (2013) found high trace element contamination
(As, Ba, Mo, Ni, Pb, Hg, and Zn) and poor environmental quality at a
distance between 150 and 350 m from the CO, vent (i.e., within which
the low pH site of this study falls), followed by an overall decrease at
greater distances. The spatially localised contamination close to the vent
resulted from the direct volcanic input of Hg into the environment and
its high bioavailability due to the acidic and reducing sediment condi-
tions (Roberts and Pichler, 2022), confirms the importance of explicitly
considering the relevant spatial scale when investigating contaminant
dynamics in acidified areas, in line with the recommendations of Zurlini
et al. (2025). In contrast, the lower THg concentrations found in
zooplankton near the vent than at one reference site may suggest a more
efficient Hg detoxification mechanism under OA conditions, as observed
by Wang et al. (2021) who found a reduction in Hg accumulation and
associated toxicity in copepods exposed to long-term OA conditions.
However, THg levels found in zooplankton in the Aeolian Archipelago
are in line with those found in other Mediterranean sites (for a review
see Boldrocchi et al., 2023).

We then investigated whether fish functional traits (trophic group
and mobility) could better explain patterns of contaminant bio-
accumulation than species identity under contrasting pH conditions,
revealing that THg concentration were more consistently explained by
trophic group and mobility than by species identity, in line with



A. Mirasole et al.

Ecological Indicators 189 (2026) 115126

A Site BE cut Wl cvi2 Bl LowpH
06 .
i —
‘o 04 - ﬁ
g
2 " : - * * :
F 02 .
o w = e
L I *.,. -
. - _ T
0 - e e
cCc CJ DV Gl Lv oM PS SCO SCR SM SO SR BS) ST TP
Species
B . — 0.20
06 ;
0.15 °
=
s}
‘E, 04 & -
o 30.10
g g L
o
T
= s
0.2 - e
— - 0.05 - *+ .
——— _** s mm
o5 [ - 0.00 =
Herbivores Planktivores Invertivores Piscivores 1 2 3 5 6
Trophic group Mobility category

Fig. 3. — Concentration of total mercury THg (mg kg~! dw) in fish at species level (A), grouped in trophic groups (B) and by mobility categories, with Hg normalised
to trophic position THg/TP (C), at the three sampling sites (Ctrl 1, Ctrl 2 and Low pH). Fish are labelled as follows: CC, Chromis chromis; CJ, Coris julis; DV, Diplodus
vulgaris; GI, Gobius incognitus; LV, Labrus viridis; OM, Oblada melanura; PS, Parablennius sanguinolentus; SCO, Scorpaena porcus; SCR, Serranus scriba; SM, Symphodus
mediterraneus; SO, Symphodus ocellatus; SR, Symphodus roissali; SS, Sarpa salpa; ST, Symphodus tinca TP, Thalassoma pavo. For further information about species trophic
groups and mobility categories see Table 1. The central line is the median, the whiskers indicate the variability outside the first and third quartile, while the dots are

the outliers. Asterisks indicate the significance level of the differences: ‘*

previous studies (Short et al., 2008; Signa et al., 2017).

At the species level, only six (i.e., Coris julis, Sarpa salpa, Serranus
scriba, Symphodus mediterraneus, Symphodus ocellatus and Symphodus
tinca) out of the fifteen species analysed mirrored the spatial pattern
observed in benthic sources (i.e., higher THg levels at the vent site than
at reference pH sites). The variable species-level responses likely reflect
differences in exposure mostly linked to diet, mobility (Short et al.,
2008; Signa et al., 2017), and time (Copat et al., 2012), further sup-
porting the use of functional trait-based approaches over species identity
alone for identifying effective indicators of trace element contamination
in acidified areas.

Notable is the case of C. julis, which showed higher THg concentra-
tions at the Low pH and Ctrl 1 sites than at Ctrl 2, most probably due to
its high mobility and habitat use plasticity, including the use of the
nearby reference site (Ctrl 1) as a ‘recovery area’ (sensu Mirasole et al.,
2020) to escape stressful environmental conditions occurring at the Low
pH site. The case of S. salpa is also particularly interesting as it represents
the most important herbivorous fish species in the Mediterranean Sea
and one of the most abundant fish species associated with seagrass
systems in Mediterranean CO5 vents (Mirasole et al., 2020, 2021b).
Although herbivores are not considered effective accumulators of trace
elements due to their low trophic position (Nfon et al., 2009), the higher
THg accumulation observed near the Vulcano vent than at reference
sites may be related to the functional role of S. salpa as a much active
grazer with high herbivory rates (Mirasole et al., 2021b) promoted by
the increased palatability of seagrasses under acidified conditions
(Arnold et al., 2012). However, by comparing the THg concentration
found in S. salpa with the EU maximum residue limits MRLs (0.5 mg
kg~! ww, according to Regulation EC, N. 2023/915; Magalhaes et al.,
2007), no threat to human consumption was detected. A similar result
was found for other species of economic interest such as D. vulgaris, O.
melanura and S. porcus.

Fish mobility is a key functional trait influencing the uptake and

*20.0001, “*

*0.001, “*** 0.01, *** 0.05.

accumulation of trace elements, as it reflects habitat use and, therefore,
the reliance on site-specific trophic resources (Mirasole, 2017; Signa
et al., 2017). Consistently, only high mobility species, represented by
zooplanktivores, showed spatial homogeneity in THg levels. On the
contrary, demersal species belonging to mobility categories 3 (relatively
mobile species, mainly Sparids), 5 (relatively sedentary species, mainly
Labrids) and 6 (very sedentary species) (Harmelin, 1987), and repre-
sented by herbivores, invertivores and small piscivores, showed overall
higher THg concentration at the Low pH site. This pattern mirrors the
local contamination of benthic sources, emphasizing how mobility and
small-scale habitat use, rather than species identity alone, influence
contaminant transfer (Signa et al., 2017). This is also consistent with
previous evidence that the large variation in Hg concentrations in
aquatic and marine biota primarily reflects differences in bio-
concentration at the base of the food web (Wu et al., 2019). The
anemone goby G. incognitus, a small highly territorial and abundant fish
in the vent area of Vulcano Island (Nagelkerken et al., 2015), repre-
sented a notable exception. Although it's extremely sedentary behaviour
and benthic feeding mode, no significant spatial differences in THg
concentrations were found, suggesting the presence of efficient detoxi-
fication and/or excretion mechanisms under chronic contaminant
exposure (Suggett et al., 2012). Although high pCOy/low pH conditions
have been associated with skeletal pre-ageing in G. incognitus from the
study area (Mirasole et al., 2021a), acclimation mechanisms may partly
explain its population success under OA conditions (Suresh et al., 2023).

Both mixed-effects models (species-based and trait-based) consis-
tently showed a stronger relationship between fish trophic position and
THg concentration at the Low pH site than at the reference sites, in
agreement with the higher trophic magnification factor (TMF) estimated
for the vent site, indicating enhanced trophic transfer and bio-
magnification through the fish food web. Importantly, the model ac-
counting for functional groups (mobility x trophic group) explained a
much larger proportion of variance (~90%) than the species-based
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Table 2

Summary of THg (mg kg’1 dw) and 5'°N (%) values as mean (& SD) measured in
sediment, macroalgae, seagrass, zooplankton and fish sampled in the three sites
(Low pH, Ctrl 1 and Ctrl 2).
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model (~50%), confirming that Hg bioaccumulation patterns are better
captured by functional organisation of food webs than by species iden-
tity alone. At the vent site, both models showed a strong positive rela-
tionship between trophic position and THg, consistent with enhanced

Basal organic Low pH ctrl 1 ctrl 2 Hg bioavailability and dietary transfer promoted by acidified condi-
ﬂ"lf;ltter source / THg 515N THg 515N THg 515N tions. Such physicochemical characteristics are known to increase metal
fish species solubility and uptake at the base of aquatic food webs, thereby ampli-
Sediment 0.08 B 0.03 B 0.04 fying biomagnification processes (Jardine et al., 2013; Wu et al., 2019).
(0.01) (0.01) (0.001) In contrast, in the reference conditions, both models revealed a weak or
Macroalgae (8‘8471) - (g'gf) - (g'gf) - negative relationship between trophic position and THg, suggesting that
. 0.12 0.04 0.01 biomagnification may be weak or absent. In such conditions, particu-
cagrass (0.02) - (0.01) B (0.001) - larly when baseline Hg levels are low and more homogeneous across
Zooplankton 003):1 (1)-‘1‘ 00;)(1)51 (1)-? (;);)(:)41 §~: organic matter sources, Hg concentrations may not systematically in-
©.o001) (0.1 (000D (O  (0.001) (0.4 crease across trophic position, as previously observed in fish assem-
h is chromi 0.29 6.5 0.37 6.1 0.34 6.6 bl h ised by 1 back d . . di al
Chromis chromis (0.15) 0.4) (0.20) 0.2) 0.19) 0.6) ages characterised by low background contamination (Jardine et al.,
Coris iulis 0.30 6.8 0.26 7.2 0.12 7.6 2013; Amundsen et al., 2023). While Hg biomagnification is well
J (0.11) 0.2 (0.04) 0.3) (0.03) 0.2) documented in marine food webs (e.g., Nfon et al., 2009; Signa et al.,
Diplodus vulgaris (g‘gz) (?'(3)) (ggf) (Zg) (8.8‘11) ((7);‘) 2017, 2019), including studies focusing exclusively on fish assemblages
cobie - 0.36 6.9 0.23 68 0.97 66 (Amundsen et al., 2023; Nalley et al., 2023), our results highlights that
obius teognt (012)  (0.6) (009 (0.8  (0.13)  (0.4)
Labrus viridis 0.18 8.0 0.14 8.2
0.03) (0.1 N B 0.07)  (0.1) Table 3
Oblada melanura 0.09 7.6 0.07 7.4 0.08 7.1 - Summary of generalised linear mixed models (GLMMSs) assessing changes in
(0.02) 0.4) (0.01) 0.9) (0.06) (1.6) size-adjusted total mercury (THgagq;) along trophic positions under contrasting
P arable’_l"lus 0.04 8.0 0.03 13.1 _ _ pH conditions (sites), accounting for a) taxonomic variability (species-based
sanguinolentus (0.001)  (2.5) (0.01) G2 model) and b) functional variability (trait-based model).
Sarpa salpa 0.05 5.9 0.03 5.6 0.02 5.6
P (0.01) (0.3) (0.02) 0.4) (0.01) (0.2) a) Species-based model
0.26 6.3 0.22 7.5 0.19 6.5 . .
P E .E f -val -val
Scorpaena porcus (0.09) 0.4) 0.01) 1.0 0.10) 0.8) redictors stimate Std. Error d t-value p-value
Serranus scriba 0.50 8.0 0.15 7.3 0.18 7.9 (Intercept) —1.961 0.432 118 —4.532 0.000
(0.10) (0.6) (0.03) (0.1) (0.03) 0.4) Trophic Position (TP) 0.039 0.111 118 0.351 0.726
Symphodus 0.38 6.7 0.13 6.6 Site = Low pH —1.953 0.644 118 -3.031 0.003
mediterraneus (0.13) (0.3) B (0.02) (0.1) TP*Low pH 0.570 0.189 118 3.023 0.0031
Symphodus 0.31 7.4 0.19 7.6 b) Trait-based model
ocellatus (0.05) 0.4) (0.03) 0.1) N N - -
Somhodus finca 0.29 6.5 0.17 79 0.20 70 Predictors Estimate Std. Error df t-value p-value
Ymp (0.07) (0.5) (0.05) (1.2) (0.15) (0.5) (Intercept) -1.702 0.455 121 -3.74 0.0003
Thalassoma pavo 0.18 6.9 0.17 9.1 0.18 7.9 Trophic Position (TP) —0.059 0.108 121 —0.549 0.583
P (0.04) 0.2 (0.02) 0.7) (0.04) (0.2) Site = Low pH —2.074 0.638 121 —3.250 0.002
TP*Low pH 0.604 0.187 121 3.233 0.002
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Fig. 4. - Interaction plot between the trophic position and size-adjusted total mercury (THg,q;) concentration (mg kg~ dw) of the two models of fish species common
to sampling sites (blue line: combined reference with ambient pH sites; red line: Low pH site). a) GLMM with species as a random factor; b) GLMM with unique
combinations of functional traits (mobility and trophic groups) as a random factor. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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biomagnification is not an intrinsic property of food webs, but an
emergent process primarily driven by combined contaminant avail-
ability and functional trophic traits. In addition, interactions with other
dissolved elements may also influence Hg dynamics and deserve further
investigation.

5. Conclusion

Localised mercury (Hg) contamination was found in sediments and
benthic basal sources near the primary CO5 vent of Levante Bay (Vul-
cano Island, Italy). Although differences in total mercury (THg) among
fish species were detected, THg patterns were more consistently
explained by functional traits, namely trophic group and mobility, than
by species identity alone. Low-mobility benthic fish exhibited higher
THg concentrations at the vent site, whereas highly mobile shoaling
species did not, indicating a clear spatial gradient of exposure, linked to
functional pathways. Also, trophic position played a stronger role in THg
transfer in the low pH site, suggesting enhanced bioaccumulation and
biomagnification under elevated Hg availability. However, heteroge-
neous species responses highlight the key role of functional traits in
mediating Hg transfer. Conversely, weak or absent biomagnification
under reference conditions reflects low baseline Hg availability, indi-
cating that Hg trophic transfer is an emergent property dependent on
contaminant availability and functional organisation of the food-web
rather than an intrinsic feature of food webs. Importantly, the higher
explanatory power of the functional-trait model further supports func-
tional trophic position as a mechanistic framework for predicting
contaminant dynamics.

Moreover, although only total Hg was analysed, likely resulting in
conservative estimates of biomagnification, and the experimental design
did not allow to separate the effects of ocean acidification and Hg
contamination, the results suggest that in future acidified and polluted
seas, increased Hg bioavailability, bioaccumulation and bio-
magnification can be expected. Finally, given the usefulness of COy
vents as natural analogues of future ocean conditions, further studies
using a functional-trait-based and multi-scale perspective and explicitly
accounting for spatial and temporal variation in exposure, can improve
biomonitoring and forecasting of trace element dynamics in acidified
marine ecosystems.
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