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Ocean acidification (OA) is reported to entail a detrimental impact on calcifying organisms. Nevertheless,
patellid limpets — P. caerulea, P. rustica, and P. ulyssiponensis — are able to persist in extremely low pH conditions
inside the Castello Aragonese CO; vent systems (Ischia Island), suggesting that they may have developed
tolerance to OA, through plasticity and/or adaptive mechanisms. The aim of this study is to evaluate the long-
term strategies adopted by limpets that spent their entire life cycle in naturally acidified conditions and the short-
term ones induced by a 30-day in situ transplant experiment.

Regarding native limpet populations, P. caerulea exhibited increasing size and higher energy resources in the
extremely acidified site, potentially related to different food availability or to reduction in competition and/or
predatory pressure; furthermore, no effects on oxidative stress, biomineralization and neurotoxicity occurred.
Similarly, P. ulyssiponensis didn’t exhibit any significant effects among different pH conditions regarding
biochemical endpoints. Conversely, P. rustica displayed a significant modulation of almost all biochemical pa-
rameters, possibly due to its different position on the rocky shore. The short-term exposure of P. caerulea pro-
duced a decrease in protein content and an increase in glycogen content in the extreme acidified site, with an

induction of superoxide dismutase and glutathione-S-transferases activities in the intermediate pH site.
Overall, our study revealed that different species of the same genus may have developed distinct responses to
OA and suggested different mechanisms to cope with short and long-term exposure to low pH conditions.

1. Introduction

Anthropogenic activities entail a deleterious impact on ecosystems’
health, especially in marine environments, negatively affecting their
stability, biodiversity and functionality (Doney et al., 2012; Pecl et al.,
2017). Among the various disturbances, ocean acidification (OA) stands
out as one of the major threats to marine organisms.

Since the beginning of the Industrial Era, the concentration of carbon
dioxide (CO5) in the atmosphere has been rising from 280 ppm to the
current level of 421.73 ppm (Lan et al., 2025), mainly due to anthro-
pogenic activities. About 30 % of this atmospheric CO5 is absorbed by
oceans, where it determines an alteration of seawater chemistry and a
significant reduction in the pH levels of the global surface seawater

(Leung et al., 2022; Simonetti et al., 2022). According to the Intergov-
ernmental Panel on Climate Change (IPCC), at the current rate and
within the “business as usual scenario”, the atmospheric CO; level may
reach 800 ppm by the end of the century (2100), which would corre-
spond to a decrease of the global ocean pH level of 0.4-0.5 units (from
the current level of 8.1 to 7.7), entailing remarkable effects on the ma-
rine biota (Gattuso et al., 2015; Melzner et al., 2020; Vargas et al., 2022;
IPCC, 2023; Shi and Li, 2024).

Several research highlighted that OA negatively impacts marine in-
vertebrates at multiple level of biological organization, affecting pri-
marily physiological mechanisms, such as acid-base homeostasis,
respiration/gas exchange, and calcification, but also metabolism,
behavior, life history traits, including fertilization, larval development
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and settlement, and reproduction, which subsequently have an impact
on organisms’ survival and fitness, ultimately affecting marine
ecosystem health and functioning (Kroeker et al., 2010; Lannig et al.,
2010; Wage et al., 2016; Gao et al., 2019; Gray et al., 2022; Leung et al.,
2022; Medeiros and Souza, 2023; Shi and Li, 2024).

So far, greater attention has been given to marine calcifying organ-
isms (coccolithophores, corals, coralline algae, gastropods, bivalves, sea
urchins, crustaceans, etc.), since OA entails an increase in hydrogen ions
(H") and decrease in carbonate ions (CO%’) concentrations. These re-
actions limit the availability of calcium carbonate (CaCOg), which is a
main component of shells, skeletons and other calcareous structures and
it is formed starting from CO%’ ions (Buth, 2016; Figuerola et al., 2021).
Moreover, the increase in H" ions and the consequent acidification of
seawater lead to corrosion of calcareous structures, which generally
appear thinner and more fragile, with a significant impact on their
structural integrity and mechanical strength (Langer et al., 2014; Bar-
clay et al., 2020).

The alteration of seawater chemistry induced by OA has also an ef-
fect on the regulation of pH levels in intra and extracellular fluids, which
requires an active regulation of acid-base homeostasis, to guarantee
adequate physiological functioning, especially at the interface tissue-
shell. Additionally, OA is a well-established pro-oxidant agent for
several marine organisms, both calcifying and non-calcifying, that can
induce an alteration of the oxidative balance, mainly through the
enhancement or the inhibition of antioxidant and detoxification en-
zymes, although with a remarkable species-specificity, even within the
same taxon (Leung et al., 2022; Simonetti et al., 2022; Shi and Li, 2024).

Nonetheless, some organisms can develop regulatory and compen-
satory mechanisms that may be induced to buffer OA effects and to
maintain physiological homeostasis, allowing them to live under acidi-
fied conditions; however, these strategies require energy (Thor and
Dupont, 2015; Foo et al., 2020; Teixido et al., 2020; Signorini et al.,
2023, 2024; Asnicar et al., 2025). Therefore, energy balance represents a
key element of stress tolerance and adaptation, notwithstanding that
this might occur at the expense of other important processes, with po-
tential consequences at population or ecosystem-level (Sokolova et al.,
2012; Pan et al., 2015; Liao et al., 2019; Leung et al., 2022).

Albeit being fundamental in predicting the potential consequences in
the future anthropogenic oceans, these mechanisms remain largely
overlooked. Moreover, as evinced from the meta-analysis on 985 sci-
entific products performed by Leung et al. (2022), most of the studies
carried out on the effects of OA on marine calcifiers mainly focuses on
short-term exposure, in laboratory conditions, often manipulating pH
level improperly, and without taking into consideration the habitat
complexity and the role of species interactions in shaping potential
tolerance to OA. Within this context, CO, vent systems represent a valid
alternative, that enable to avoid most of laboratory study drawbacks and
to improve the ecological relevance. Indeed, CO; vent systems represent
natural laboratories to investigate the effects of OA at ecosystem level,
since they are environments naturally acidified by the volcanic carbon
dioxide emitted from the seafloor (Foo et al., 2018; D’ Alessandro et al.,
2024). Studying organisms able to persist and even thrive under natural
OA conditions of CO; vents allows to consider the development of po-
tential acclimatization and/or adaptation strategies, contributing to
formulate hypotheses of more realistic future environmental scenarios
(Hall-Spencer et al., 2008; Cigliano et al., 2010; Mecca et al., 2020;
Rodriguez-Romero et al., 2021).

Among shallow CO, vent systems, the Castello Aragonese, located in
the North-East part of Ischia Island and within the Regno di Nettuno
Marine Protected Area (Italy, central-western Tyrrhenian Sea), is char-
acterized by a natural pH gradient on both north and south sides of the
islet. Previous studies have extensively characterized the physico-
chemical conditions of this vent, highlighting that gas emissions
mainly consist of carbon dioxide (~90 %), nitrogen (3.2-6.6 %), oxygen
(0.6-0.8 %), and methane (0.2-0.8 %), while toxic sulfur compounds are
absent (Foo et al., 2018; Gambi et al., 2020).
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At the Castello Aragonese vent systems, it is possible to find some
calcifying species that are able to survive under ocean acidification
conditions. Among these, limpets belonging to the genus Patella repre-
sent one of the few calcifiers that can persist even in the extreme acid-
ified site (N3: pH = <7.4). Specifically, Patella caerulea (Linnaeus,
1758), Patella rustica (Linnaeus, 1758), and Patella ulyssiponensis
(Gmelin, 1791) represent the three main and most abundant limpet
species of the vent (Hall-Spencer et al., 2008; Rodolfo-Metalpa et al.,
2011; Foo et al., 2018). These species occupy different vertical areas of
the rocky shores: P. rustica is present in the upper midlittoral and in the
supralittoral, while P. caerulea and P. ulyssiponensis occur from the mid
to the lower midlittoral (Lima et al., 2006; Battelli, 2017; Reguera et al.,
2018; Seabra et al., 2019). Moreover, they display different morphol-
ogies and colors of shells and feet, which, combined with their different
distribution on the substrate, contribute to taxonomically identifying
them (Fig. S1).

Patella species are grazing gastropods that occupy rocky intertidal
areas of the East Atlantic and Mediterranean coasts in temperate lati-
tudes. They are considered keystone species due to their primary role in
structuring and regulating the ecological balance of intertidal commu-
nities (Vafidis et al., 2020). The fact that these three calcifying species,
apparently vulnerable to OA, can persist in the extreme environment of
the Castello Aragonese vent systems, demonstrates that they have
developed tolerance to reduced pH conditions through plasticity and/or
adaptive mechanisms (Vafidis et al., 2020; Foo et al., 2018). Up to now,
most of the studies carried out in Patella species in relation to ocean
acidification mainly focused on distribution, morphological traits, and
calcification rates, but there is a lack of knowledge on the molecular and
biochemical mechanisms that could underlie acclimatization and/or
adaptation to OA. Furthermore, as explained above, several studies are
carried out in laboratory conditions, without considering the complex
and dynamic network of direct and indirect interactions with other
species, besides natural fluctuations of abiotic parameters (Cornwall and
Hurd, 2016; Leung et al., 2022).

In this view, the aim of the present study is to evaluate the long-term
strategies adopted by limpets - P. caerulea, P. rustica, and P. ulyssiponensis
- that spent their entire life cycle in naturally acidified conditions and
the short-term ones induced by an exposure to OA through a in situ
transplant experiment at the Castello Aragonese vent systems, that was
carried out only with P. caerulea, due to its higher abundance. Therefore,
the null hypotheses were:

1) There are no significant differences among the three limpet species
(P. caerulea, P. rustica, and P. ulyssiponensis) across the different sites
of the Castello Aragonese vent system and San Pietro promontory;

2) There are no significant differences among P. caerulea individuals
transplanted along the acidification gradient at different sites.

To address these hypotheses, morphometric characteristics and a
suite of biomarkers related to energy metabolism, oxidative stress and
damage, biomineralization and neurotoxicity were carried out to pro-
vide valuable insights into the tolerance and potential adaptive mech-
anisms developed to survive in extremely harsh conditions.

2. Materials and methods

2.1. Long-term exposure to OA of P. caerulea, P. rustica and
P. ulyssiponensis

2.1.1. Study area and sampling

The study area of the Castello Aragonese CO vent systems is located
on the north-east coast of Ischia Island, Italy (40°73'25.81"'N,
13°96'51.03"’E). It is a volcanic islet characterized by a natural pH
gradient on both north (N) and south (S) side, where three different pH
sites have been identified: N/S1 with ambient pH of 8.1, N/S2 with pH
level of ~7.7, representative of the condition projected for the end of the
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century (2100), and N/S3 marked by pH values lower than 7.4, indic-
ative of an extreme acidified condition.

The pH level inside the Castello Aragonese vent area has been deeply
characterized through continuous monitoring in previous studies
(Hofmann et al., 2011; Kroeker et al., 2011; Foo et al., 2018; Gambi
et al., 2020; Teixido et al., 2018, 2024). Furthermore, a single mea-
surement of pH, temperature, salinity, and pressure was carried through
a multiprobe (Hanna instruments HI9828) contemporary to the limpet
collection in February 2023 (Table S1).

The promontory of San Pietro (40°44'47.6" N, 13°56'40.42" E,
approximately 4 km from the Castello Aragonese vent systems) was used
as an additional ambient pH site (SP: pH = 8.1), potentially comparable
to N1, since it presents the same environmental parameters (Ricevuto
et al., 2015; Migliaccio et al., 2019) (Table S1).

Individuals of P. caerulea, P. rustica, and P. ulyssiponensis (Gastro-
poda, Mollusca) were collected by snorkeling from the lower intertidal
to the subtidal rocky zone, along the northern pH gradient of the Cas-
tello Aragonese vent systems (N1 — N2 — N3), with the permission of the
Marine Protected Area ‘Regno di Nettuno’ (Ischia Island, Italy), in
February 2023. Between 3 and 22 individuals per site and per species
were detached from the rocky shores through a knife, according to their
availability and in order not to negatively affect the natural populations
(Table S3). Species were taxonomically identified and morphometric
characteristics, such as shell length, height and weight of all individuals
were measured using a caliber (Performance Tool W80150 6-Inch
Plastic Caliper). Considering the shape of limpet shells, volume was
calculated by approximating the area occupied by each limpet to a cone
area, following the formula:

Volume = [J‘C x (L/2)% x H] /3

where “L” and “H” are respectively the “length” and the “height” of the
limpet shell.

Samples were subsequently kept at —80 °C in order to analyze the
biochemical parameters.

2.1.2. Biomarkers

The analyses related to biochemical parameters were carried out
separately on the foot and on the viscera, which included gills and
digestive gland, since they represent two of the main tissues involved in
the antioxidant response to environmental stressors, as well as in
nutrient intake, energy metabolism, and immune defense (Khan et al.,
2018-2021; Liang et al., 2022; Yu et al., 2023). All the biochemical
endpoints were normalized on wet weight, due to significant variations
in protein content among sites.

Approximately 80 mg of viscera/foot tissue were dissected and ho-
mogenized individually in a 100 mM potassium phosphate buffer (KCl
100 mM, EDTA 1 mM, dithiothreitol 1 mM and protease inhibitors 1:10,
pH 7.4) in a ratio 1:5 w/v with TissueLyser II QIAGEN® set at a fre-
quency of 30/s for 90 s. Samples were centrifuged at 15,000xg at 4 °C
for 30 min and supernatants were stored at —80 °C for the measurements
of protein and glycogen contents (PROT, GLY; both viscera and foot),
reactive oxygen species content (ROS; viscera), antioxidant and detox-
ification enzyme activities (superoxide dismutase SOD, catalase CAT,
glutathione-S-transferases GSTs; viscera), the level of lipid peroxidation
(LPO; viscera), neurotoxicity endpoint (acetylcholinesterase AChE; both
viscera and foot), and biomineralization enzyme activities (alkaline
phosphatase ALKP, acid phosphatase ACP; foot) following the methods
described by Signorini et al. (2024).

LPO measurements required a distinct extraction; about 50 mg of
viscera were homogenized in a ratio 1:5 w/v in 20 % w/v trichloroacetic
acid with TissueLyser Il QIAGEN® set at a frequency of 30/s for 90 s and
centrifuged at 10,000 xg at 4 °C for 20 min. Supernatants were incubated
for 25 min at 96 °C with trichloroacetic acid (TCA, 20 % w/v) and thi-
obarbituric acid (TBA, 0.5 % w/v). The reaction was stopped on ice and
the absorbance was read at 532 nm. The colorimetric assay was carried
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out following the method described by Buege and Aust (1978), through
the quantification of thiobarbituric acid reactive substances (TBARS),
formed during the reaction between TBA and LPO by-products (ie
malondialdehyde, MDA). LPO levels are expressed as nmol MDA g
ww L,

Both ALKP and ACP activities were measured following the methods
described by Gonzalez et al. (1994) and Moreira et al. (2016). An aliquot
of each sample (about 50 mg) was homogenized in Tris-HCI buffer (50
mM, pH 8.2 for ALKP and 4.5 for ACP) at a ratio 1:4 w/v using the
TissueLyser II QIAGEN® set at a frequency of 25/s for 2 min and then
centrifuged at 10,000xg for 20 min at 4 °C. After an incubation of 30
min at 20 °C with p-nitrophenylphosphate (pNPP, 6 mM), the reaction
was stopped with sodium hydroxide (NaOH, 0.1 M) and the absorbance
was read at A = 410 nm. Enzyme activities are expressed as nmol min~? g

ww L, using 4-nitrophenol as a standard (0-1 mg ml~!; 12 > 0.99).

2.2. Short-term exposure to OA of P. caerulea

The in situ transplant experiment was carried out solely with
P. caerulea due to its higher abundance and because of the complexity of
the experimental set-up performed in field.

In January 2024 three natural volcanic rock tiles (30 x 30 cm) per
site were attached along the pH gradient of the Castello Aragonese vent
systems (N1 — N2 — N3). The tiles were attached to the rocky wall by
scuba divers using an underwater drill (Nemo® Hammer Drill 50 m), a
20 cm steel threaded rod for each tile, and a two-component epoxy resin
(Yachting Veneziani, Subcoat S Comp-A and Comp-B) to ensure the
structure’s stability throughout the entire experiment (Fig. 1.1).

The tiles were settled in the sites for seven months in order to let the
growth of the biofilm and to guarantee adequate food provisioning to
the transplanted limpets. At the end of August 2024, specimens of
P. caerulea with heterogeneous dimensions were randomly collected
from an ambient pH site (pH = 8.1) and transplanted in each one of the
different sites involved (N1 — N2 — N3). The ambient pH site was located
along the bridge that connects the Castello Aragonese to the mainland
(40°43'55.4"N 13°57'38.7"E) and it reflects the same physico-chemical
characteristics, such as exposure, temperature, salinity, etc. Specif-
ically, each tile hosted up to four limpets, with a total of twelve in-
dividuals per site, in order to minimize competition and to guarantee a
suitable number of replicates for robust experimental results. After the
limpets were positioned, a metal cage was placed over the structure, to
prevent their escape and to avoid predation and/or competition with
other individuals native of the site (Fig. 1.2). During the exposure
period, pH and temperature were monitored using loggers (HOBO® pH
and Temperature Data Logger) deployed in N1, N2, and N3 (Table S2,
Fig. $2).

For the transplant experiment it was not possible to use San Pietro
site as an ambient pH collection site of limpets, as transporting them to
the Castello area would have caused excessive stress, hindering their
proper and stable attachment to the tiles. Besides, significant differences
of biochemical endpoints were observed between the two ambient pH
sites taken into consideration (San Pietro and N1) in the native limpet
populations.

The transplant experiment lasted 30 days, and at the end of it, lim-
pets were carefully removed from each tile and survival rates were
calculated. Limpets were dissected and kept at —80 °C to evaluate en-
ergy metabolism (GLY, PROT), oxidative stress (ROS, SOD, CAT, GSTs),
biomineralization (ALKP, ACP), and neurotoxicity (AChE) endpoints,
following the methods described above (see Paragraph 2.1.2) (N = 8).
Finally, the biofilm coverage was photographed, collected from each tile
and stored at —80 °C to measure PROT and GLY contents (Fig. S3).

2.3. Statistical analysis

In order to test differences within the three species (P. caerulea,
P. rustica, and P. ulyssiponensis) among the three different sites of the
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Fig. 1. Experimental set-up of the in situ transplant experiment carried out with P. caerulea. Three cages per site were attached to the rock (1). Four limpets per tile

were placed on the biofilm developed for 7 months on the tile (2).

Castello Aragonese vent systems (N1 — N2 — N3) and San Pietro, con-
cerning energy metabolism reserves (GLY, PROT), oxidative stress and
damage (ROS, SOD, CAT, GSTs, LPO), biomineralization (ALKP, ACP),
and neurotoxicity (AChE) endpoints, a generalized linear model (GLM)
was applied, followed by the post-hoc Tukey test. This statistical test was
chosen since the hypothesis of normality and homogeneity of variance
were verified and rejected through the Shapiro-Wilk test and the Lev-
ene’s test (p-Value <0.05) (Table S5).

A separate GLM was performed on the morphometric characteristics
(shell length, soft-tissue weight and volume) of the three different spe-
cies considered, due to the higher number of individuals that was
available (Table S3; S4).

The analyses were carried out using “glm ()” and “emmeans ()”
functions from the “DHARMa” and “emmeans” package of R software,
version 2024.4.1.0 (https://www.R-project.org/), considering “Species”
and “Site” as covariable. Moreover “leveneTest ()" and “shapiro.test ()
functions from the “car” package of R software were used to test ho-
mogeneity of variance and normal distribution.

Non-Metric Multidimensional Scaling (NMDS) was performed on
biochemical endpoints since it allows to visualize complex multivariate
datasets in space (Dexter et al., 2018). NMDS was carried out applying
Bray-Curtis dissimilarity method (Bray and Curtis, 1957) and using
“metaMDS ()” and “envfit ()” functions from the “vegan” package of R
software.

Finally, all plots were created with the “ggplot2()” package in R
software.

For the in situ transplant experiment, a GLM followed by the post-hoc
Tukey test was performed on the biochemical data (GLY, PROT, ROS,
SOD, CAT, GSTs, AChE, ALKP and ACP), considering only “Site” as a
covariable (Table S6). Finally, the non-parametric statistical test
Kruskal-Wallis followed by Dunnett’s post-hoc test was chosen to test
differences in PROT and GLY contents of the biofilm coverage among
different pH sites (Table S7). These tests were carried out using “kruskal.
test ()" and “dunn.test ()" packages of R software.

3. Results

3.1. Effects of long-term exposure to OA of P. caerulea, P. rustica, and P.
ulyssiponensis

3.1.1. Morphometric characteristics

Among the three different limpet species considered in this study,
only P. caerulea displayed a significant variation in its dimensions ac-
cording to the different pH sites inside the Castello Aragonese vent
systems and San Pietro. Specifically, limpets collected from the extreme
acidified site N3 showed a significant increase in shell length, soft-tissue
weight and volume in comparison with the limpets sampled from the

external ambient pH site San Pietro and the internal ambient pH site N1
(Fig. 2.1). Moreover, significant differences between the ambient pH
sites San Pietro and N1 were detected regarding shell length and soft-
tissue weight. In the other two species the morphological parameters
were increased in organisms collected from N3 with respect to the other
sites involved, albeit not significantly (Figs. 2.2 and 2.3).

Furthermore, the GLM analysis revealed that the species P. caerulea
was significantly different from both P. rustica (length: p = <0.0001;
soft-tissue weight: p = <0.0001; volume: p = <0.0001) and
P. ulyssiponensis (length: p = 0.000281; soft-tissue weight: p = 0.0148),
according to all the morphometric parameters measured, highlighting
an effect of the variable “Species” (Table S4).

3.1.2. Energy reserves

Protein content was homogeneous among the different sites in
P. caerulea and P. ulyssiponensis; on the contrary, P. rustica displayed a
significant modulation of this parameter in samples extracted from foot
and viscera tissues, in most cases with higher values in the extreme
acidified site N3 with respect to N1 and N2. Nevertheless, the GLM
analysis didn’t identify “Site” as a significant factor in modulating pro-
tein content among the different pH sites (Fig. 3.1, Table S5). On the
contrary, this model revealed a significant effect of the factor “Species”
between P. caerulea and P. ulyssiponensis (PROT viscera: p = <0.0001;
PROT ALKP: p = 0.00166; PROT ACP: p = 0.000247). In addition, in
P. ulyssiponensis a significant increase in the amount of proteins
extracted from foot tissue for the alkaline and acid phosphatase analyses
was assessed, with a significant decrease of this parameter in N2 with
respect to San Pietro.

With respect to glycogen content, the GLM analysis revealed a sig-
nificant effect of the factor “Site”, which indicates that this energy-
related endpoint varies similarly among the different pH sites, regard-
less of the species considered (GLY viscera: SP: p = 0.00847, N2: p =
0.01216; N3: p = <0.0001; GLY foot: p N3 = 0.020473) (Table S5).
Regarding the factor “Species”, P. rustica occurred to be significantly
different from P. caerulea for both GLY quantification (GLY viscera: p =
<0.0001; GLY foot: p = <0.0001), while P. ulyssiponensis only regarding
GLY content measured in foot tissue (p = 0.0444). Indeed, there’s an
evident increasing trend in GLY content along the pH gradient of the
Castello Aragonese vent systems (Fig. 3.2). In particular, in P. caerulea
GLY content occurred to be significantly higher in the extreme acidified
site N3 compared to the ambient pH sites, specifically with N1 in viscera
tissue and with San Pietro in foot tissue, following the trend observed for
the morphometric characteristics. In P. rustica, organisms collected from
N3 showed higher level of GLY than those registered from N1 and N2 in
both tissues, notwithstanding that in both cases, no significant differ-
ences were detected between San Pietro and N3. Conversely, no alter-
ation of GLY content was observed in P. ulyssiponensis.
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Fig. 2. Boxplots of shell length, soft-tissue weight and volume of P. caerulea (1), P. rustica (2) and P. ulyssiponensis (3) collected from the three different sites of the
Castello Aragonese vent systems (N1 — N2 — N3) and the ambient pH site San Pietro (SP). The number of individuals used for each species and site is reported in
Table S3. Dots indicate independent biological replicates inside each site. Different letters indicate statistically significant differences among the different sites (p-

Value <0.05).

3.1.3. Oxidative stress and damage

The GLM analysis revealed that P. rustica occurred to be significantly
different from P. caerulea for all oxidative stress parameters according to
the factor “Species” (ROS: p = <0.0001; SOD: p = <0.0001; CAT: p =
<0.0001; GSTs: p = 0.000204; LPO: p = 0.000204), while the factor
“Site” appeared to be significant only for ROS content, with regards to
N1 and N3 (p = 0.0497) (Table S5).

In particular, a general increasing trend in the total content of ROS
was observed in the very low pH site N3 of the vent in all three species,
even though it was not significant in P. caerulea and in P. rustica. On the
contrary, P. ulyssiponensis displayed a significant increase in ROS content
in all the sites inside the vent area compared to the external ambient pH
site San Pietro (Fig. 4.1).

The SOD activity was significantly decreased in N3 with respect to
San Pietro, whereas P. caerulea and P. ulyssiponensis didn’t significantly
modulate their activities (Fig. 4.2).

An opposite trend was obtained for CAT activity, which was modu-
lated only in P. rustica, with a significant decrease in the extreme acid-
ified site N3 in comparison with all the other sites analyzed, while for the
other species no differences were detected (Fig. 4.3).

GSTs activity didn’t differ among the different sites in any of the
three species taken into consideration (Fig. S4).

Similar considerations can be taken regarding oxidative damage, the
levels of LPO did not differ among the three limpet species across the
various pH sites examined (Fig. S5).

3.1.4. Biomineralization

Neither P. caerulea nor P. ulyssiponensis displayed significant varia-
tions in biomineralization endpoints, while P. rustica showed a signifi-
cant increase only in ALKP activity in the extreme acidified site N3 with
respect to the other two sites inside the Castello Aragonese vent systems
(Figs. 5.1 and 2). Overall, the GLM analysis highlighted no significant
effects of factor “Site”, whereas regarding factor “Species”, in both cases
P. ulyssiponensis occurred to be significantly different from P. caerulea
(ALKP: p = 0.00821; ACP: p = 0.000422), while P. rustica only for ALKP
activity (p = <0.0001) (Table S5).

3.1.5. Neurotoxicity

Solely the AChE activity measured in the viscera of P. rustica resulted
to be significantly modulated among the different sites considered
(Fig. 6.1). Specifically, AChE activity significantly decreased in limpets
collected from N3 with respect to N1 and San Pietro. A similar trend can
be detected also in the foot tissue, even though it was not significant
(Fig. 6.2). GLM analysis revealed a significant effect of factor “Species”,
indicating that AChE activities significantly vary between P. caerulea
and P. rustica regardless of the “Site” (AChE viscera: p = <0.0001; AChE
foot: p = <0.0001) (Table S5). Similarly, also AChE activity measured in
the foot in P. ulyssiponensis is significantly different from P. caerulea for
the factor “Species” (p = 0.00924).

3.1.6. Non-Metric Multidimensional Scaling of biochemical endpoints
The NMDS analysis carried out on the biochemical endpoints high-
lighted a clear separation in the response to OA in the three different
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Fig. 3. Boxplots of protein (PROT) (1) and glycogen (GLY) (2) content in viscera and foot tissues of P. caerulea, P. rustica and P. ulyssiponensis collected from the three
different sites of the Castello Aragonese vent systems (N1 — N2 — N3) and the ambient pH site San Pietro (SP). Dots indicate independent biological replicates inside
each site. The number of individuals used for each species and site is reported in Table S3. Different letters indicate statistically significant differences among the

different sites (p-Value <0.05).

limpet species (“Species”). Nevertheless, no clear clusterization was
observed in relation to the different pH sites (“Site”), potentially due to
high biological inter-individual variability (Fig. 7.1). The direction of
the arrows indicates that most of the biochemical endpoints are modu-
lated in the species P. rustica and only partially in P. caerulea (Fig. 7.2).

3.2. Effects of short-term exposure to OA of P. caerulea and energy-
related endpoints of biofilm coverage

At the end of the transplant experiment, all sites displayed the same
mortality (about 24.9 %), with no significant differences among the
different pH conditions.

Concerning energy metabolism, a significant decrease in protein
content obtained from viscera tissue was assessed in the limpets trans-
planted from ambient pH to very low pH (N3) conditions (p = 0.00251),
while GLY content extracted from the same tissue, significantly
increased in N3 (p = 0.0042) (Fig. 8.1, Table S6).

The short-term exposure to ocean acidification induced an imbalance
of the oxidative status without entailing an increase in reactive oxygen
species production. All antioxidant and detoxification enzymes dis-
played the same trend with an increase in their activities in the inter-
mediate pH site N2 with respect to N1 and N3, notwithstanding it was
significant only for SOD (p = 0.00624) and GSTs (p = 0.00304), but not
for CAT (p = 0.220) (Fig. 8.2, Table S6).

With respect to biomineralization endpoints, only ACP displayed a
significant increase in specimens of P. caerulea transplanted from
ambient pH condition to the very low pH site N3 (p = 0.00178), while no
significant differences were assessed for ALKP activities (p = 0.973)
(Fig. 8.3, Table S6).

Finally, the analysis of AChE in viscera tissue revealed a significant
reduction in the activity between the ambient pH site N1 and the
extremely acidified site N3 (p = 0.00282) (Fig. 8.4).

With respect to biochemical analysis carried out on biofilm, a sig-
nificant increase in PROT content was observed only in the extreme

acidified site N3 with respect to the other sites involved (p = 0.00432),
while GLY content remained stable across different pH conditions (p =
0.9898) (Fig. S6, Table S7).

4. Discussion

When exposed to altered environmental conditions that deviate from
their equilibrium, organisms are able to modulate their responses
through acclimatization or adaptation and depending on the changing
environment. Acclimatization represents a short-term strategy that
mainly occurs through phenotypic plasticity, and it provides resilience
to environmental changes. In the long-term and under specific condi-
tions, genetic adaptation or phenotypic accommodation might occur
(Calosi et al., 2013; Lombardi et al., 2015; Foo and Byrne, 2016;
Rodriguez-Romero et al., 2021). In view of this, we investigated the
biochemical performances either of native limpet populations inhabit-
ing the naturally acidified environment of the Castello Aragonese vent
systems and of organisms subjected to a 30-day in situ transplant, to
better investigate the potential mechanisms that may underlie the
tolerance to OA and the ability to colonize naturally acidified sites.

4.1. Growth and energy reserves

Among the studied species, only P. caerulea exhibited more marked
variations in size across the different pH sites, with a significant increase
in shell length, soft-tissue weight and volume in the extreme acidified
site N3 compared to the ambient pH sites. Samplings were conducted
randomly, collecting specimens of heterogeneous dimensions, repre-
sentative of the entire range of limpet populations observed in the field;
consequently, the results are unlikely to be attributed to a bias. This
result is in accordance with previous observations on P. caerulea and
P. rustica from the CO; vent systems of Vulcano Island (Duquette et al.,
2017). The fact that these differences were not significant in our study
may be attributed to the reduced number of specimens collected at each
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Fig. 4. Boxplots of reactive oxygen species content (ROS) (1), superoxide dismutase (SOD) (2) and catalase (CAT) (3) activities measured in P. caerulea, P. rustica and
P. ulyssiponensis collected from the three different sites of the Castello Aragonese vent systems (N1 — N2 — N3) and the ambient pH site San Pietro (SP). Dots indicate
independent biological replicates inside each site. The number of individuals used for each species and site is reported in Table S3. Different letters indicate sta-
tistically significant differences among the different sites (p-Value <0.05).

1.

ALKP P. caerulea

ALKP P. rustica

ALKP P. ulyssiponensis

2.0 20 b 20
B
_ 15 _ 15 . _ 15
g E a,b H
o o a a B
= A ¥
£10 €10 $’ . . §10
s K s ° S .
£ £ £
c oy < . c )
05 $‘ — * = 05 05 :
.
B o o
® £
0.0 0.0 0.0
sP N1 N2 N3 SP N1 N2 N3 SP N1 N2 N3
2. ACP P. caerulea ACP P. rustica ACP P. ulyssiponensis
2.0 N 2.0 20
.
- .o -
318 z T 15 [ . . |35
e = s
£10 . * £10 E10{ e
I} r ] 5 o
0.5 . 0.5 % 05
1 .o
. o g
0.0 0.0 0.0
SP N1 N2 N3 SP N1 N2 N3 SP N1 N2 N3

Fig. 5. Boxplots of alkaline (ALKP) (1) and acid (ACP) (2) phosphatase activities measured in P. caerulea, P. rustica and P. ulyssiponensis collected from the three
different sites of the Castello Aragonese vent systems (N1 — N2 — N3) and the ambient pH site San Pietro (SP). Dots indicate independent biological replicates inside

each site. The number of individuals used for each species and site is reported in Table S3. Different letters indicate statistically significant differences among the
different sites (p-Value <0.05).



S.G. Signorini et al.

1.

AChE viscera P. caerulea

AChE viscera P. rustica

Environmental Research 279 (2025) 121874

AChE viscera P. ulyssiponensis

4000 4000 a 4000
.
"% 3000 g3000{ g, cC b, c "3 3000
o o o
e < . . ©
£ 2000 E 2000 E b £ 2000
o o o
E s E " . E .
1000 s === 1000 . === 1000 . pbs "
S . e === .
0 0 [
sp N1 N2 N3 sP N1 N2 N3 sP N1 N2 N3
2' AChE foot P. caerulea AChE foot P. rustica AChE foot P. ulyssiponensis
.
4000 4000 W 4000
= *
"z 3000 "2 3000 o - % 3000
< < . . e ‘
E 2000 N E 2000 . £ 2000 '$
] M o °
£ —_— £ g -
N ; %
1000) == . 1000 o 1000
. -‘ . .
o
0 0 0
sp N1 N2 N3 sP N1 N2 N3 sP N1 N2 N3

Fig. 6. Boxplots of acetylcholinesterase activity (AChE) measured in viscera (1) and foot (2) tissues in P. caerulea, P. rustica and P. ulyssiponensis collected from the
three different sites of the Castello Aragonese vent systems (N1 — N2 — N3) and the ambient pH site San Pietro (SP). Dots indicate independent biological replicates
inside each site. The number of individuals used for each species and site is reported in Table S3. Different letters indicate statistically significant differences among
the different sites (p-Value <0.05).

1.

Species
® Patella caerulea
® Ppatella rustica
Patella ulyssiponensis

PROTviscera

o GL¥foot

Site

Site

® N1
A N2
| %)
+ sp

-0.10

0.1 [X]

0.0 }
NMDs1

NMDS2

NMDS1

Fig. 7. Non-Metric Multidimensional Scaling analysis (NMDS) integrating all biochemical endpoints (PROT viscera, PROT foot, PROT ALKP, PROT ACP, GLY viscera,
GLY foot, ROS, CAT, SOD, GSTs, LPO, AChE viscera, GLY foot, ALKP, ACP) of the three different species (P. caerulea, P. rustica, P. ulyssiponensis) sampled in the four
different sites (SP — N1 — N2 — N3). Each point in the plot represents an individual limpet.

site, which was performed in order not to overly affect the natural
populations.

The increasing sizes observed in limpets collected in extreme acidi-
fied conditions can be related either to an alteration of biotic relation-
ship (predation and interspecific competition) or to a different nutrient
availability and quality inside the acidified areas of the Castello vent.

Limpets are preyed upon a wide range of predators, including birds,
fish, starfish, octopuses, decapods, and other gastropods (Lowell, 1986;
Silva et al., 2008; Tyler et al., 2014). Notably, many of these predators
are almost absent or display lower abundance in low pH areas, as evi-
denced by several studies conducted at the Castello Aragonese and in
other similar vent systems (Kroeker et al., 2011; Garrard et al., 2014;
Vizzini et al., 2017). With a top-down effect, limpets may be exposed to
reduced predatory pressure, which could allow them to potentially
survive and increase their body size. Furthermore, limpets are herbiv-
orous grazers and most of their competitors are calcifying organisms as
well, like trochids and sea urchins, which present lower abundance in
the extremely acidified site of the Castello vent systems, similarly to
their predators. Indeed, several manipulative experiments carried out in

the field highlighted that increasing competitive interactions among
herbivorous induced higher mortality and a reduction in shell growth
and tissue mass (Branch, 1986; Silva et al., 2008). Overall, these findings
support the idea that OA may act as a driving force in shaping the
composition and dynamics of invertebrate communities (Hall-Spencer
et al., 2008; Fabricius et al., 2011; Foo and Byrne, 2017).
Additionally, the increasing observed body size could be potentially
related to a different food availability and quality and therefore to the
increasing glycogen and protein contents observed in acidified condi-
tions in both P. caerulea and P. rustica with respect to both ambient pH
sites (San Pietro and N1). Moreover, these results are supported by the
significant increasing protein content observed in the biofilm collected
from N3. Multiple studies support the hypothesis that an increase in food
supply represents a key driving factor for greater abundance of various
invertebrate taxa. Indeed, patellid limpets are herbivorous grazers that
feed on epilithic microbial biofilm associated with macroalgal species
and algal propagules (Garrard et al., 2014; Burgos-Rubio et al., 2015).
Primary producers, especially fleshy and non-calcareous algae, may
thrive under OA, resulting in increased biomass and higher nutritional
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Fig. 8. Boxplots of energy metabolism (1), oxidative stress (2), biomineralization (3) and neurotoxicity (4) measured in P. caerulea transplanted from ambient pH
condition to the three different pH sites of the Castello Aragonese vent systems (N1 — N2 — N3). Dots indicate independent biological replicates inside each site (N =
8). Different letters indicate statistically significant differences among the different sites (p-Value <0.05).

quality, with direct and indirect effects on the entire ecosystem (Melzner
et al., 2011; Lidbury et al., 2012; Asnaghi et al., 2013; Thomsen et al.,
2013; Johnson et al., 2015; Bergstrom et al., 2019; Leung et al., 2022).
Thus, OA may enhance biomass and potentially nutritional quality of
biofilm coverage in N3 enabling grazers, like limpets, to increase their
body size and energy reserves.

Besides, significant increases in glycogen and protein contents were
detected in P. caerulea and P. rustica collected from acidified conditions,
which might represent a strategy to preserve more energy resources to
counteract the negative effects of OA. A similar trend was observed in
individuals of P. caerulea transplanted to the acidified site N3 of the
Castello Aragonese vent systems, even though the variation was not
significant. Energy is assimilated from nutrients or food intake and it is
stored as reserves in form of lipids, proteins and carbohydrates
(Sokolova et al., 2012; Koyama et al., 2020). The ability to preserve
adequate levels of energy resources and to flexibly allocate them be-
tween metabolic processes facing environmental stressors, such as OA,
represents a key element in maintaining life-history traits, distribution
and abundance both locally and globally (Sokolova et al., 2012; Calosi
et al.,, 2013). Indeed, the effects of OA are extremely extensive and
diverse, involving physiological functions, metabolic pathways,
behavior, and reproduction. These processes require greater amount of
energy to maintain homeostasis or to recover under stressful conditions
(Lannig et al., 2010; Sokolova et al., 2012; Leung et al., 2022; Simonetti
et al., 2022). Based on this evidence, we would have expected a signif-
icant reduction in energy resources endpoints. Thus, the observed in-
crease in GLY content under acidified conditions, may represent the
organisms’ ability to maintain a balance between energy demand and
supply, representing a potential tolerance and/or adaptive strategy to
cope with the bioenergetic shifts imposed by OA (Calosi et al., 2013).

This result is partially in contrast with various research conducted on

other calcifying species, such as Crassostrea virginica, Mizuhopecten yes-
soensis, Rochia nilotica, and Mytilus galloprovincialis, where GLY dis-
played a decreasing trend in hypercapnic conditions (Dickinson et al.,
2012; Liao et al., 2019; Zhang et al., 2021; Signorini et al., 2024).
However, most of these studies were carried out in laboratory condi-
tions, without considering the whole complexity of the environment and
the interactions with biotic and abiotic factors. Moreover, energy ho-
meostasis and tolerance limit may present a significant species speci-
ficity, highly dependent on the morphological, physiological, molecular,
and genetic aspects of the species. For instance, specimens of
M. galloprovincialis collected from the same CO; vent systems revealed
opposite results to those obtained in this study for Patella species.
Indeed, the first one is a filter-feeder species, while the second ones are
herbivorous grazers. Therefore, as mentioned above, a different food
strategy could be accountable for the observed differences and strategies
developed by these species to oppose OA.

Similar considerations can be drawn for protein content, which
significantly increased in P. rustica specimens and in the biofilm
collected at the very low pH site N3, with respect to the ambient pH site
of the vent. Proteins are an additional source of energy reserves avail-
able for organisms to face environmental challenging conditions, rep-
resenting a tolerance strategy, comparably to the glycogen content trend
observed in P. caerulea and P. rustica (Cruz et al., 2016; Garrard et al.,
2022; Zhang et al., 2022). On the other hand, during the short-term
exposure to OA of P. caerulea, protein content occurred to be signifi-
cantly reduced in very low pH conditions, suggesting the hypothesis of
an induction of protein catabolism to preserve more energy resources.
Similarly, hypercapnic conditions led to an alteration of protein syn-
thesis and degradation in different mollusks, polychaetes, and echino-
derms (reviewed by Simonetti et al., 2022). This strategy may be
effective in the short-term, enabling organisms to buffer acidified
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conditions. However, in the long-term this strategy might entail signif-
icant cost on metabolism, growth and reproduction, and therefore it may
be more advantageous to preserve and enhance their content, as
observed in resident limpets inhabiting the Castello Aragonese vent
systems for multiple generations (Calosi et al., 2013).

It should be noted that some of the significant differences concerning
size and energy related endpoints in N3 are related to the external
ambient pH San Pietro besides the internal ambient pH site N1. Addi-
tionally, several parameters significantly differed from the two ambient
pH sites considered (San Pietro and N1). These findings could be
potentially related to a different hydrodynamic exposure and nutrient
availability of San Pietro as well as to its closer proximity to the harbor,
which may have influenced the biological responses (Della Torre et al.,
2024). Further analyses would be necessary to deeper investigate this
aspect.

4.2. Cellular stress

Among the native limpet species exposed for long-term to OA, only P.
rustica significantly induced CAT activity at the very low pH site (N3),
with respect to ambient pH ones (San Pietro and N1). This antioxidant
enzyme converts HoO» into water and oxygen, thus it might have been
activated to limit oxidative damage and prevent cascading effects on
metabolism, physiology, and growth. Indeed, the lack of increased ROS
production and the absence of lipid peroxidation in P. rustica could be
attributed to the activation of the antioxidant system. Nevertheless,
GSTs, another key component of detoxification pathway, did not exhibit
any significant variation in its activity. Similar results related to oxida-
tive status were obtained in many other marine invertebrates, both
calcifying and non, when exposed to low pH conditions. For example the
polychaetes Diopatra neapolitana and Hediste diversicolor significantly
increased SOD, CAT and GSTs activities and induced LPO when exposed
to OA (pH = 7.8, 7.3) (Freitas et al., 2015, 2016); the oyster Magallana
gigas up-regulated the expression of proteins involved in oxidative
response (pH = 7.6) (Cao et al., 2018); the copepod Tigriopus japonicus
significantly increased ROS content and GSTs and glutathione reductase
(GR) activities after an exposition to low pH conditions (pH = 7.5) (Lee
et al., 2019) and similarly the mussel Mytilus coruscus exhibited a sig-
nificant induction of SOD, CAT and GPx activities (pH = 7.3) (Huang
et al., 2018).

However, antioxidant endpoints were modulated only in P. rustica
and not in P. caerulea or P. ulyssiponensis. This pattern, also evident in the
NMDS plot, where most biochemical endpoints clustered around
P. rustica (Fig. 7.2), may be related to the different position that these
limpet species occupy on the rocky intertidal shore. While P. caerulea
and P. ulyssiponensis predominantly inhabit the mid-lower midlittoral
zones, P. rustica settles higher on the shore, from the upper midlittoral to
the supralittoral zone. This positional difference may have exposed
P. rustica to more extreme conditions related to tidal fluctuations and air
exposure, in addition to OA (Garrity, 1984; Mortnesen and Dunphy,
2016; Stickle et al., 2017; Sun et al., 2023). These multiple stressors may
explain the intensified antioxidant responses observed in this limpet
species.

In contrast to the long-term exposure to OA, the 30-day transplant
experiment conducted on P. caerulea revealed an activation of the
antioxidant and detoxification systems, particularly through increased
SOD and GSTs activities at the intermediate pH site (N2). These speci-
mens transplanted from ambient to low pH conditions activated oxida-
tive stress enzymes to potentially buffer the effects of OA.

A similar 30-day in situ transplant experiment carried out at the
Castello Aragonese vent systems on the fanworm Sabella spallanzanii,
revealed an impairment of the overall capacity to neutralize hydroxyl
radicals, with significant modulations of CAT and GPx activities, sug-
gesting potential vulnerability to near-future OA conditions (Ricevuto
et al., 2016). The same research group conducted a comparable 30-day
field experiment on different polychaete species (Platynereis dumerilii,
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Polyophthalmus pictus, and Syllis prolifera) from the same vent systems.
Results revealed a species-specific modulation of antioxidant capacity,
with a significant reduction in the ability to neutralize oxyradicals
mainly in P. pictus (Ricevuto et al., 2015).

Furthermore, the species P. rustica displayed an induction of alkaline
phosphatase (ALKP) activity in the extremely acidified site N3 of the
vent with respect to N1 and N2. ALKP is a multifunction protein, but,
due to its primary role in biomineralization processes, this result could
be indicative of a potential compensation mechanism to buffer very low
pH conditions, notwithstanding that no significant differences were
detected either in the other two species, or in P. caerulea transplanted to
the vent area (Moreira et al., 2016; Zhang et al., 2018). Similar findings
were already detected in other calcifying species exposed to hypercapnic
conditions (Moreira et al., 2016; Huang et al., 2018). However, addi-
tional analyses would be necessary to further investigate the potential
effects of OA on calcification and biomineralization processes at the
molecular level.

Finally, similar conclusions can be drawn for acetylcholinesterase
(AChE) activity. Notably, among the native limpets, only P. rustica
exhibited a significant reduction in AChE activity along the pH gradient.
Given AChE’s pivotal role in neurotransmission, its inhibition can
disrupt the normal breakdown of acetylcholine, leading to its excessive
accumulation at cholinergic synapses and neuromuscular junctions. This
imbalance may cause an impairment of signal transmission, potentially
causing muscular dysfunction, reduced mobility, and behavioral alter-
ations. Over time, this disruption could reduce the organisms’ ability to
cope with environmental stressors, forage effectively, or escape preda-
tors, ultimately impacting survival and fitness under ocean acidification
conditions (Deidda et al., 2021; Xing et al., 2021; Daniel et al., 2022;
Zaidi et al., 2022). However, further analyses would be necessary to
deeper characterize this aspect and its potential consequences at or-
ganism and population levels.

Alternatively, the inhibition of AChE may reflect the reduction of
acetylcholine and of its precursor choline, not considered in this study,
but already assessed in M. galloprovincialis collected at the same CO;
vent systems. Indeed, choline displays an important physiological role,
being involved in osmotic balance, which represents one of the main
targets of OA (Ramaglia et al., 2018). We might hypothesize that this
metabolite may have been down-regulated under OA in limpets, sub-
sequently impairing the activity of AChE; however, no data are available
at the moment to either confirm or reject this hypothesis. Similar find-
ings were assessed also in the gill tissue of the oyster Magallana gigas
exposed to pH 7.6 (Cao et al., 2019), in the flatfish Solea senegalensis (see
Sampaio et al., 2018) and in the bivalve Latona cuneata exposed to hy-
percapnic conditions (Priya et al., 2016).

5. Conclusion

Our results indicate that, individuals of P. caerulea and
P. ulyssiponensis exposed for multiple generations to the acidified con-
ditions of the Castello Aragonese vent systems have developed tolerance
strategies that enable them to withstand these harsh conditions without
significantly altering their biochemical parameters, whereas a modula-
tion of biochemical endpoints was observed in P. rustica. Furthermore,
P. caerulea and, to a lesser extent P. rustica, exhibited increased size and
energy-related endpoints in extremely acidified conditions. These re-
sults may derive from higher quality and/or quantity of algal availability
or reduced competition and predatory pressure. Based on this hypoth-
esis, these findings highlight the need to further investigate energy
metabolism aspects, which could help to better understand the
compensatory mechanisms underlying tolerance to OA. In the short-
term, OA triggered compensatory mechanisms primarily linked to
oxidative stress and neurotoxicity.

Overall, these results highlight the importance of conducting
research in naturally acidified environments, as it enables a more
comprehensive understanding of the whole habitat complexity,
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including species interactions and abiotic factors, as well as the devel-
opment of potential tolerance and/or adaptive strategies. This research
contributes to formulate more realistic hypotheses about the ability of
species to persist in the future conditions of anthropic oceans.

CRediT authorship contribution statement

Silvia Giorgia Signorini: Writing — original draft, Investigation,
Formal analysis, Data curation. Marco Munari: Writing — review &
editing, Resources, Methodology, Conceptualization. Fabio Crocetta:
Writing - review & editing, Validation. Isabella Moro: Writing — review
& editing, Investigation. Ilaria D’Aniello: Formal analysis. Lara Nigro:
Formal analysis. Fiorenza Micheli: Formal analysis, Resources, Writing
- review & editing. Camilla Della Torre: Writing — original draft, Su-
pervision, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This study was founded by the grant of the Research Support Plan of
University of Milan (PSR2023_DIP_002) granted by CDT. We would like
to thank Director Antonio Miccio and the secretary Caterina Iacono of
the MPA ‘Regno di Nettuno’ of Ischia for their support, and Vittoria
Correale and Pietro Sorvino for their diving expertise and support during
the transplant experiment at the Castello Aragonese vent systems. Au-
thors are grateful to Gaia Lucia Magarielli for the support provided
during the biochemical analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2025.121874.

Data availability
Data will be made available on request.

References

Asnaghi, V., Chiantore, M., Mangialajo, L., Gazeau, F., Francour, P., Alliouane, S.,
Gattuso, J.P., 2013. Cascading effects of ocean acidification in a rocky subtidal
community. PLoS One 8, e61978. https://doi.org/10.1371/journal.pone.0061978.

Asnicar, D., Cappelli, C., Zanovello, L., Masiero, L., Badocco, D., Marin, M.G.,

Munari, M., 2025. Adaptive resilience of sea urchins against seawater acidification: a
study on egg quality and offspring performance within a volcanic vents area.
Environ. Res. 272, 121143. https://doi.org/10.1016/j.envres.2025.121143.

Barclay, K.M., Gingras, M.K., Packer, S.T., Leighton, L.R., 2020. The role of gastropod
shell composition and microstructure in resisting dissolution caused by ocean
acidification. Mar. Environ. Res. 162, 105105. https://doi.org/10.1016/j.
marenvres.2020.105105.

Battelli, C., 2017. Density and patterns of orientation of Patella caerulea L. in the Bay of
Koper (gulf of Trieste, North Adriatic). Stud. Marxism 30, 5-16. https://doi.org/
10.5281/zenodo.820422.

Bergstrom, E., Silva, J., Martins, C., Horta, P., 2019. Seagrass can mitigate negative
ocean acidification effects on calcifying algae. Sci. Rep. 9, 1932. https://doi.org/
10.1038/541598-018-35670-3.

Branch, J.M., 1986. Interspecific competition experienced by south african Patella
species. J. Anim. Ecol. 45, 507-529. https://doi.org/10.2307/3888.

Bray, J.R., Curtis, J.T., 1957. An ordination of the upland forest communities of southern
Wisconsin. Ecol. Monogr. 27, 325-349. https://doi.org/10.2307/1942268.

Buege, J.A., Aust, S.D., 1978. Microsomal lipid peroxidation. Methods Enzymol. 52,
302-310. https://doi.org/10.1016/S0076-6879(78)52032-6.

Burgos-Rubio, V., De La Rosa, J., Altamirano, M., Espinosa, F., 2015. The role of patellid
limpets as omnivorous grazers: a new insight into intertidal ecology. Mar. Biol. 162,
2093-2106. https://doi.org/10.1007/500227-015-2739-0.

11

Environmental Research 279 (2025) 121874

Buth, J.M., 2016. Ocean acidification: investigation and presentation of the effects of
elevated carbon dioxide levels on seawater chemistry and calcareous organisms.

J. Chem. Educ. 93, 718-721. https://doi.org/10.1021/acs.jchemed.5b00676.

Calosi, P., Rastrick, S.P.S., Lombardi, C., de Guzman, H.J., Davidson, L., Jahnke, M.,
Giangrande, A., Hardege, J.D., Schulze, A., Spicer, J.I., Gambi, M.C., 2013.
Adaptation and acclimatization to ocean acidification in marine ectotherms: an in
situ transplant experiment with polychaetes at a shallow CO3 vent system. Phil.
Trans. R. Soc. B. 368, 20120444. https://doi.org/10.1098/rstb.2012.0444.

Cao, R, Liu, Y., Wang, Q., Zhang, Q., Yang, D., Liu, H., Qu, Y., Zhao, J., 2018. The impact
of ocean acidification and cadmium on the immune responses of Pacific oyster,
Crassostrea gigas. Fish Shellfish Immunol. 81, 456-462. https://doi.org/10.1016/].
fsi.2018.07.055.

Cao, R., Zhang, T., Li, X., Zhao, Y., Wang, Q., Yang, D., Qu, Y., Liu, H., Dong, Z., Zhao, J.,
2019. Seawater acidification increases copper toxicity: a multi-biomarker approach
with a key marine invertebrate, the Pacific Oyster Crassostrea gigas. Aquat. Toxicol.
210, 167-178. https://doi.org/10.1016/j.aquatox.2019.03.002.

Cigliano, M., Gambi, M.C., Rodolfo-Metalpa, R., Patti, F.P., Hall-Spencer, J.M., 2010.
Effects of ocean acidification on invertebrate settlement at natural volcanic CO,
vents. Mar. Biol. 157, 2489-2502. https://doi.org/10.1007/s00227-010-1513-6.

Cornwall, C.E., Hurd, C.L., 2016. Experimental design in ocean acidification research:
problems and solutions. IJMS 73, 572-581. https://doi.org/10.1093/icesjms/
fsv118.

Cruz, D., Almeida, A., Calisto, V., Esteves, V.., Schneider, R.J., Wrona, F.J., Soares, A.M.
V.M., Etelvina Figueira, E., Freitas, R., 2016. Caffeine impacts in the clam Ruditapes
philippinarum: alterations on energy reserves, metabolic activity and oxidative stress
biomarkers. Chemosphere 160, 95-103. https://doi.org/10.1016/j.
chemosphere.2016.06.068.

Daniel, D., Nunes, B., Pinto, E., Ferreira, LM.P.L.V.O., Correia, A.T., 2022. Assessment of
paracetamol toxic effects under varying seawater pH conditions on the marine
polychaete Hediste diversicolor using biochemical endpoints. Biology 11, 581.
https://doi.org/10.3390/biology11040581.

Deidda, I., Russo, R., Bonaventura, R., Costa, C., Zito, F., Lampiasi, N., 2021.
Neurotoxicity in marine invertebrates: an update. Biology 10, 161. https://doi.org/
10.3390/biology10020161.

Della Torre, C., Villa, S., Chiarore, A., Cannavacciuolo, A., Rizzi, C., Musco, L., Nigro, L.,
Munari, M., 2024. Biomonitoring of human activities recovery following lockdown
in a highly touristic Mediterranean Island using Mytilus galloprovincialis. Mar. Pollut.
Bull. 204, 116533. https://doi.org/10.1016/j.marpolbul.2024.116533.

Dexter, E., Rollwagen-Bollens, G., Bollens, S.M., 2018. The trouble with stress: a flexible
method for the evaluation of nonmetric multidimensional scaling. Limnol Oceanogr.
Methods 16, 434-443. https://doi.org/10.1002/lom3.10257.

Dickinson, G.H., Ivanina, A.V., Matoo, O.B., Pértner, H.O., Lannig, G., Bock, C.,
Beniash, E., Sokolova, I.M., 2012. Interactive effects of salinity and elevated CO2
levels on juvenile eastern oysters, Crassostrea virginica. J. Exp. Biol. 215, 29-43.
https://doi.org/10.1242/jeb.061481.

Doney, S.C., Ruckelshaus, M., Duffy, J.E., Barry, J.P., Chan, F., English, C.A., Galindo, H.
M., Grebmeier, J.M., Hollowed, A.B., Knowlton, N., Polovina, J., Rabalais, N.N.,
Sydeman, W.J., Talley, L.D., 2012. Climate change impacts on marine ecosystems.
Ann. Rev. Mar. Sci 4, 11-37. https://doi.org/10.1146/annurev-marine-041911-
111611.

Duquette, A., McClintock, J.B., Amsler, C.D., Pérez-Huerta, A., Milazzo, M., Hall-
Spencer, J.M., 2017. Effects of ocean acidification on the shells of four
Mediterranean gastropod species near a COz seep. Mar. Pollut. Bull. 124, 917-928.
https://doi.org/10.1016/j.marpolbul.2017.08.007.

D’Alessandro, M., Gambi, M.C., Bazzarro, M., Caruso, C., Di Biella, M., Esposito, V.,
Gattuso, A., Giacobbe, S., Jralj, M., Italiano, F., Lazzaro, G., Sabatino, G., Urbini, L.,
De Vittor, C., 2024. Characterization of an undocumented CO2 hydrothermal vent
system in the Mediterranean Sea: implications for ocean acidification forecasting.
PLoS One 19, €0292593. https://doi.org/10.1371/journal.pone.0292593.

Fabricius, K., Langdon, C., Uthicke, S., Humphrey, C., Noonan, S., De’ath, G.,

Okazaki, R., Muehllehner, N., Glas, M.S., Lough, J.M., 2011. Losers and winners in
coral reefs acclimatized to elevated carbon dioxide concentrations. Nat. Clim.
Change 1, 165-169. https://doi.org/10.1038/nclimate1122.

Figuerola, B., Hancock, A.M., Bax, N., Cummings, V.J., Downey, R., Griffiths, H.J.,
Smith, J., Stark, J.S., 2021. A review and meta-analysis of potential impacts of ocean
acidification on marine calcifiers from the Southern Ocean. Front. Mar. Sci. 8,
584445. https://doi.org/10.3389/fmars.2021.584445.

Foo, S.A., Byrne, M., 2016. Chapter two - acclimatization and adaptive capacity of
marine species in a changing ocean. Adv. Mar. Biol. 74, 69-116. https://doi.org/
10.1016/bs.amb.2016.06.001.

Foo, S.A., Byrne, M., 2017. Marine gametes in a changing ocean: impacts of climate
change stressors on fecundity and the egg. Mar. Environ. Res. 128, 12-24. https://
doi.org/10.1016/j.marenvres.2017.02.004.

Foo, S.A., Byrne, M., Ricevuto, E., Gambi, M.C., 2018. The carbon dioxide vents of Ischia,
Italy, a natural system to assess impacts of ocean acidification on marine ecosystems:
an overview of research and comparisons with other vent systems. Oceanogr. Mar.
Biol. 56, 237-310. https://doi.org/10.1098/rstb.2012.0444.

Foo, S., Koweek, D.A., Munari, M., Gambi, M.C., Byrne, M., Caldeira, K., 2020. Responses
of sea urchin larvae to field and laboratory acidification. Sci. Total Environ. 723,
138003. https://doi.org/10.1016/j.scitotenv.2020.138003.

Freitas, R., Pires, A., Velez, C., Almeida, A., Moreira, A., Wrona, F.J., Soares, A.M.V.M.,
Figueira, E., 2015. Effects of seawater acidification on Diopatra neapolitana
(Polychaete, Onuphidae): biochemical and regenerative capacity responses. Ecol.
Indic. 60, 152-161. https://doi.org/10.1016/j.ecolind.2015.06.032.

Freitas, R., Pires, A., Moreira, A., Wrona, F.J., Figueira, E., Amadeu, M.V.M., Soares, A.M.
V.M., 2016. Biochemical alterations induced in Hediste diversicolor under seawater


https://doi.org/10.1016/j.envres.2025.121874
https://doi.org/10.1016/j.envres.2025.121874
https://doi.org/10.1371/journal.pone.0061978
https://doi.org/10.1016/j.envres.2025.121143
https://doi.org/10.1016/j.marenvres.2020.105105
https://doi.org/10.1016/j.marenvres.2020.105105
https://doi.org/10.5281/zenodo.820422
https://doi.org/10.5281/zenodo.820422
https://doi.org/10.1038/s41598-018-35670-3
https://doi.org/10.1038/s41598-018-35670-3
https://doi.org/10.2307/3888
https://doi.org/10.2307/1942268
https://doi.org/10.1016/S0076-6879(78)52032-6
https://doi.org/10.1007/s00227-015-2739-0
https://doi.org/10.1021/acs.jchemed.5b00676
https://doi.org/10.1098/rstb.2012.0444
https://doi.org/10.1016/j.fsi.2018.07.055
https://doi.org/10.1016/j.fsi.2018.07.055
https://doi.org/10.1016/j.aquatox.2019.03.002
https://doi.org/10.1007/s00227-010-1513-6
https://doi.org/10.1093/icesjms/fsv118
https://doi.org/10.1093/icesjms/fsv118
https://doi.org/10.1016/j.chemosphere.2016.06.068
https://doi.org/10.1016/j.chemosphere.2016.06.068
https://doi.org/10.3390/biology11040581
https://doi.org/10.3390/biology10020161
https://doi.org/10.3390/biology10020161
https://doi.org/10.1016/j.marpolbul.2024.116533
https://doi.org/10.1002/lom3.10257
https://doi.org/10.1242/jeb.061481
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1016/j.marpolbul.2017.08.007
https://doi.org/10.1371/journal.pone.0292593
https://doi.org/10.1038/nclimate1122
https://doi.org/10.3389/fmars.2021.584445
https://doi.org/10.1016/bs.amb.2016.06.001
https://doi.org/10.1016/bs.amb.2016.06.001
https://doi.org/10.1016/j.marenvres.2017.02.004
https://doi.org/10.1016/j.marenvres.2017.02.004
https://doi.org/10.1098/rstb.2012.0444
https://doi.org/10.1016/j.scitotenv.2020.138003
https://doi.org/10.1016/j.ecolind.2015.06.032

S.G. Signorini et al.

acidification conditions. Mar. Environ. Res. 117, 75-84. https://doi.org/10.1016/j.
marenvres.2016.04.003.

Gambi, M.C., Gaglioti, M., Teixido, N., 2020. The CO, vents systems of the island of
Ischia (Tyrrhenian Sea). Mem. Descr. Carta Geol. d’It. 105, 55-63.

Gao, K., Beardall, J., Hader, D.P., Hall-Spencer, J.M., Gao, G., Hutchins, D.A., 2019.
Effects of ocean acidification on marine photosynthetic organisms under the
concurrent influences of warming, UV radiation, and deoxygenation. Front. Mar. Sci.
6, 322. https://doi.org/10.3389/fmars.2019.00322.

Garrard, S.L., Gambi, M.C., Scipione, M.B., Patti, F.P., Lorenti, M., Zupo, V., Paterson, D.
M., Buia, M.C., 2014. Indirect effects may buffer negative responses of seagrass
invertebrate communities to ocean acidification. J. Exp. Mar. Bio. Ecol. 461, 31-38.
https://doi.org/10.1016/j.jembe.2014.07.011.

Garrard, S.L., Spicer, J.I., Thompson, R.C., 2022. Tyre particle exposure affects the health
of two key estuarine invertebrates. Environ. Pollut. 314, 120244. https://doi.org/
10.1016/j.envpol.2022.120244.

Garrity, S.D., 1984. Some adaptations of gastropods to physical stress on a tropical rocky
shore. ESA 65, 559-574. https://doi.org/10.2307/1941418.

Gattuso, J.P., Magnan, A., Billé, R., Cheung, W.W.L., Howes, E.L., Joos, F., Allemand, D.,
Bopp, L., Cooley, S.R., Eakin, C.M., Hoegh-Guldberg, O., Kelly, R.P., Portner, H.O.,
Rogers, A.D., Baxter, J.M., Laffoley, D., Osborn, D., Rankovic, A., Rochette, J.,
Sumaila, U.R., Treyer, S., Turley, C., 2015. Contrasting futures for ocean and society
from different anthropogenic CO; emissions scenarios. Science 349, 6243. https://
doi.org/10.1126/science.aac4722.

Gonzalez, F., Farez-Vidal, M.E., Arias, J.M., Montoya, E., 1994. Partial purification and
biochemical properties of acid and alkaline phosphatases from Myxococcus
coralloides D. J. Appl. Bacteriol. 77, 567-573. https://doi.org/10.1111/j.1365-
2672.1994.tb04403.x.

Gray, P., Garcia, C., Robinson, C., Bremner, J., 2022. A method for identifying sensitivity
of marine benthic invertebrates to ocean acidification through a biological traits
approach. ICES J. Mar. Sci. 79, 2117-2125. https://doi.org/10.1093/icesjms/
fsacl46.

Hall-Spencer, J.M., Rodolfo-Metalpa, R., Martin, S., Ransome, E., Fine, M., Turner, S.M.,
Rowley, S.J., Tedesco, D., Buia, M.C., 2008. Volcanic carbon dioxide vents show
ecosystem effects of ocean acidification. Nature 454, 96-99. https://doi.org/
10.1038/nature07051.

Hofmann, G.E., Smith, J.E., Johnson, K.S., Send, U., Levin, L.A., Micheli, F., Paytan, A.,
Price, N.N., Peterson, B., Takeshita, Y., Matson, P.G., Derse, Crook E., Kroeker, K.J.,
Gambi, M.C., Rivest, E.B., Frieder, C.A., Yu, P.C., Martz, T.R., 2011. High-frequency
dynamics of ocean pH: a multi-ecosystem comparison. PLoS One 6, €28983. https://
doi.org/10.1371/journal.pone.002898.

Huang, X., Liu, Y., Liu, Z., Zhao, Z., Dupont, S., Wu, F., Huang, W., Chen, J., Hu, M.,
Lu, W., Wang, Y., 2018. Impact of zinc oxide nanoparticles and ocean acidification
on antioxidant responses of Mytilus coruscus. Chemosphere 196, 182-195. https://
doi.org/10.1016/j.chemosphere.2017.12.183.

Intergovernmental Panel on Climate Change (IPCC), 2023. Climate Change 2022 —
Impacts, Adaptation and Vulnerability: Working Group II Contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press. https://doi.org/10.1017/9781009325844.001.

Johnson, V.R., Brownlee, C., Milazzo, M., Hall-Spencer, J.M., 2015. Marine
microphytobenthic assemblage shift along a natural shallow-water CO, gradient
subjected to multiple environmental stressors. J. Mar. Sci. Eng. 1425-1447. https://
doi.org/10.3390/jmse3041425.

Khan, B., Clinton, S.M., Hamp, T.J., Oliver, J.D., Ringwood, A.H., 2018. Potential
impacts of hypoxia and a warming ocean on oyster microbiomes. Mar. Environ. Res.
139 (27), 34. https://doi.org/10.1016/j.marenvres.2018.04.018.

Khan, F.U., Chen, H., Gu, H., Wang, T., Dupont, S., Kong, H., Shang, Y., Wang, X., Lu, W.,
Hu, M., Wang, Y., 2021. Antioxidant responses of the mussel Mytilus coruscus
coexposed to ocean acidification, hypoxia and warming. Mar. Pollut. Bull. 162,
111869. https://doi.org/10.1016/j.marpolbul.2020.111869.

Koyama, M., Furukawa, F., Koga, Y., Funayama, S., Furukawa, S., Baba, O., Lin, C.C.,
Hwang, P.P., Moriyama, S., Okumura, S.I., 2020. Gluconeogenesis and glycogen
metabolism during development of Pacific abalone, Haliotis discus hannai. Regul.
Integr. Comp. Physiol. 318, R619-R633. https://doi.org/10.1152/
ajpregu.00211.2019.

Kroeker, K.J., Kordas, R.L., Crim, R.N., Singh, G.G., 2010. Meta-analysis reveals negative
yet variable effects of ocean acidification on marine organisms. Ecol. Lett. 13,
1419-1434. https://doi.org/10.1111/j.1461-0248.2010.01518.x.

Kroeker, K.J., Micheli, F., Gambi, M.C., Martz, T.R., 2011. Divergent ecosystem responses
within a benthic marine community to ocean acidification. Proc. Natl. Acad. Sci.
USA 108, 14515-14520. https://doi.org/10.1073/pnas.1107789108.

Lan X., Tans P., Thoning K.W. Trends in globally-averaged CO2 determined from NOAA
global monitoring laboratory measurements. Version Monday, 06-Jan-2025 10:06:
16 MST. https://doi.org/10.15138/9NOH-ZHO07.

Langer, G., Nehrke, G., Baggini, C., Rodolfo-Metalpa, R., Hall-Spencer, J.M., Bijma, J.,
2014. Limpets counteract ocean acidification induced shell corrosion by thickening
of aragonitic shell layers. Biogeosciences 11, 7363-7368. https://doi.org/10.5194/
bg-11-7363-2014.

Lannig, G., Eilers, S., Portner, H.O., Sokolova, .M., Bock, C., 2010. Impact of ocean
acidification on energy metabolism of oyster, Crassostrea gigas — changes in
metabolic pathways and thermal response. Mar. Drugs 8, 2318-2339. https://doi.
org/10.3390/md8082318.

Lee, Y.H., Kang, H.M., Kim, M.S., Wang, M., Kim, J.H., Jeong, C.B., Lee, J.S., 2019.
Effects of ocean acidification on life parameters and antioxidant system in the
marine copepod Tigriopus japonicus. Aquat. Toxicol. 212, 186-193. https://doi.org/
10.1016/j.aquatox.2019.05.007.

12

Environmental Research 279 (2025) 121874

Leung, J.Y.S., Zhang, S., Connell, S.D., 2022. Is ocean acidification really a threat to
marine calcifiers? A systematic review and meta-analysis of 980+ studies spanning
two decades. Small 18, 2107407. https://doi.org/10.1002/smll.202107407.

Liang, J., Liu, Y., Zhu, F., Li, Y., Liang, S., Guo, Y., 2022. Impact of ocean acidification on
the physiology of digestive gland of razor clams Sinonovacula constricta. Front. Mar.
Sci. 9, 1010350. https://doi.org/10.3389/fmars.2022.1010350.

Liao, H., Dou, Z.Y.Z., Sun, F., Kou, S., Zhang, Z., Huang, X., Bao, Z., 2019. Impact of
ocean acidification on the energy metabolism and antioxidant responses of the yesso
scallop (Patinopecten yessoensis). Front. Physiol. 9. https://doi.org/10.3389/
fphys.2018.01967.

Lidbury, 1., Johnson, V., Hall-Spencer, J.M., Munn, C.B., Cunliffe, M., 2012. Community-
level response of coastal microbial biofilms to ocean acidification in a natural carbon
dioxide vent ecosystem. Mar. Pollut. Bull. 64, 1063-1066. https://doi.org/10.1016/
j.-marpolbul.2012.02.011.

Lima, F.P., Queiroz, N., Ribeiro, P.A., Hawkins, S.J., Santos, A.M., 2006. Recent changes
in the distribution of a marine gastropod, Patella rustica linnaeus, 1758, and their
relationship to unusual climatic events. J. Biogeogr. 33, 812-822. https://doi.org/
10.1111/j.1365-2699.2006.01457.x.

Lombardi, C., Cocito, S., Gambi, M.C., Taylor, P.D., 2015. Morphological plasticity in a
calcifying modular organism: evidence from an in situ transplant experiment in a
natural CO; vent system. R. Soc. Open Sci. 2, 140413. https://doi.org/10.1098/
rs0s.140413.

Lowell, R.B., 1986. Crab predation on limpets: predator behavior and defensive features
of the shell morphology of the prey. Biol. Bull. 171, 3. https://doi.org/10.2307/
1541625.

Mecca, S., Casoli, E., Ardizzone, G., Gambi, M.C., 2020. Effects of ocean acidification on
phenology and epiphytes of the seagrass Posidonia oceanica at two CO2 vent systems
of Ischia (Italy). Med. Mar. Sci. 21, 70-83. https://hdl.handle.net/11573/1491415.

Medeiros, I.P.M., Souza, M.M., 2023. Acid times in physiology: a systematic review of the
effects of ocean acidification on calcifying invertebrates. Environ. Res. 231, 116019.
https://doi.org/10.1016/j.envres.2023.116019.

Melzner, F., Stange, P., Triibenbach, K., Thomsen, J., Casties, I., Panknin, U., Gorb, S.N.,
Gutowska, M.A., 2011. Food supply and seawater pCO, impact calcification and
internal shell dissolution in the blue mussel Mytilus edulis. PLoS One 6, e24223.
https://doi.org/10.1371/journal.pone.0024223.

Melzner, F., Mark, F.C., Seibel, B.A., Tomanek, L., 2020. Ocean acidification and coastal
marine invertebrates: tracking CO., effects from seawater to the cell. Ann. Rev. Mar.
Sci 12, 499-523. https://doi.org/10.1146/annurev-marine-010419-010658.

Migliaccio, O., Pinsino, A., Maffioli, E., Smith, A.M., Agnisola, C., Matranga, V.,
Nonnis, S., Tedeschi, G., Byrne, M., Gambi, M.C., Palumbo, A., 2019. Living in future
ocean acidification, physiological adaptive responses of the immune system of sea
urchins resident at a CO; vent system. Sci. Total Environ. 672, 938-950. https://doi.
0rg/10.1016/j.scitotenv.2019.04.005.

Moreira, A., Figueira, E., Soares, A.M.V.M., Freitas, R., 2016. The effects of arsenic and
seawater acidification on antioxidant and biomineralization responses in two closely
related Crassostrea species. Sci. Tot. Environ. 545-546, 569-581. https://doi.org/
10.1016/j.scitotenv.2015.12.029.

Mortensen, B.J.D., Dunphy, B.J., 2016. Effect of tidal regime on the thermal tolerance of
the marine gastropod Lunella smaragda (Gmelin 1791). J. Therm. Biol. 60, 186-194.
https://doi.org/10.1016/j.jtherbio.2016.07.009.

Pan, T.C.F., Applebaum, S.L., Manahan, D.T., 2015. Experimental ocean acidification
alters the allocation of metabolic energy. Proc. Natl. Acad. Sci. USA 112, 4696-4701.
https://doi.org/10.1073/pnas.1416967112.

Pecl, G.T., Aratijo, M.B., Bell, J.D., Blanchard, J., Bonebrake, T.C., Chen, I.C., Clark, T.D.,
Colwell, R.K., Danielsen, F., Evengérd, B., Falconi, L., Ferrier, S., Frusher, S.,
Garcia, R.A,, Griffis, R.B., Hobday, A.J., Janion-Scheepers, C., Jarzyna, M.A.,
Jennings, S., Lenoir, J., Linnetved, H.I., Martin, V.Y., McCormack, P.C.,

McDonald, J., Mitchell, N.J., Mustonen, T., Pandolfi, J.M., Pettorelli, N., Popova, E.,
Robinson, S.A., Scheffers, B.R., Shaw, J.D., Sorte, C.J.B., Strugnell, J.M., Sunday, J.
M., Tuanmu, M.N., Vergés, A., Villanueva, C., Wernberg, T., Wapstra, E., Williams, S.
E., 2017. Biodiversity redistribution under climate change: impacts on ecosystems
and human well-being. Science 355, 1389. https://doi.org/10.1126/science.
aai9214.

Priya, J., Anand, M., Maruthupandy, M., Beevi, H., 2016. Biomarker response of ocean
acidification induced hypercapnia on marine bivalve Donax cuneatus, Linnaeus 1758.
J. Aquac. Mar. Biol. 4, 00077. https://doi.org/10.15406/jamb.2016.04.00077.

Ramaglia, A.C., de Castro, L.M., Augusto, A., 2018. Effects of ocean acidification and
salinity variations on the physiology of osmoregulating and osmoconforming
crustaceans. J. Comp. Physiol. B. 188, 729-738. https://doi.org/10.1007/s00360-
018-1167-0.

Reguera, P., Couceiro, L., Fernandez, N., 2018. A review of the empirical literature on the
use of limpets Patella spp. (Mollusca: Gastropoda) as bioindicators of environmental
quality. Ecotoxicol. Environ. Saf. 148, 593-600. https://doi.org/10.1016/j.
ecoenv.2017.11.004.

Ricevuto, E., Vizzini, S., Gambi, M.C., 2015. Ocean acidification effects on stable isotope
signatures and trophic interactions of polychaete consumers and organic matter
sources at a CO shallow vent system. J. Exp. Mar. Bio. Ecol. 468, 105-117. https://
doi.org/10.1016/j.jembe.2015.03.016.

Ricevuto, E., Lanzoni, L., Fattorini, D., Regoli, F., Gambi, M.C., 2016. Arsenic speciation
and susceptibility to oxidative stress in the fanworm Sabella spallanzanii (Gmelin)
(Annelida, Sabellidae) under naturally acidified conditions: an in situ transplant
experiment in a Mediterranean CO; vent system. Sci. Total Environ. 544, 765-773.
https://doi.org/10.1016/j.scitoten.2015.11.154.

Rodolfo-Metalpa, R., Houlbreque, F., Tambutt, e E., Boisson, F., Baggini, C., Patti, F.P.,
Jeffree, R., Fine, M., Foggo, A., Gattuso, J.P., Hall-Spencer, J.M., 2011. Coral and


https://doi.org/10.1016/j.marenvres.2016.04.003
https://doi.org/10.1016/j.marenvres.2016.04.003
http://refhub.elsevier.com/S0013-9351(25)01125-9/sref33
http://refhub.elsevier.com/S0013-9351(25)01125-9/sref33
https://doi.org/10.3389/fmars.2019.00322
https://doi.org/10.1016/j.jembe.2014.07.011
https://doi.org/10.1016/j.envpol.2022.120244
https://doi.org/10.1016/j.envpol.2022.120244
https://doi.org/10.2307/1941418
https://doi.org/10.1126/science.aac4722
https://doi.org/10.1126/science.aac4722
https://doi.org/10.1111/j.1365-2672.1994.tb04403.x
https://doi.org/10.1111/j.1365-2672.1994.tb04403.x
https://doi.org/10.1093/icesjms/fsac146
https://doi.org/10.1093/icesjms/fsac146
https://doi.org/10.1038/nature07051
https://doi.org/10.1038/nature07051
https://doi.org/10.1371/journal.pone.002898
https://doi.org/10.1371/journal.pone.002898
https://doi.org/10.1016/j.chemosphere.2017.12.183
https://doi.org/10.1016/j.chemosphere.2017.12.183
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.3390/jmse3041425
https://doi.org/10.3390/jmse3041425
https://doi.org/10.1016/j.marenvres.2018.04.018
https://doi.org/10.1016/j.marpolbul.2020.111869
https://doi.org/10.1152/ajpregu.00211.2019
https://doi.org/10.1152/ajpregu.00211.2019
https://doi.org/10.1111/j.1461-0248.2010.01518.x
https://doi.org/10.1073/pnas.1107789108
https://doi.org/10.15138/9N0H-ZH07
https://doi.org/10.5194/bg-11-7363-2014
https://doi.org/10.5194/bg-11-7363-2014
https://doi.org/10.3390/md8082318
https://doi.org/10.3390/md8082318
https://doi.org/10.1016/j.aquatox.2019.05.007
https://doi.org/10.1016/j.aquatox.2019.05.007
https://doi.org/10.1002/smll.202107407
https://doi.org/10.3389/fmars.2022.1010350
https://doi.org/10.3389/fphys.2018.01967
https://doi.org/10.3389/fphys.2018.01967
https://doi.org/10.1016/j.marpolbul.2012.02.011
https://doi.org/10.1016/j.marpolbul.2012.02.011
https://doi.org/10.1111/j.1365-2699.2006.01457.x
https://doi.org/10.1111/j.1365-2699.2006.01457.x
https://doi.org/10.1098/rsos.140413
https://doi.org/10.1098/rsos.140413
https://doi.org/10.2307/1541625
https://doi.org/10.2307/1541625
https://hdl.handle.net/11573/1491415
https://doi.org/10.1016/j.envres.2023.116019
https://doi.org/10.1371/journal.pone.0024223
https://doi.org/10.1146/annurev-marine-010419-010658
https://doi.org/10.1016/j.scitotenv.2019.04.005
https://doi.org/10.1016/j.scitotenv.2019.04.005
https://doi.org/10.1016/j.scitotenv.2015.12.029
https://doi.org/10.1016/j.scitotenv.2015.12.029
https://doi.org/10.1016/j.jtherbio.2016.07.009
https://doi.org/10.1073/pnas.1416967112
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.15406/jamb.2016.04.00077
https://doi.org/10.1007/s00360-018-1167-0
https://doi.org/10.1007/s00360-018-1167-0
https://doi.org/10.1016/j.ecoenv.2017.11.004
https://doi.org/10.1016/j.ecoenv.2017.11.004
https://doi.org/10.1016/j.jembe.2015.03.016
https://doi.org/10.1016/j.jembe.2015.03.016
https://doi.org/10.1016/j.scitoten.2015.11.154

S.G. Signorini et al.

mollusc resistance to ocean acidification adversely affected by warming. Nat. Clim.
Chang. 1, 308-312. https://doi.org/10.1038/nclimate1200.

Rodriguez-Romero, A., Viguri, J.R., Calosi, P., 2021. Acquiring an evolutionary
perspective in marine ecotoxicology to tackle emerging concerns in a rapidly
changing ocean. Sci. Tot. Environ. 764, 142816. https://doi.org/10.1016/j.
scitotenv.2020.142816.

Sampaio, E., Lopes, A.R., Francisco, S., Paula, J.R., Pimentel, M., Maulvault, A.L.,
Repolho, T., Grilo, T.F., Pousao-Ferreira, P., Marques, A., Rosa, R., 2018. Ocean
acidification dampens physiological stress response to warming and contamination
in a commercially-important fish (Argyrosomus regius). Sci. Total Environ. 618,
388-398. https://doi.org/10.1016/j.scitotenv.2017.11.059.

Seabra, ML.I., Cruz, T., Fernandes, J.N., Silva, T., Hawkins, S.J., 2019. Recruitment of the
limpet Patella ulyssiponensis and its relationship with crustose coralline algae:
patterns of juvenile distribution and larval settlement. JMBA (J. Mar. Biol. Assoc.)
99, 1787-1796. https://doi.org/10.1017/50025315419000869.

Shi, Y., Li, Y., 2024. Impacts of ocean acidification on physiology and ecology of marine
invertebrates: a comprehensive review. Aquat. Ecol. 58, 207-226. https://doi.org/
10.1007/5s10452-023-10058-2.

Signorini, S.G., Munari, M., Cannavacciuolo, A., Nannini, M., Dolfini, D., Chiarore, A.,
Fare, F., Fontana, M., Caruso, D., Gambi, M.C., Della Torre, C., 2023. Investigation of
the molecular mechanisms which contribute to the survival of the polychaete
Platynereis spp. under ocean acidification conditions in the CO; vent system of Ischia
Island (Italy). Front. Mar. Sci. 9, 1067900. https://doi.org/10.3389/
fmars.2022.1067900.

Signorini, S.G., Munari, M., Federico, L., Fare, F., Fontana, M., Caruso, D., Freitas, R.,
Paciello, S., D’Aniello, 1., Gambi, M.C., Della Torre, C., 2024. Living under natural
conditions of ocean acidification entails energy expenditure and oxidative stress in a
mussel species. Mar. Pollut. Bull. 203, 116470. https://doi.org/10.1016/j.
marpolbul.2024.116470.

Silva, A.C.F., Hawkins, S.J., Boaventura, D.M., Thompson, R.C., 2008. Predation by small
mobile aquatic predators regulates populations of the intertidal limpet Patella vulgata
(L.). J. Exp. Mar. Bio. Ecol. 367, 259-265. https://doi.org/10.1016/j.
jembe.2008.10.010.

Simonetti, S., Zupo, V., Gambi, M.C., Luckenbach, T., Corsi, I., 2022. Unraveling cellular
and molecular mechanisms of acid stress tolerance and resistance in marine species:
new frontiers in the study of adaptation to ocean acidification. Mar. Pollut. Bull. 185,
114365. https://doi.org/10.1016/j.marpolbul.2022.114365.

Sokolova, .M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy
homeostasis as an integrative tool for assessing limits of environmental stress
tolerance in aquatic invertebrates. Mar. Environ. Res. 79, 1-15. https://doi.org/
10.1016/j.marenvres.2012.04.003.

Stickle, W.B., Carrington, E., Hayford, H., 2017. Seasonal changes in the thermal regime
and gastropod tolerance to temperature and desiccation stress in the rocky intertidal
zone. J. Exp. Mar. Bio. Ecol. 488, 83-91. https://doi.org/10.1016/j.
jembe.2016.12.006.

Sun, Y.X., Hu, L.S.,, Dong, Y.W., 2023. Microhabitat-specific diurnal metabolomic
responses of the intertidal limpet Cellana toreuma to winter low temperature.
iScience 26, 106128. https://doi.org/10.1016/j.isci.2023.106128.

Teixidd, N., Gambi, M.C., Parravacini, V., Kroeker, K., Micheli, F., Villéger, S.,
Ballesteros, E., 2018. Functional biodiversity loss along natural CO, gradients. Nat.
Commun. 9, 5149. https://doi.org/10.1038/541467-018-07592-1.

Teixidd, N., Caroselli, E., Alliouame, S., Ceccarelli, C., Comeau, S., Gattuso, J.P., Fici, P.,
Micheli, F., Mirasole, A., Monismith, S.G., Munari, M., Palumbi, S., Sheets, E.,
Urbini, L., de Vittor, C., Goffredo, S., Gambi, M.C., 2020. Ocean acidification causes
variable trait shifts in a coral species. Glob. Change Biol. 26, 6813-6830. https://doi.
org/10.1111/gcb.15372.

13

Environmental Research 279 (2025) 121874

Teixidd, N., Carlot, J., Alliouane, S., Ballesteros, E., De Vittor, C., Gambi, M.C.,
Gattuso, J.P., Kroeker, K., Micheli, F., Mirasole, A., Parravacini, V., Villéger, S.,
2024. Functional changes across marine habitats due to ocean acidification. Glob.
Chang. Biol. 30, e17105. https://doi.org/10.1111/gcb.17105.

Thomsen, J., Casties, 1., Pansch, Kortzinger A., Melzner, F., 2013. Food availability
outweighs ocean acidification effects in juvenile Mytilus edulis: laboratory and field
experiments. Glob. Change Biol. 19, 1017-1027. https://doi.org/10.1111/
gcb.12109.

Thor, P., Dupont, S., 2015. Transgenerational effects alleviate severe fecundity loss
during ocean acidification in a ubiquitous planktonic copepod. Glob. Change Biol.
21, 2261-2271. https://doi.org/10.1111/gcb.12815.

Tyler, C.L., Leighton, L.R., Kowalewski, M., 2014. The effects of limpet morphology on
predation by adult cancrid crabs. J. Exp. Mar. Bio. Ecol. 451, 9-15. https://doi.org/
10.1016/j.jembe.2013.10.022.

Vafidis, D., Drosou, 1., Dimitriou, K., Klaoudatos, D., 2020. Population characteristics of
the limpet Patella caerulea (Linnaeus, 1758) in Eastern Mediterranean (Central
Greece). Water 12, 1186. https://doi.org/10.3390/w12041186.

Vargas, C.A., Cuevas, A.L., Broitman, B.R., San Martin, V.A., Lagos, N.A., Gaitdn-
Espitia, J.D., Dupont, S., 2022. Upper environmental pCO; drives sensitivity to ocean
acidification in marine invertebrates. Nat. Clim. Change 12, 200-207. https://doi.
org/10.1038/s41558-021-01269-2.

Vizzini, S., Martinez-Crego, B., Andolina, C., Massa-Gallucci, A., Connell, S.D., Gambi, M.
C., 2017. Ocean acidification as a driver of community simplification via the collapse
of higher-order and rise of lower-order consumers. Sci. Rep. 7, 4018. https://doi.
org/10.1038/541598-017-03802-w.

Wage, J., Lerebours, A., Hardege, J.D., Rotchell, J.M., 2016. Exposure to low pH induces
molecular level changes in the marine worm, Platynereis dumerilii. Ecotoxicol.
Environ. Saf. 124, 105-110. https://doi.org/10.1016/j.ecoenv.2015.10.008.

Xing, Q., Liao, H., Peng, C., Zheng, G., Yang, Z., Wang, J., Lu, W., Huang, X., Bao, Z.,
2021. Identification, characterization and expression analyses of cholinesterases
genes in Yesso scallop (Patinopecten yessoensis) reveal molecular function allocation
in responses to ocean acidification. Aquat. Toxicol. 231, 105736. https://doi.org/
10.1016/j.aquatox.2020.105736.

Yu, X., Liu, J., Qiu, T., Cao, L., Dou, S., 2023. Ocean acidification induces tissue-specific
interactions with copper toxicity on antioxidant defences in viscera and gills of
Asiatic hard clam Meretrix petechialis (Lamarck, 1818). Sci. Total Environ. 875,
162634. https://doi.org/10.1016/j.scitotenv.2023.162634.

Zaidi, N., Douafer, L., Hamdani, A., Soltani, N., 2022. Assessment of the state of the
terrestrial environment in Skikdaregion (Algeria) using enzymatic activity and
energy reserve contents of land snails, Cantareus aspersus. J. Anim. Plant Sci. 32,
1072-1084. https://doi.org/10.36899/JAPS.2022.4.0511.

Zhang, R., Xie, L., Yan, Z., 2018. The Study on Enzymes Related to Biomineralization of
Pinctada fucata. Springer Nature link, Singapore, pp. 445-507. https://doi.org/
10.1007/978-981-13-1459-9_4.

Zhang, T., Qu, Y., Zhang, Q., Tang, J., Cao, R., Dong, Z., Wang, Q., Zhao, J., 2021. Risks
to the stability of coral reefs in the South China Sea: an integrated biomarker
approach to assess the physiological responses of Trochus niloticus to ocean
acidification and warming. Sci. Total Environ. 782, 146876. https://doi.org/
10.1016/j.scitotenv.2021.146876.

Zhang, T., Li, X., Cao, R., Zhang, Q., Qu, Y., Wang, Q., Dong, Z., Zhao, J., 2022.
Interactive effects of ocean acidification, ocean warming, and diurnal temperature
cycling on antioxidant responses and energy budgets in two sea urchins
Strongylocentrotus intermedius and Tripneustes gratilla from different latitudes. Sci.
Total Environ. 824, 153780. https://doi.org/10.1016/j.scitotenv.2022.153780.


https://doi.org/10.1038/nclimate1200
https://doi.org/10.1016/j.scitotenv.2020.142816
https://doi.org/10.1016/j.scitotenv.2020.142816
https://doi.org/10.1016/j.scitotenv.2017.11.059
https://doi.org/10.1017/S0025315419000869
https://doi.org/10.1007/s10452-023-10058-2
https://doi.org/10.1007/s10452-023-10058-2
https://doi.org/10.3389/fmars.2022.1067900
https://doi.org/10.3389/fmars.2022.1067900
https://doi.org/10.1016/j.marpolbul.2024.116470
https://doi.org/10.1016/j.marpolbul.2024.116470
https://doi.org/10.1016/j.jembe.2008.10.010
https://doi.org/10.1016/j.jembe.2008.10.010
https://doi.org/10.1016/j.marpolbul.2022.114365
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1016/j.jembe.2016.12.006
https://doi.org/10.1016/j.jembe.2016.12.006
https://doi.org/10.1016/j.isci.2023.106128
https://doi.org/10.1038/s41467-018-07592-1
https://doi.org/10.1111/gcb.15372
https://doi.org/10.1111/gcb.15372
https://doi.org/10.1111/gcb.17105
https://doi.org/10.1111/gcb.12109
https://doi.org/10.1111/gcb.12109
https://doi.org/10.1111/gcb.12815
https://doi.org/10.1016/j.jembe.2013.10.022
https://doi.org/10.1016/j.jembe.2013.10.022
https://doi.org/10.3390/w12041186
https://doi.org/10.1038/s41558-021-01269-2
https://doi.org/10.1038/s41558-021-01269-2
https://doi.org/10.1038/s41598-017-03802-w
https://doi.org/10.1038/s41598-017-03802-w
https://doi.org/10.1016/j.ecoenv.2015.10.008
https://doi.org/10.1016/j.aquatox.2020.105736
https://doi.org/10.1016/j.aquatox.2020.105736
https://doi.org/10.1016/j.scitotenv.2023.162634
https://doi.org/10.36899/JAPS.2022.4.0511
https://doi.org/10.1007/978-981-13-1459-9_4
https://doi.org/10.1007/978-981-13-1459-9_4
https://doi.org/10.1016/j.scitotenv.2021.146876
https://doi.org/10.1016/j.scitotenv.2021.146876
https://doi.org/10.1016/j.scitotenv.2022.153780

	Short and long-term exposure to ocean acidification in limpets from the Castello Aragonese vent systems (Ischia Island, Italy)
	1 Introduction
	2 Materials and methods
	2.1 Long-term exposure to OA of P. caerulea, P. rustica and P. ulyssiponensis
	2.1.1 Study area and sampling
	2.1.2 Biomarkers

	2.2 Short-term exposure to OA of P. caerulea
	2.3 Statistical analysis

	3 Results
	3.1 Effects of long-term exposure to OA of P. caerulea, P. rustica, and P. ulyssiponensis
	3.1.1 Morphometric characteristics
	3.1.2 Energy reserves
	3.1.3 Oxidative stress and damage
	3.1.4 Biomineralization
	3.1.5 Neurotoxicity
	3.1.6 Non-Metric Multidimensional Scaling of biochemical endpoints

	3.2 Effects of short-term exposure to OA of P. caerulea and energy-related endpoints of biofilm coverage

	4 Discussion
	4.1 Growth and energy reserves
	4.2 Cellular stress

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


