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A B S T R A C T

Anthropogenic climate change is rapidly altering marine environments primarily through ocean warming, 
acidification, and hyposalinity, posing significant challenges for marine calcifying organisms. This study inves
tigated the short-term effects of these stressors on the Mediterranean bivalve Chamelea gallina, a key fishery 
species in the Adriatic Sea, by integrating skeletal, mechanical, and mineralogical responses. Adult clams of 
commercial size were exposed for 21 days to eight experimental treatments manipulating two levels of tem
perature (18 ◦C vs. 22 ◦C), pH (8.0 vs. 7.9), and salinity (35 vs. 32), chosen to reproduce near-future climate 
projections and the freshwater-driven variability typical of the Adriatic Sea. Despite the short exposure duration, 
the combined exposure to low pH, high temperature, and reduced salinity weakens the shell of Chamelea gallina 
at multiple levels, compromising shell integrity, by making shells less dense, more porous, more fragile, and more 
susceptible to fracture, and increasing mortality. Microstructural analysis revealed smaller aragonite crystallites 
and lower calcium content, indicative of early impairments in the calcification process. The study highlights the 
occurrence of synergistic effects among stressors and reveals the vulnerability of Chamelea gallina to near-future 
ocean conditions, with potential cascading consequences for ecosystem functioning and fishery sustainability, 
given the species' key ecological role and commercial relevance in the Adriatic Sea.

1. Introduction

Rising atmospheric CO₂ concentrations, now exceeding 420 ppm, a 
level unprecedented in at least three million years, are driving ocean 
warming (OW) and acidification (OA), as the ocean absorbs ~25–30% of 
anthropogenic CO₂ emissions (Jiang et al., 2023; Lan et al., 2023; Lee 
et al., 2023; Nakamura and Ishida, 2025). These changes affect seawater 
carbonate chemistry by decreasing pH and carbonate ion (CO₃2− ) 

availability (Doney et al., 2020; Feely et al., 2023, 2009). As a conse
quence the aragonite saturation state (ΩA) is reduced, impairing the 
capacity of calcifying organisms to produce and maintain calcium car
bonate (CaCO₃) structures (Fitzer et al., 2014; Ries et al., 2009; Wald
busser and Salisbury, 2014). Simultaneously, increased sea 
temperatures accelerate metabolic demands and can divert energy from 
shell calcification (Frieder et al., 2017a; Ivanina et al., 2013; Lannig 
et al., 2010; Matoo et al., 2021). Under elevated temperature and 
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reduced pH conditions, bivalves experience increased oxidative stress 
due to enhanced production of reactive oxygen species (ROS) (Freitas 
et al., 2017; Matozzo et al., 2013; Rahman et al., 2019). The activation of 
antioxidant defence systems, together with acid–base regulatory 
mechanisms, increases metabolic costs, leading to a reallocation of en
ergy away from shell calcification (Matozzo et al., 2013; Rahman et al., 
2019). Moreover, in shallow waters, extreme precipitation events and 
freshwater inputs cause hyposalinity, which reduces aragonite satura
tion state (ΩA) through a dilution of calcium (Ca2+) and carbonate 
(CO₃2− ) ion concentrations and a concurrent decrease in total alkalinity 
(Sanders et al., 2018; Siedlecki et al., 2017). Because ΩA depends on the 
product of these ions relative to the solubility product, the influx of ion- 
poor freshwater directly lowers saturation levels, thereby exacerbating 
conditions unfavorable for calcium carbonate precipitation (Sanders 
et al., 2018; Siedlecki et al., 2017). Recent evidence indicates that, in 
addition to impairing calcification, warming, acidification, and hypo
salinity also affect other physiological pathways in marine organisms. 
For example, in Chlamys nobilis, acidification induced intestinal dys
biosis, oxidative stress, and reduced filtration and oxygen consumption 
(Liu et al., 2026), while in Etroplus suratensis, combined warming and 
acidification depressed metabolism and growth and elevated oxidative 
stress and apoptosis (Mahapatra et al., 2025). Similarly, in oysters and 
mussels, multi-stressor exposure altered tissue-specific carbon alloca
tion, cellular stress biomarkers, and metabolite profiles (Kılıç et al., 
2026; Meng et al., 2026).

These stressors are particularly dynamic and impactful in coastal and 
estuarine systems, where environmental variability is high and climate- 
driven changes are intensified (Andersson et al., 2006; Harris et al., 
2013; Lejeusne et al., 2010). In shallow Mediterranean estuarine set
tings, such as the Northern Adriatic, salinity can fluctuate widely (e.g., 
from 26 to 38) and Total Alkalinity (At) and Dissolved Inorganic Carbon 
(DIC) typically range between 2300 and 2700 μmol kg− 1 and 
2200–2600 μmol kg− 1, respectively (Cossarini et al., 2015; Giani et al., 
2023; Urbini et al., 2020). Moreover, while stressors may occur in 
isolation, globally 97.7% of the ocean is currently affected by multiple 
stressors, with climate-related drivers (particularly ocean warming and 
acidification) representing the dominant forces of change, alongside 
fishing, land-based pressures, and other commercial activities (Halpern 
et al., 2019). For calcifying organisms like mollusks, which rely on 
calcium carbonate (CaCO₃) for shell formation (Lowenstam and Weiner, 
1989), such multi-stressor environments impair calcification and shell 
integrity, threatening ecological and economic resilience (Doney et al., 
2020; Feely et al., 2009; Fitzer et al., 2014; Zhao et al., 2017). However, 
responses vary among species and life stages, with organisms producing 
aragonite-based shells, generally being more vulnerable due to their 
higher solubility and energetic cost (Beniash et al., 2010; Doney et al., 
2020). In previous studies acidification has been linked to decreased 
shell growth and altered crystal structure in adults of Nucella lamellosa, 
Littorina littorea, as well as in juveniles of Strombus luhuanus (Nienhuis 
et al., 2010; Ries et al., 2009; Shirayama and Thornton, 2005), while 
combined low pH and high temperature have significantly impaired net 
calcification and reduced calcium incorporation in adults of Pinctada 
fucata (Li et al., 2016). Ocean acidification can also weaken shell me
chanical resistance to breakage and fracture toughness in species such as 
Crassostrea virginica (juvenile oysters) and Mytilus edulis (adult mussels) 
(Dickinson et al., 2012; Fitzer et al., 2015; Ivanina et al., 2013). Salinity 
fluctuations, often exacerbated by altered precipitation patterns and 
freshwater inflows, further modulate bivalve responses. Although some 
species tolerate hyposalinity via osmoconformation, studies reveal 
reduced shell growth, altered ultrastructure, and elevated mortality 
when low salinity is combined with thermal or acidification stress (Bae 
et al., 2021; Rato et al., 2022). Importantly, many of these effects were 
detected during short-term exposures, suggesting that rapid skeletal 
responses can occur well before long-term physiological or demographic 
consequences become apparent.

Chamelea gallina, a key commercial bivalve of the Adriatic Sea, 

represents a relevant model for studying calcification under multiple 
stressors. Most existing studies have focused on juveniles of this species 
(Sordo et al., 2024, 2021), whereas adults, due to their infaunal lifestyle, 
sediment dependence, and inability to be cultured, pose logistical 
challenges for long-term experimentation (Grazioli et al., 2022). This 
clam inhabits the fine well-sorted sand biocenosis, occupying a well- 
defined ecological niche in the Adriatic Sea, determined by precise 
chemical-physical conditions of both water and sediment (Grazioli et al., 
2022). It supports a historically important fishery in the Adriatic Sea, 
with current annual landings of approximately 10,000 metric tons, 
worth around €51 million (Italian National Management Plan for hy
draulic dredges, 2019). In recent years, its populations have faced 
mounting pressures from overexploitation, alien predators such as Cal
linectes sapidus, and climate-driven stressors (FAO, 2023). Moreover, the 
shell of C. gallina is primarily composed of aragonite (Ries et al., 2009), 
making this species particularly vulnerable to changes in seawater 
chemistry (Kroeker et al., 2013). Warmer southern sites in the Adriatic 
are associated with lighter, thinner, and more porous shells (Gizzi et al., 
2016; Mancuso et al., 2019), while northern areas influenced by fresh
water inputs and lower salinity exhibit reduced calcification (Cheli 
et al., 2025; Mancuso et al., 2019). Water temperature and salinity thus 
emerge as key modulators of shell formation, acting on both the ener
getic and physicochemical fronts. However, the effects of ocean acidi
fication and the interplay of OA, OW, and salinity changes on adult 
C. gallina remains unexplored, despite its ecological and commercial 
significance (Grazioli et al., 2022; Romanelli et al., 2009).

To address this gap, we conducted a controlled short-term mesocosm 
experiment to assess the individual and combined effects of lowered pH, 
elevated temperature, and reduced salinity on adult C. gallina, focusing 
on multiple parameters on diverse dimensional scales, from skeletal and 
mechanical properties to structural and mineralogical composition. By 
integrating multi-scale analyses, this study provides novel insight into 
the early responses and potential vulnerabilities of C. gallina under 
projected climate change conditions in coastal Mediterranean 
ecosystems.

2. Materials and methods

2.1. Experimental set-up and treatments

The experiment was conducted in a temperature-controlled room, by 
means of a semi-continuous flow-through seawater system made up of 
24 mesocosms, each containing 60 l of seawater and 80 clams (Fig. 1, see 
Supplementary Information for more details). Before the tests began, a 
four-day acclimatization period in the mesocosms was provided. Clams 
were fed daily, ad libitum, with the microalgae Isochrysis galbana during 
both the acclimatization and experimental periods.

This study considered three environmental parameters, namely 
temperature, pH, and salinity, under both control and changing condi
tions (Fig. 1). Control values (18 ◦C, pH 8.0, salinity 35) were selected to 
replicate the present-day conditions experienced by C. gallina in the 
Adriatic Sea. The temperature (22 ◦C) and pH (7.9) levels were set ac
cording to reflect CMIP6-class projections for the Mediterranean Sea 
under the intermediate SSP2–4.5 “middle-of-the-road” scenario. Under 
this scenario, model projections indicate basin-wide surface warming of 
roughly +1–3.5 ◦C and a mean surface pH decline of ~0.1–0.2 units by 
2070–2100 relative to late-20th-century conditions, with the Mediter
ranean acting as a regional warming and acidification hot-spot 
compared to the global ocean (Kristiansen et al., 2024; Zittis et al., 
2019). End-of-century pH values of ~7.7–7.8 projected under stronger 
acidification (− 0.3 to − 0.4) were not applied, as such extreme condi
tions can trigger severe acute stress responses and mortality in adult 
clams during the short-term 21-day experiment. Salinity (32) was 
manipulated to reflect the natural gradient of the Adriatic Sea, where 
freshwater discharge from large river systems, particularly the Po, 
periodically lowers coastal salinity. Although climate projections for the 
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Adriatic Sea indicate a long-term tendency toward increased salinity due 
to reduced mean river discharge and enhanced evaporation (Ricci et al., 
2024; Verri et al., 2024), climate change is also expected to increase the 
frequency and intensity of extreme precipitation and flood events. 
Observational studies show that these events with episodic freshwater 
pulses are already occurred, leading to short-term but pronounced re
ductions in coastal salinity, which are ecologically relevant stressors for 
benthic organisms (Krauzig et al., 2025 Preprint). The salinity treatment 
adopted in this study was designed to reflect these such episodic low- 
salinity events rather than long-term mean conditions. In total, eight 
experimental conditions were tested, resulting from different combina
tions of these three environmental parameters, with three mesocosm 
replicates for each (Fig. 1). The temperature, pH, and salinity from each 
experimental tank were measured twice daily (at 9 am and at 6 pm) 
using a digital temperature controller (INKBIRD ITC–1000F) and 
environmental probes (Multi meter HACH HQ40d). Total alkalinity (At) 
was determined colorimetrically following (Sarazin et al., 1999, see 
Supplementary Information for more details). At values, together with 
temperature, pH, and salinity, were used to calculate carbonate system 
parameters, using CO2SYS software.

For this study only clams of commercial size with minimum length of 
22 mm were used, conforming to European normative which regulates 
Chamelea gallina minimum fishing size (22 mm, Commission Delegated 
Regulation (EU) No. 2237/2020). Specimens were sampled from fish
ermen off the coast of Cattolica in the Adriatic Sea using hydraulic 
dredges and transported to the CIIMAR, where the experiment was 
carried out.

2.2. Mortality and condition index

Mortality rate, defined as the percentage of dead individuals, was 
monitored daily throughout the 21-day experiment and determined by 
identifying dead individuals. At the end of experiment, surviving clams 
were used to assess the condition index by separating the soft internal 
tissue from the shells. Both shells and tissues were then dried at 50 ◦C for 
72 h before being weighed. The Condition Index (CI) was calculated 
according to the following formula (Walne, 1976): 

CI =
tissue dry mass (g)
shell dry mass (g)

×100 

2.3. Shell biometric and skeletal parameters

Shell length (maximum distance on the anterior-posterior axis), 
height (maximum distance on the dorsal-ventral axis) and width 
(maximum distance on the lateral axis) were obtained with a caliper (±
0.05 mm). Shell thickness index (STI) was calculated (Freeman and 
Byers, 2006): 

STI =
1000 × Shell mass (g)

[
Length ×

(
Height2

+ Width2)0.5
× π

/
2
]

The Buoyant Weight (BW) techniques were used to estimate volume 
and shell density parameters, as in previous study on corals and marine 
mollusks (Caroselli et al., 2011; Gizzi et al., 2016; Mancuso et al., 2019). 
The BW measurement was performed with a density determination kit 
Ohaus Explorer Pro balance (±0.1 mg; Ohaus Corp., Pine Brook, NJ, 

Fig. 1. Experimental set-up. The eight treatments are arranged in two groups: the four treatments in the top white box correspond to control pH conditions, while the 
four in the bottom grey bow, with CO2 bubbling, represent reduced pH conditions. Seawater colors indicate salinity levels: light blue represents control salinity, while 
green represents reduced salinity. Temperature levels are shown in the small boxes above the treatments. Each mesocosm was equipped with an individual ther
mostat set to the target temperature for its specific treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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USA); measurments were repeated three times and the average was 
considered for statistical analysis. The following skeletal parameters 
were obtained: 

I. Micro-density (g/cm3) = the mass per unit volume of the material 
which composes the shell, excluding the volume of pores.

II. Apparent porosity (%) = the volume of the pores connected to the 
external surface.

III. Bulk density (g/cm3) = the density of the valve, including the 
volume of the pores.

2.4. Shell resistance to compression

To assess shell resistance to mechanical stress, we measured 
maximum load (as a proxy for fracture load), and structural stiffness 
during compression tests using an Instron universal testing machine 
equipped with a 5 kN load cell, descending at a constant speed of 0.5 
mm⋅min− 1. Compression tests were conducted on both dry and wet 
shells. Compression tests produced typical load–displacement curves 
consisting of an ascending and a descending phase. Based on the shape 
of the ascending curve, four main fracture patterns were identified 
(Cabral and Natal Jorge, 2007): Type I (continuous increase in load), 
Type II (1–2 minor peaks), Type III (multiple distinct peaks), and Type 
IV (one or several prominent peaks at high loads). The breaking force 
was identified from each loading curve and labeled as “Maximum load” 
(kN). Structural stiffness (kN mm− 1) was calculated as the slope of the 
load–displacement curve immediately before fracture, corresponding to 
the plastic deformation stage where the shell undergoes irreversible 
structural changes beyond its elastic limit.

2.5. Shell intra-skeletal content and mineral structure

The fragments resulting from the compression tests were cleaned to 
remove any trace of superficial organic residues by soaking them in a 
sodium hypochlorite solution 10 wt% for three days and rinsed with 
distilled water. Subsequently, the shell fragments were pulverized using 
a mechanical mortar to achieve a fine granulometry (less than 100 mm). 
To determine the organic matter content (OM), a Thermogravimetric 
analysis (TGA) was conducted using a SDT Q600 instrument. Approxi
mately 12–14 mg of pulverized sample were placed in a ceramic crucible 
and subjected to heating from 30 ◦C to 900 ◦C at a rate of 10 ◦C⋅min− 1 

under a nitrogen flow of 100 ml⋅min− 1. The resulting thermograms were 
analyzed using TA Universal Analysis software. The content of structural 
water and OM was assessed by measuring the weight loss percentage 
between 150 ◦C and 500 ◦C, while CaCO3 decarboxylation was observed 
between 500 and 900 ◦C.

X-Ray Diffraction (XRD) analyses were carried out using a Pan
Analytical X'Pert Pro diffractometer equipped with a multiarray 
X'Celerator detector. Cu Kα radiation was generated at 40 kV and 40 mA 
(λ = 1.54056 Å), with patterns collected within the 2θ range of 20 to 60◦. 
The step size (Δ2θ) was set at 0.016◦, and a counting time of 122 s was 
utilized. The resulting diffractograms were analyzed using Profex soft
ware to identify the crystalline phase (i.e., the specific mineral poly
morph) and the crystallite size (i.e., the dimension of the crystallite 
within the crystal along one specific direction).

To further validate the characterization of the crystalline phase, 
Fourier Transform Infrared (FTIR) spectra analysis was conducted using 
a Thermo Scientific Nicolet iS10 FTIR spectrometer. Preparation of the 
disk sample involved creating a mixture of 100 mg, consisting of 98% 
KBr (Potassium Bromide) and 2% pulverized sample. From this mixture, 
15 mg were utilized to form the disk by compressing it in a hand press. 
The spectra were acquired with a resolution of 4 cm− 1 and 64 scans.

Shell calcium concentration was determined using inductively 
coupled plasma optical emission spectrometry (ICP-OES). Approxi
mately 10 mg of dried and homogenized shell powder were mineralized 
using 8 ml of HNO₃ and 2 ml of H₂O₂ in a MARS-5 microwave digestion 

system (CEM, USA). Samples were then diluted 1:100 in 5% HNO₃ and 
analyzed using an Agilent 5800 ICP-OES, with a wavelength of 422.673 
nm for Ca. Calibration was performed using five standards ranging from 
1250 to 20,000 ppb Ca, with a rational fit calibration curve (correlation 
coefficient = 0.99965). Each sample was measured in triplicate using Ar 
as internal standard and DORM-5 as certified reference material (CRM). 
A limitation of the present study is that a single-step microwave-assisted 
digestion protocol was used, which efficiently dissolved the CaCO₃ 
matrix for the purposes of relative comparisons among treatments; 
however, sequential or double-digestion procedures may be required in 
other contexts to ensure complete solubilization of Ca-rich matrices. 
Additionally, DORM-5, a fish protein certified reference material, was 
used to assess analytical performance, as a matrix-matched certified 
reference material for carbonate shells was not available. While this may 
affect absolute accuracy, all samples were processed using the same 
digestion and analytical protocol, ensuring that relative comparisons 
among experimental treatments remain robust.

2.6. Statistical analyses

Data normality and homogeneity of the variances were assessed 
using Shapiro–Wilk and Levene's test, respectively. One-way ANOVA, 
followed by Tukey's post-hoc test, was used when parametric assump
tions were met; otherwise, a non-parametric Kruskal-Wallis (K–W) test, 
followed by Dunn test's post-hoc with Holm correction, was applied. To 
assess the main and interactive effects of pH, temperature, and salinity 
on clam responses, linear mixed-effects models (LME) were fitted. When 
residuals did not satisfy model assumptions, a permutational multivar
iate analysis of variance (PERMANOVA, adonis2 function in vegan R 
package) was used instead. The analysis was based on a Euclidean dis
tance matrix and 999 permutations. In addition, generalized linear 
models (GLMs) were used to explore the nature of the interactions (e.g., 
additive, synergistic, or antagonistic), complementing the results of LME 
or PERMANOVA. A Random Forest analysis was also performed to 
evaluate the relative importance of environmental predictors (temper
ature, salinity, pH, and aragonite saturation state). Highly collinear 
carbonate chemistry variables were excluded to prevent multi
collinearity. Statistical analyses were conducted using R version 4.4.1 (R 
Core Team, 2024) within the RStudio environment (Posit team, 2025), 
including the packages ggplot2, ggpubr, car, vegan, nlme, and 
randomForest.

3. Results

3.1. Environmental parameters

The three environmental parameters (pHT, temperature and salinity) 
did not differ among the three replica tanks in each treatment (K–W 
test, p > 0.05; Suppl. Table 1), nor among treatments with the same 
control and varying conditions (K–W test, p > 0.05). Therefore, values 
from the three replicate tanks were pooled to obtain a mean value for 
each treatment, which was then compared to the target value defined a 
priori for that specific experimental condition (Table 1). Total alkalinity 
and carbonate chemistry parameters were homogeneous among the 
three replica tanks within each treatment (K–W test, p > 0.05; Suppl. 
Table 2). The pCO2, CO3

2− , ΩA and ΩC, differed significantly among 
treatments (K–W test, p ≤ 0.05, Table 2).

3.2. Mortality and condition index

Mortality rate differed among treatments (K–W test, p < 0.01) and 
post-hoc pairwise comparisons identified significant differences partic
ularly between the control and the most stressful treatments (T1control – 
T3↓Sal vs T6↓pH ↑Temp - T7↓pH ↓Sal - T8↓pH ↑Temp ↓Sal; Fig. 2). Random Forest 
analysis indicated that mortality was primarily associated with ΩA, 
followed by temperature and pH (Random Forest, %IncMSE = 17.18, 
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14.94 and 14.54, respectively). The highest mortality rate (around 97%) 
was observed in treatments with low pH and high temperature (T6↓pH 

↑Temp and T8↓pH ↑Temp ↓Sal), while mortality decreased by about 88–90% 
in the control (T1) and in the treatment where only salinity varied 
(T3↓Sal; Fig. 2). Mortality resulted affected by pH and temperature 
(PERMANOVA, p = 0.001), while their interaction was not significant. 
Salinity alone was not significant, although weak interactions were 
detected between salinity and the other factors (PERMANOVA, pH:S, p 
= 0.049 and T:S, p = 0.020). This suggests that acidification and 
warming independently drive mortality responses, while salinity has a 
minor modulatory role.

Few statistically significant differences in condition index were 
found among treatments (ANOVA and pairwise Tukey test, p < 0.001: 
T3↓Sal vs T4↑Temp ↓Sal and T4↑Temp ↓Sal vs T5↓pH; Fig. 2), and no clear 
visual trend emerged due to high within-group variability.

3.3. Shell biometry and skeletal properties

Since all shell biometric parameters resulted homogeneous between 
the left and the right valves, mean values of the two valves were used in 
the analyses (Table 3). Shell biometric and skeletal parameters for each 
tank are shown in Supplementary information (Suppl. Table 3–4). Shell 
length, shell height, and shell width did not differ among treatments, 
whereas shell mass and shell thickness index (STI) did (K–W test, p ≤
0.05; Table 3). Post-hoc comparisons showed significant differences 
only for treatments T4↑Temp ↓Sal and T8↓pH ↑Temp ↓Sal, with both shell mass 
and STI being lower under T8↓pH ↑Temp ↓Sal (Dunn's test, p ≤ 0.05; 
Table 3). Random Forest analysis identified pH as the main driver for 
mass and STI (%IncMSE = 9.07 and 11.29, respectively), followed by 
temperature (%IncMSE = 8.13 and 10.28, respectively). Neither shell 
mass nor STI were significantly affected by single environmental factors, 
except for a marginal effect of pH on thickness (PERMANOVA, p =
0.041). However, interactions between pH and temperature 

Table 1 
Seawater aquarium parameters measured for each treatment (T1 to T8; data from the three replicated tanks were pooled). Values are expressed as mean ± 95% 
confidence intervals. For temperature, pHT, and salinity, n = 114 corresponds to the total number of measurements per treatment; for total alkalinity (AT), n = 57 
reflects fewer measurements due to a lower sampling frequency.

pHT Temperature (◦C) Salinity AT (μmol kg− 1)

Treatment Target Observed Target Observed Target Observed Observed

T1 (control) 8.00 8.02 ± 0.01 18.00 18.00 ± 0.14 35.00 35.01 ± 0.09 2565 ± 106
T2 (↑Temp) 8.00 8.02 ± 0.01 22.00 21.93 ± 0.11 35.00 35.22 ± 0.09 2619 ± 116

T3 (↓Sal) 8.00 8.02 ± 0.01 18.00 18.00 ± 0.10 32.00 32.01 ± 0.10 2621 ± 73
T4 (↑Temp ↓Sal) 8.00 8.02 ± 0.01 22.00 21.96 ± 0.09 32.00 32.16 ± 0.10 2660 ± 80

T5 (↓pH) 7.90 7.89 ± 0.01 18.00 18.02 ± 0.11 35.00 35.09 ± 0.09 2512 ± 103
T6 (↓pH ↑Temp) 7.90 7.89 ± 0.01 22.00 22.00 ± 0.11 35.00 35.24 ± 0.08 2651 ± 118

T7 (↓pH ↓Sal) 7.90 7.89 ± 0.01 18.00 18.02 ± 0.09 32.00 32.03 ± 0.10 2535 ± 114
T8 (↓pH ↑Temp ↓Sal) 7.90 7.89 ± 0.01 22.00 21.93 ± 0.10 32.00 32.14 ± 0.12 2506 ± 107

Table 2 
Carbonate chemistry parameters calculated for each treatment (T1 to T8; data from the three replicated tanks were pooled). Values are expressed as mean ± 95% 
confidence intervals; n = 57 represents the total number of measurements per treatment. Abbreviations: pCO2, partial pressure of CO2; DIC, dissolved inorganic carbon; 
HCO3

− , bicarbonate ion concentration; CO3
2− , carbonate ion concentration; ΩA and ΩC, aragonite/calcite saturation state. Different letters beside the values of pCO2, 

CO3
2− , ΩA and ΩC indicate post-hoc results (Dunn's test, p ≤ 0.05), after significant results of Kruskal-Wallis test, reported in the last row as p-values.

Treatment pCO2 

(μatm)
DIC 
(μmol kg− 1)

HCO3
−

(μmol kg− 1)
CO3

2−

(μmol kg− 1)
ΩA ΩC

T1 (control) 464 ± 23a 2310 ± 99 2105 ± 91 190 ± 8ac 2.93 ± 0.13a 4.53 ± 0.20 a

T2 (↑Temp) 476 ± 22a 2333 ± 97 2094 ± 95 218 ± 11a 3.41 ± 0.17b 5.22 ± 0.26 b

T3 (↓Sal) 489 ± 16a 2385 ± 68 2186 ± 62 182 ± 6c 2.85 ± 0.10ad 4.44 ± 0.15 a

T4 (↑Temp ↓Sal) 496 ± 19a 2387 ± 73 2161 ± 66 210 ± 10a 3.34 ± 0.16b 5.15 ± 0.24 b

T5 (↓pH) 668 ± 33b 2333 ± 97 2168 ± 90 141 ± 7df 2.18 ± 0.12c 3.37 ± 0.18 c

T6 (↓pH ↑Temp) 677 ± 40b 2426 ± 112 2230 ± 104 175 ± 8ce 2.74 ± 0.13a 4.20 ± 0.20 a

T7 (↓pH ↓Sal) 691 ± 38b 2372 ± 108 2214 ± 101 134 ± 8df 2.10 ± 0.12ce 3.27 ± 0.19 ce

T8 (↓pH ↑Temp ↓Sal) 633 ± 41b 2301 ± 102 2120 ± 95 161 ± 8e 2.55 ± 0.13de 3.93 ± 0.20 de

Kruskal Wallis test 0.000 0.651 0.376 0.000 0.000 0.000

Fig. 2. Mean mortality rate (%) and condition index of clams across treatments. Bars of mortality rate represent mean values ± standard error. Crosses in the boxplot 
indicate the mean values of condition index. Different letters indicate post- hoc differences among treatments (Dunn's test and Tukey test, p ≤ 0.05).
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(PERMANOVA, p = 0.023 for mass and p = 0.012 for STI), and between 
pH and salinity (PERMANOVA, p = 0.007 for mass and p = 0.009 for 
STI) significantly influenced both parameters.

Significant differences in skeletal properties were detected across 
treatments (K–W test, p < 0.001 for all variables; Fig. 3; Suppl. Table 5). 
Micro-density remained relatively stable, with minor variations across 
treatments, except for T8↓pH ↑Temp ↓Sal (Fig. 3; Suppl. Table 5). In 
contrast, bulk density was more responsive to environmental change, 
with a 4.9% decrease in T8↓pH ↑Temp ↓Sal (2.53 ± 0.04 g cm− 3) relative to 
the T1control (2.66 ± 0.01 g cm− 3; Dunn's test, p < 0.001; Fig. 3; Suppl. 
Table 5). Apparent porosity showed the clearest pattern, nearly doubling 
under T8↓pH ↑Temp ↓Sal (10.13 ± 1.71%) compared to the T1control (5.27 
± 0.47%), with a + 92.1% increase (Dunn's test, p < 0.001; Fig. 3; Suppl. 
Table 5). Porosity and bulk density were mainly driven by ΩA (Random 
Forest, %IncMSE = 19.32 and 17.59, respectively), followed by pH (% 
IncMSE = 16.41 and 14.42, respectively) and temperature (%IncMSE =
13.70 and 14.08, respectively). PERMANOVA confirmed significant ef
fects of pH (p = 0.001), its interaction with temperature (p = 0.005), and 

the three-way interaction (p = 0.002) on both variables. Temperature 
alone had no significant effect. This suggests that while individual 
environmental factors like pH and ΩA significantly influence porosity 
and bulk density, the interactions among environmental drivers led to a 
synergistic effect, that amply skeletal degradation beyond additive 
predictions.

3.4. Shell mechanical properties

The following results refer to compression tests conducted under dry 
conditions, as no differences emerged under wet conditions (Fig. 3, 
Suppl. Table 6). Under dry compression conditions, fracture type dis
tribution varied significantly among treatments (G-test, p < 0.01; 
Fig. 3d). Pairwise G-test with Holm correction revealed differences be
tween T1control and T8↓pH ↑Temp ↓Sal (p = 0.038), T6↓pH ↑Temp (p = 0.040), 
and T4↑Temp ↓Sal (p = 0.041), indicating that the control treatment 
showed a distinct fracture pattern compared to several combined stress 
conditions (Fig. 3d). Specifically, T1control was dominated by Type I 

Table 3 
Biometric parameters of Chamelea gallina for each treatment (T1 to T8; data from the three replicated tanks were pooled). STI, Shell Thickness Index. Values are 
expressed as mean ± 95% confidence intervals; n = number of samples for each treatment. Different letters beside the values of Mass and STI indicate differences 
among treatments (Dunn's post-hoc test, p ≤ 0.05), after significant results of Kruskal-Wallis test, reported in the last row as p-values.

Treatment n Length (mm) Width (mm) Height (mm) Mass (g) STI

T1 (control) 127 24.84 ± 0.26 5.88 ± 0.06 21.25 ± 0.20 1.33 ± 0.04ab 2.23 ± 0.04ab

T2 (↑Temp) 53 24.93 ± 0.46 5.89 ± 0.10 21.39 ± 0.32 1.34 ± 0.07ab 2.22 ± 0.08ab

T3 (↓Sal) 128 24.99 ± 0.27 5.84 ± 0.06 21.55 ± 0.20 1.35 ± 0.04ab 2.24 ± 0.04ab

T4 (↑Temp ↓Sal) 71 25.45 ± 0.38 5.99 ± 0.09 21.67 ± 0.30 1.41 ± 0.06a 2.30 ± 0.07a

T5 (↓pH) 95 24.85 ± 0.27 5.91 ± 0.07 21.53 ± 0.22 1.33 ± 0.04ab 2.22 ± 0.04ab

T6 (↓pH ↑Temp) 25 24.67 ± 0.52 5.87 ± 0.13 21.45 ± 0.41 1.30 ± 0.07ab 2.17 ± 0.08ab

T7 (↓pH ↓Sal) 54 24.81 ± 0.53 5.92 ± 0.11 21.49 ± 0.34 1.34 ± 0.07ab 2.23 ± 0.08ab

T8 (↓pH ↑Temp ↓Sal) 27 24.65 ± 0.63 5.85 ± 0.15 21.40 ± 0.43 1.25 ± 0.08b 2.09 ± 0.09b

Kruskal Wallis test 0.068 0.396 0.054 0.036 0.029

Fig. 3. Skeletal and mechanical properties across treatments (T1 to T8). a-c: Micro-density, bulk density, and apparent porosity. d: Percent distribution of fracture 
pattern types (Type I-IV). e-f: Maximum load and structural stiffness. Crosses represent mean values and different letters indicate statistically significant differences 
between treatments (Dunn's and Tukey's post-hoc test, p ≤ 0.05). Light blue bars represent the control treatment (T1), while acid green bars indicate the three-factor 
combined condition (T8). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fractures (compact failure), while T4↑Temp+↓Sal, T6↓pH ↑Temp, and T8↓pH 

↑Temp ↓Sal showed higher frequencies of more fragmented fracture types 
(Type III and IV), suggesting greater structural fragility under acidifi
cation and thermal-salinity stress (Fig. 3d). Mechanical properties under 
dry compression also varied significantly across treatments (K–W test 
and ANOVA, p ≤ 0.05; Fig. 3, Suppl. Table 6). Maximum load decreased 
from 0.09 ± 0.02 kN in T1control to 0.06 ± 0.01 kN in T8↓pH ↑Temp ↓Sal, 
corresponding to 36% reduction under simultaneous pH, temperature, 
and salinity changes (Fig. 3e, Suppl. Table 6). Similarly, structural 
stiffness dropped by 32%, from 1.77 ± 0.19 kN mm− 1 in T1 to 1.21 ±
0.32 kN mm− 1 in T8↓pH ↑Temp ↓Sal (Fig. 3f, Suppl. Table 6), indicating 
reduced shell rigidity with the three-factor combined stress exposure. 
PERMANOVA confirmed a significant effect of pH on both maximum 
load (p = 0.007) and stiffness (p = 0.001), with a significant three-way 
interaction (pH:T:S) for maximum load (p = 0.043). Random Forest 
analysis further supported the influence of chemical drivers, with ΩA 
and pH being the top predictors of maximum load (%IncMSE = 12.8 and 
8.6, respectively) and stiffness (%IncMSE = 13.6 and 12.3, respectively).

3.5. Shell microstructural properties

XRD and FTIR analyses confirmed that the clam shells were primarily 
composed of aragonite (Fig. 4). FTIR spectra showed characteristic ab
sorption bands of aragonite (~1484 cm− 1 for ν₃, ~859 cm− 1 for ν₂, and 
~ 712 cm− 1 for ν₄; Fig. 4) with no detectable band shifts among treat
ments. XRD quantitative phase analysis revealed >98 wt% aragonite 
across treatments, with minor calcite content (0.38–1.98 wt%; Fig. 5, 
Suppl. Table 7). Significant differences in aragonite/calcite ratios were 
found (K–W test, p ≤ 0.05) for whole-shell, but not for the umbo, 
ventral or central regions (Suppl. Table 8–9-10). Specifically, consid
ering whole-shell samples, T8↓pH ↑Temp ↓Sal exhibited the highest calcite 
content (1.98 wt%) and a slight aragonite decrease (98.02 wt%) 
compared to the T1control (0.50 and 99.50 wt%, respectively; Fig. 5, 
Suppl. Table 7). This trend, though not significant after post-hoc 
adjustment, was supported by PERMANOVA results showing a strong 
and significant interaction between the three environmental factors (pH: 
T:S, p < 0.001), indicating a synergistic effect of acidification, warming, 
and hyposalinity on mineralogical composition. Crystallite size along 
planes (111), (021), and (200) differed significantly across treatments 
for whole-shell (K–W test, p ≤ 0.05; Fig. 5, Suppl. Table 7), but post-hoc 

tests failed to confirm pairwise differences after p-adjustment. The 
largest crystallites occurred in T1control and the smallest in T8↓pH ↑Temp 

↓Sal, corresponding to a ~ 37% reduction (Fig. 5, Suppl. Table 7). Again, 
PERMANOVA confirmed a significant three-way interaction (pH:T:S, p 
< 0.001), supporting the presence of non-additive effects where com
bined stressors induced a more marked reduction in crystallite di
mensions than individual factors. No differences emerged in crystallite 
size measurements of individual zones (umbo, central and edge; Suppl. 
Table 8–9-10). Intracrystalline material and shell decarbonation were 
homogeneous across treatments (Suppl. Table 11). ICP-OES analyses 
showed that Ca content ranged between 34 and 37 wt%, with significant 
reductions in T7↓pH ↓Sal (34.17 ± 1.16 wt%) compared to T1control (37.20 
± 4.57 wt%) and T3↓Sal (37.64 ± 2.17 wt%; Tukey's test, p ≤ 0.05; Fig. 5, 
Suppl. Table 7), suggesting reduced calcium incorporation under com
bined acidification and hyposalinity stress. Although T8↓pH ↑Temp ↓Sal 
exhibited high variance, removal of a single outlier aligned its Ca con
tent with a consistent ~9% reduction trend under the three-factor 
combined stress (Fig. 5, Suppl. Table 7). PERMANOVA confirmed that 
pH had a significant effect (p = 0.018), and that the interaction between 
pH and temperature was also significant (p = 0.002). Random Forest 
analysis confirmed that microstructural and mineralogical responses 
(crystallite size, aragonite/calcite mineral ratio and Ca concentration) 
were primarily influenced by ΩA and pH, with lower predictive contri
butions from temperature and salinity, highlighting the central role of 
carbonate system in driving early biomineral alterations.

4. Discussion

This study provides integrative experimental insight into the skeletal 
responses of Chamelea gallina to combined acidification, warming, and 
hyposalinity, highlighting early alterations in shell skeletal, mechanical, 
and microstructural properties during a short-term exposure in 
controlled aquaria. The sensitivity of this species to environmental 
changes, particularly warming and salinity fluctuations, has been pre
viously documented along latitudinal gradients in the Adriatic Sea (Gizzi 
et al., 2016; Mancuso et al., 2023, 2019) and along the temporal 
gradient from the Holocene sedimentary record to present-day thana
tocoenosis of the Po Plain–Adriatic system (Cheli et al., 2025, 2021). 
Moreover, although several studies have examined the physiological 
responses of C. gallina to environmental stressors (Matozzo et al., 2013, 

Fig. 4. XRD pattern and FTIR spectrum are shown for each treatment (T1-T8). All the XRD peaks were assigned to aragonite. Diffraction patterns are offset to 
increase readability.
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2012; Pilo et al., 2014), the influence of chemical drivers, such as pH and 
calcium carbonate saturation state (ΩA), and their interaction with 
physical parameters remains poorly understood.

Commercial-sized clams with homogeneous shell length across 
treatments were used to minimize size-related bias and attribute 
observed changes in shell properties to environmental changes. At the 
end of the experiment, clams reared in reduced pH and raised temper
ature (T6↓pH ↑Temp and T8↓pH ↑Temp ↓Sal) showed the higher mortality 
rate, supports the hypothesis that acidification and warming act as cu
mulative stressors affecting different physiological pathways (Krishna 
et al., 2025). The absence of a significant interaction between pH and 
temperature suggests an additive rather than synergistic effect, aligning 
with previous work on bivalves where temperature increases metabolic 
demand and acidification impairs calcification (Gestoso et al., 2016; 
Martel et al., 2022; Pilo et al., 2014; Rynkowski et al., 2025).

Although salinity alone did not cause significant mortality, its 
interaction with other stressors, particularly temperature, increased 
mortality rates, indicating its role as a modulating factor that can 
exacerbate physiological stress beyond compensatory limits (Bae et al., 
2021; Dickinson et al., 2012; Rato et al., 2022; Yuan et al., 2016). A 
similar interaction has been observed in other bivalves, such as Rudi
tapes decussatus and Venerupis philippinarum, where clams exposed to 
extreme temperature and hyposalinity showed abrupt increases in 
mortality (Bae et al., 2021; Rato et al., 2022). These findings reinforce 
concerns that projected climate scenarios involving high temperatures 
and episodic freshwater inputs may jeopardize survival in coastal 
bivalve populations. Despite pronounced effects on survival, the con
dition index (CI) remained relatively stable across treatments, showing 
only minor differences and high within-group variability. As CI reflects 
the ratio of soft tissue to shell mass, it generally responds only to pro
longed stress or sustained resource shifts, while short-term stress may 
elicit physiological changes not immediately evident at the whole-body 

level (Beaudry et al., 2016).
Shell macro and micro-scale properties seemed to be highly 

responsive to experimental conditions after only 21 days of exposure. 
Apparent porosity and bulk density emerged as the most sensitive in
dicators of skeletal change, both exhibiting a clear synergistic response, 
characterized by markedly elevated porosity (+92%) and reduced 
density (− 5%) under combined acidification, warming, and hypo
salinity. Micro-density, which reflects the density of calcium carbonate, 
showed weak variations, with a mean value of 2.8 g cm− 3 in line with 
typical density of biogenic biologically produced aragonite, indicating 
conserved mineralogical characteristics. The observed skeletal weak
ening, characterized by increased porosity and reduced bulk density, 
likely compromised shell mechanical integrity, as confirmed by 
compression tests under dry conditions. Shells exposed to acidification, 
warming, and hyposalinity exhibited reduced maximum load and stiff
ness, indicating weaker and more fracture-prone shells. These effects 
emerged only under dry conditions, not when shells were hydrated, 
emphasizing the role of water and the organic matrix in maintaining 
structural resilience (Ji et al., 2020; Li et al., 2023; Neves and Mano, 
2005). Hydration likely restores elasticity to the organic components (Ji 
et al., 2020), attenuating stress propagation (Barthelat et al., 2007; 
Kamat et al., 2000) and masking weaknesses induced by environmental 
stressors (Fitzer et al., 2014; Marin et al., 2012). Because the organic 
matrix constitutes only 0.1–5 wt% of shell mass (Marin et al., 2012), and 
averaged 1.8 wt% in C. gallina without variation among treatments, it 
cannot account for the observed mechanical differences. Increased 
fragility under dry conditions, instead, likely reflects cumulative calci
fication impairments at the macroscale (increased porosity) and 
microscale (modifications in crystallite size and mineral composition). 
Crystallite size was markedly reduced in shells exposed to combined low 
pH, elevated temperature, and reduced salinity (~ − 33–37%), sug
gesting early disruption of crystal growth and constrained crystal 

Fig. 5. Shell microstructural properties (crystallite size and mineral composition) across treatments (T1 to T8), obtained from XRD and ICP-OES analyses. n = 3 
independent samples for each treatment. Crosses represent mean values. Light blue bars represent the control treatment (T1), while acid green bars indicate the three- 
factor combined condition (T8). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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maturation under stressful conditions. Although post-hoc comparisons 
did not retain statistical significance after correction, likely due to 
sample size and data variability, the consistent trend across planes and 
treatments pointed to the onset of a stress-driven response in shell or
ganization. Similar microstructural changes have been reported in 
mollusks exposed to acidification, that have shown to produce smaller 
and less ordered crystals, and less compact microstructural assemblies, 
all factors that may reduce fracture resistance and overall structural 
performance (Fitzer et al., 2014, 2016; Hahn et al., 2011; Leung et al., 
2017; Meng et al., 2018). Mineralogical analyses confirmed that 
C. gallina shells remained predominantly aragonitic across treatments, 
consistent with previous studies (Gizzi et al., 2016; Kocabaş et al., 2023; 
Mancuso et al., 2019). However, a slight increase in calcite content was 
detected under acidified conditions, reaching up to 1.98 wt% in T8↓pH 

↑Temp ↓Sal. Although not statistically significant, the consistent trend 
observed across treatments suggested an emerging shift toward 
increased calcite precipitation or disrupted aragonite crystallization 
under ocean acidification. Comparable patterns in other bivalves and 
gastropods (Fitzer et al., 2014; Ries et al., 2009; Hahn et al., 2011), 
indicated that such changes often arise from localized polymorphic 
instability rather than complete phase transitions. These subtle miner
alogical shifts likely signal early disruption of the biomineralization 
pathway, driven by reduced carbonate saturation (ΩA) and altered ion 
availability under acidified conditions (Waldbusser and Salisbury, 
2014).

Calcium content in C. gallina showed reduced values under low pH, 
especially in the combined acidification and hyposalinity condition 
(T7↓pH ↓Sal). Given that calcium concentrations in bivalve shells typically 
average around ~35 wt% (a value confirmed in this study), and ac
counts for 95–99% of the shell mineral mass (Schöne et al., 2010), cal
cium content serves as a reliable proxy for calcification efficiency 
(Frieder et al., 2017b). Its decline therefore points to an early limitation 
in calcium incorporation under multi-stressor conditions. Altogether, 
these findings may represent early signs of stress-induced limitations in 
shell formation processes which, if sustained over time, could compro
mise the calcification potential of C. gallina under chronic environ
mental stress.

This study provides compelling evidence that ocean acidification, 
warming, and hyposalinity jointly affect the shell of C. gallina, altering 
its structural, mechanical, and compositional properties even after 
short-term exposure. The combined action increased porosity, reduced 
bulk density, weaken mechanical resistance, decreased crystallite size, 
and lowered calcium incorporation, all early signatures of impaired 
calcification and reduced shell resilience. Many of the responses under 
the triple-stressor treatment (low pH, high temperature, low salinity) 
exceeded those expected from single-stressor impacts, suggesting syn
ergistic interactions that amplify organismal vulnerability, a growing 
pattern among marine invertebrates (Przeslawski et al., 2015; Wu et al., 
2018). These non-additive effects highlight the importance of multi- 
stressor experimental approaches to more accurate predict marine cal
cifiers' responses under realistic climate change scenarios. A limitation 
of this study is the relatively short exposure duration (21 days), which 
does not replicate the chronic nature of climate change. However, short- 
term mesocosm experiments are effective in identifying early responses 
and windows of vulnerability to rapid environmental fluctuations, 
which are common in coastal systems such as the Adriatic Sea. 
Accordingly, the observed responses should be interpreted as acute ef
fects rather than long-term acclimation or adaptation. Future work 
should extend exposure durations, include additional life stages (e.g., 
juveniles), and apply mechanistic and modeling approaches to better 
resolve how multiple stressors interact to affect shell structure, me
chanical properties, and survival of C. gallina.

The clear multi-scale weakening of C. gallina under combined 
stressors, may also compromise the shell's mechanical protection and 
increase vulnerability to durophagous predators (Amaral et al., 2012; 
Awad et al., 2023; Green et al., 2009). Given the ecological and 

economic relevance of C. gallina in the Adriatic Sea, reduced shell 
integrity could also lead to lower product quality and higher discard 
rates during fishing operations, with potential socio-economic implica
tions (Bressan et al., 2014; Gizzi et al., 2016). This study underscores the 
value of a multi-scale approach, integrating structural and mineralogical 
responses, and offers a comprehensive perspective on how climate 
change may weaken the resilience of shell-forming species in coastal 
ecosystems. These insights are critical for assessing species vulnerability 
and supporting both biodiversity conservation and the sustainability of 
bivalve fisheries in an era of accelerating environmental change.

5. Conclusions

This study provides experimental evidence that combined exposure 
to ocean acidification, warming, and hyposalinity weakens the shell of 
Chamelea gallina, compromising shell integrity and increasing mortality 
even over short timescales. The observed increase in porosity and 
reduction in bulk density and mechanical resistance, together with 
subtle changes in shell mineralogy, indicate early impairment of calci
fication processes. Notably, several responses were stronger under 
combined stressors than under single-stressor conditions, highlighting 
the role of synergistic interactions in exacerbating skeletal weakening. 
Given the ecological and commercial importance of C. gallina in the 
Adriatic Sea, these findings suggest increased vulnerability of this spe
cies under future climate scenarios and emphasize the need for mitiga
tion strategies to preserve coastal ecosystems and bivalve fisheries.
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