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Abstract

The widespread use of gadolinium‐based contrast agents (GBCAs) in medical imaging has raised concerns regarding their persistence in aquatic environments and potential ecotoxicological impacts. This study evaluated the effects of gadolinium (Gd) exposure, under environmentally relevant concentrations (10 µg/L), on two ecologically and economically important bivalves from the Ria de Aveiro, Ruditapes philippinarum and Mytilus galloprovincialis, while considering the role of salinity fluctuations (30 and 40) associated with climate change. Organisms were exposed for 14 days and a suite of biochemical markers was analysed, including antioxidant and biotransformation enzymes, energy metabolism, neurotoxicity, oxidative damage, and osmoregulation. Both species bioaccumulated Gd, with clams showing higher tissue concentrations at salinity 30 compared to 40, while mussels accumulated lower levels overall. Multivariate analyses revealed species‐specific biochemical responses. Clams primarily mobilised energy reserves and detoxification pathways under moderate salinity, while at hypersalinity they shifted towards antioxidant defenses (SOD, CAT), indicating oxidative stress management. In contrast, mussels showed an energy‐conserving profile: at salinity 30 Gd depressed SOD and induced CbEs, while at salinity 40 both antioxidant (SOD, CAT) and conjugation (GSTs) activities were reduced. Integrated Biomarker Response Index version 2 (IBRv2) peaked at salinity 40 (with and without Gd), confirming salinity as the dominant driver of response. These findings demonstrate that salinity modulates Gd toxicity and highlight interspecific differences in resilience strategies. Overall, the results underscore the importance of integrating emerging pollutants and climate‐related stressors in ecotoxicological assessments to better predict risks to marine ecosystems.
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1 Introduction
Marine and coastal systems are threatened by a wide array of pollutants, spanning from traditional contaminants, trace metals and hydrocarbons, to more recently recognised substances known as emerging pollutants (EPs). Emerging pollutants are anthropogenic compounds that are not yet consistently monitored or regulated, yet they possess the potential to cause considerable harm to ecosystems and human health (Li et al., 2024). They frequently arise from industrial activities, pharmaceuticals, personal care products, and cutting‐edge technologies, which introduce by‐products and chemical compounds into the environment (Sauvé and Desrosiers, 2014; Patel et al., 2020). Among EPs, rare earth elements (REEs), such as gadolinium (Gd), stand out for their dual nature. While they are essential for advanced technological and medical applications, they also persist as pollutants in natural ecosystems (Trapasso et al., 2021). Gadolinium exemplifies the environmental challenges posed by EPs. Although naturally present at trace levels, Gd has seen increased anthropogenic input due to its widespread use in gadolinium‐based contrast agents (GBCAs) for magnetic resonance imaging (Rogowska et al.,2018;  Brünjes and Hofmann, 2020). These agents, introduced in the 1980s, utilize Gd's paramagnetic properties to enhance diagnostic accuracy. Despite being biologically inert in medical settings, GBCAs are highly stable, resist degradation, and are poorly removed by conventional wastewater treatment plants. As a result, they accumulate in rivers, lakes, and coastal waters, often exceeding natural background levels (Laczovics et al., 2023).
Background Gd concentrations in pristine waters are typically in the low range (1–10 ng/L), while anthropogenically influenced systems, particularly rivers near large hospitals or densely populated areas, can reach 100–1000 ng/L, with hotspots occasionally surpassing 1 µg /L (see for review, Moreira et al., 2025). In estuarine and coastal areas, positive Gd anomalies have been repeatedly reported, confirming its persistence and conservative transport over long distances. Consequently, dissolved Gd concentrations in urban‐impacted estuaries are frequently one to two orders of magnitude higher than natural baselines (see for review Moreira et al., 2025). In marine invertebrates, particularly bivalves and crustaceans, reported Gd concentrations in tissues range from trace levels (<0.01 µg /g) up to values exceeding 0.4 µg /g, with Mytilus galloprovincialis and Scrobicularia plana (Moreira et al., 2025; Rétif et al., 2024a,b) among the most studied taxa. Regional comparisons reveal higher concentrations in organisms from estuaries subjected to intense urban and hospital effluents (Santos et al., 2023), underscoring the role of filter‐feeding invertebrates as sensitive bioindicators. Their high filtration rates, combined with direct exposure to dissolved and particle‐bound Gd, make them especially prone to bioaccumulation, which may translate into oxidative stress, impaired growth, and reproductive disturbances (Hanana et al., 2017; Perrat et al., 2017; Spampinato et al., 2024).
The persistence of Gd in marine and freshwater systems poses notable ecological risks. Laboratory and field studies demonstrate that Gd can bioaccumulate in algae, bivalves, and fish, impairing vital physiological processes (for review, see Moreira et al., 2025). For instance, exposure has been associated with reduced algal photosynthetic efficiency, disruption of calcium‐dependent pathways in fish, and altered filtration and energy metabolism in bivalves (Telgmann et al., 2012; Schmidt et al., 2019). In mussels, Gd exposure has been linked to oxidative stress, increased lipid peroxidation, and induction of antioxidant enzymes, indicating a shift in redox homeostasis (Henriques et al., 2019; Andrade et al., 2022, 2023). Moreover, Gd can compete with essential elements such as Ca2+ and Mg2+, interfering with enzyme activity, ion regulation, and membrane stability in aquatic organisms. Chronic exposure may therefore compromise growth, reproduction, and ecosystem stability (Rogowska et al., 2018).
Pollutants’ behavior, bioavailability, and toxicity might change according to environmental factors, including salinity, which is closely related to ongoing climate changes such as increased temperatures, rising sea levels, and extreme weather events (IPCC, 2023). Increased precipitation, droughts, and sea level rise contribute to abrupt salinity shifts: freshwater inputs lower salinity, while evaporation and reduced river flow induce hypersaline conditions. These changes can exceed the physiological tolerances of many marine species, especially in shallow habitats (IPCC, 2019). Salinity shifts also influence pollutant dynamics by altering solubility, speciation, and bioavailability of metals. Such conditions can enhance contaminant uptake and toxicity in marine organisms, weakening antioxidant defenses and increasing lipid peroxidation, an indicator of cellular damage (Andrade et al., 2022; Chen et al., 2024). These combined stressors reduce resilience and threaten ecosystem services (IPCC, 2023). Addressing these multifactorial threats requires interdisciplinary strategies, robust emission reductions, pollutant regulation, and international cooperation to safeguard marine ecosystems and ensure the sustainability of natural systems and human societies (Gissi et al., 2021; Zitoun et al., 2024).
Salinity perturbations also disrupt species distributions, trophic interactions, and physiological stability. Bivalves respond to osmotic stress by closing their valves, a strategy to limit ion imbalance. However, chronic salinity fluctuations impair feeding, digestion, nutrient absorption, and increase metabolic costs, diverting energy from growth and reproduction. Long‐term exposure is also linked to oxidative stress, enzyme disruption, and cytotoxicity (Carregosa et al., 2014; Rivera‐Ingraham and Lignot, 2017). Therefore, ecotoxicological assessments must integrate climate variability, oceanographic shifts, and species‐specific responses to accurately predict ecological risks. A multidimensional and adaptive governance approach is essential to mitigate the compounded effects of salinity instability, pollution, and climate change on marine ecosystems.
Considering the available literature on ecological risks associated with Gd, this study aimed to: i) investigate, under controlled laboratory conditions, the ecotoxicological effects of Gd on two ecologically and economically important bivalves from the Ria de Aveiro, Ruditapes philippinarum and M. galloprovincialis, with particular attention to species‐specific biochemical responses; ii) examine how climate change‐related stressors, specifically salinity fluctuations, influence the accumulation and toxicity of Gd, thereby providing insight into how environmental variability modulates contaminant impacts in marine bivalves. To enable a true interspecific comparison, mussels and clams were exposed simultaneously under identical Gd and salinity conditions, overcoming the limitations of previous mussel‐only studies performed under different exposure settings.
2 Materials and methods
2.1 Sampling area
Ruditapes philippinarum (length: 37.54 ± 2.64 mm; width: 25.18 ± 1.87 mm), and Mytilus galloprovincialis (length: 31.57 ± 1.48 mm; width: 57.02 ± 2.82 mm) were sampled from Mira Channel, in Ria de Aveiro, a coastal lagoon located in northwestern Portugal. The broad geographic distribution and high population density of bivalves, coupled with their ease of collection and long lifespan, render them particularly valuable and desirable organisms for scientific research (Boening, 1999; Dame, 2012; Zuykov et al., 2013). Salinity levels in the lagoon vary considerably, ranging from values below 5 in inner channels distant from the ocean inlet to between 30 and 34 near the connection with the Atlantic Ocean (Dias et al., 2000; Lopes et al., 2021). However, the lagoon is susceptible to extreme weather conditions, including intense rainfall and prolonged droughts, which induce significant fluctuations in both temperature and salinity (Lopes et al., 2021).
2.2 Depuration and acclimation
For depuration, clams and mussels were kept separately for one week in artificial seawater (prepared with deionized water and commercial Red Sea® salt), under continuous aeration, a natural photoperiod, at controled temperature (approximately 17 ± 1°C), with a pH of 8.0 ± 0.1 and a salinity of 30 ± 1. These conditions were selected based on the salinity measured in the Mira Channel at the time of collection. The water was renewed every two days, and proteins and organic compounds were continuously removed using a protein skimmer. After the first week of depuration, clams and mussels were divided into two groups and kept for an additional week for acclimation to two different salinities (30 and 40). Salinity levels were gradually increased every two days until the target values were reached, while maintaining controled temperature (17 ± 1°C). Throughout this period, organisms were kept under continuous aeration, a natural photoperiod, at a pH of 8.0 ± 0.1, and were fed every two days with a mixture of three algae species (Tetraselmis chuii (Phyto Algae), Isochrysis aff. galbana (Iso Prime), and Phaeodactylum tricornutum (Phyto Algae)) at a concentration of 150,000 cells per bivalve per day. During this period, mortality was checked regularly, clams and mussels were considered dead when their shells remained open and did not close after an external stimulus.
2.3 Experimental setup
For the experimental exposure, Gd concentrations were selected based on available literature reporting its occurrence in marine and coastal waters. Background levels in seawater are typically in the range of 1 to 10 µg/L (Moreira et al., 2025). Considering these findings, and following previous studies conducted with bivalves under similar exposure levels (Hanana et al., 2017; Perrat et al., 2017), a concentration of 10 µg/L Gd was chosen to assess its effects on both species. The Gd was administered as gadolinium(III) chloride (GdCl₃) at the desired concentration.
The salinity values were selected considering records from the Ria de Aveiro, as well as the climatic events predicted in climate change scenarios. In the Mira Channel, salinity can vary between 10 and 38, approximately (Santos et al., 2007). The control salinity (30) was chosen considering the mean salinity values at the sampling site (Henriques et al., 2006; Vaz et al., 2019) and according to the control values used in other similar studies (Velez et al., 2017; Coppola et al., 2020; Freitas et al., 2020). A salinity of 40 was chosen to simulate extreme weather events such as periods of drought or high evaporation, which can lead to increased salinity in coastal and estuarine environments (IPCC, 2023).
After acclimation, similarly sized clams (R. philippinarum) and mussels (M. galloprovincialis) were used to minimize the influence of body size on Gd responses. Separately, they were exposed to selected concentrations of Gd: CTL, aquaria with clams or mussels, both without Gd, under control salinity (30); and salinity 40, Gd aquaria with clams or mussels, both with 10 µg/L of Gd, under control salinity (30) and salinity 40. For each treatment, three replicate aquaria were used, with five clams or mussels per aquarium, each with 3 L of seawater.
The exposure lasted for 14 days, the same exposure period used in other REE studies with bivalves (Cunha et al., 2022). During this period, the organisms were maintained in artificial seawater, under continuous aeration, a natural photoperiod, at a temperature of approximately 17 ± 1°C, and were fed three times per week with the same mixture of algae used in acclimation at a concentration of 150,000 cells per bivalve per day. The water was renewed and re‐spiked with Gd once a week, and mortality was monitored regularly.
At the end of the exposure, all organisms were collected and immediately frozen in liquid nitrogen and stored at ‐80 °C for future analysis. For biochemical analysis, 36 clams (nine per treatment, three per aquarium) and 36 mussels (nine per treatment, three per aquarium) were used. Each organism was removed from the shell, and the whole soft tissue was individually and manually homogenized while still frozen. For this procedure, a mortar and pestle were used under liquid nitrogen. Each homogenized organism was divided into 0.3 g fresh weight (FW) aliquots for biochemical analyzing, using a 1:2 (w/v) ratio of tissue to buffer. The remaining tissue of one organism per aquarium (three per treatment) was used for Gd quantification.
2.4 Quantification of gadolinium in soft tissues
Approximately 200 mg of freeze‐dried tissue samples were weighed into Teflon digestion vessels. To each vessel, 1 mL of 65 % (v/v) nitric acid (HNO₃), 2 mL of 30 % (v/v) hydrogen peroxide (H₂O₂), and 1 mL of ultrapure water were added. The digestion procedure was carried out in a CEM MARS 6 microwave oven, which allows precise temperature control. The temperature inside the vessels was increased to 180 °C over a 25 min ramp time and then maintained at 180 °C for an additional 5 min. After digestion, the vessels were allowed to cool to room temperature, and the digested samples were quantitatively transferred into polyethylene bottles. The volume was adjusted to 25 mL with ultrapure water, and the solutions were stored at room temperature until analysis
For quality control, digested blanks, duplicate samples, and a certified reference material were included. Gadolinium concentration in the digested blank was below the limit of quantification (0.01 µg/L). Duplicate analyzes yielded a coefficient of variation of 4 %, confirming high analytical precision. The accuracy of the method was validated using the certified reference material BCR‐668 (mussels’ tissue), with a certified Gd concentration of 13.0 µg/kg. Recovery for BCR‐668 was 108 %, attesting to the trueness of the quantification.
2.5 Biochemical responses
To investigate the biochemical changes resulting from the exposure of R. philippinarum and M. galloprovincialis to Gd and the combination of Gd with two different salinities, a suite of biomarkers was used to assess key biochemical responses. The biomarkers selected enabled the evaluation of metabolic capacity and energy reserves, through measurements of electron transport system (ETS) activity, total protein (PROT) and carbohydrates (CARB) contents. Antioxidant defense mechanism was assessed by measuring the activities of superoxide dismutase (SOD) and catalase (CAT) enzymes, while biotransformation capacity was evaluated through the activities of carboxylesterases (CbEs) and glutathione S‐transferases (GSTs) enzymes. Additionally, indicators of oxidative damage, such as lipid peroxidation (LPO) and protein carbonylation (PC) levels, were quantified. To further investigate cellular stress responses and osmoregulatory adjustments, proline (PROL) content was measured. Neurotoxic effects were assessed through the determination of acetylcholinesterase (AChE) activity. The selection of biomarkers was based on previous studies conducted with bivalves exposed to environmental contaminants and climate‐related stressors (Cunha et al., 2022; Andrade et al., 2023; Leite et al., 2024).
The buffers employed were as follows: 50 mM potassium phosphate buffer for the analysis of PROT, CARB, SOD, CAT, CbEs, GSTs, PC, and AChE; 0.1 M Tris‐HCl buffer for ETS; 20% (w/v) trichloroacetic acid (TCA) for LPO; and 3% (w/v) sulfosalicylic acid for PROL levels.
Tissue homogenates were sonicated for 90 s at a frequency of 20 1/s using a TissueLyser II (Qiagen) and subsequently centrifuged under different conditions according to the buffer used: 20 min at 10,000 g for phosphate buffer and TCA, 20 min at 3,000 g for Tris‐HCl buffer, and 10 min at 10,000 g for sulfosalicylic acid. Supernatants were collected and transferred into microtubes. Samples that were not immediately analyzed were stored at – 80 °C until further processing.
All biochemical parameters were determined in duplicate to ensure accuracy and reproducibility, with absorbance measurements performed using a microplate reader (Biotek).
2.5.1 Metabolic capacity and energy reserves
To assess metabolic capacity, ETS activity was measured following the method developed by King and Packard (1975) and modified by De Coen and Janssen (1997). Briefly, tissue extracts were incubated with the reagent INT (2‐(p‐iodophenyl)‐3‐(p‐nitrophenyl)‐5‐phenyl tetrazolium chloride), which acts as an artificial electron acceptor. Dehydrogenase enzymes, utilizing NADH and NADPH as co‐factors, reduce INT to form insoluble formazan, a colored compound. Formazan production was read for 10 min at 490 nm with 25 s intervals using the extinction coefficient (ε) of 15.9 mM−1cm−1, and the results were expressed as nmol per min per g FW.
Energy reserves were assessed by measuring CARB and PROT contents, with CARB representing a primary energy source for metabolic demands, while PROT were considered mainly for their functional and structural roles. Carbohydrate content was quantified following the sulfuric acid method described by Dubois et al. (1956). In this procedure, sugars and their derivatives react with phenol under strongly acidic conditions to form a yellow‐orange complex, the intensity of which is proportional to the amount of sugar present. Sulfuric acid hydrolyzes the sugars, enabling their quantification. After incubation for 30 min at room temperature, absorbance was measured at 492 nm, and the CARB concentration in the samples was determined using a calibration curve generated with glucose standards ranging from 0 to 5 mg /mL. The results were expressed as mg per g FW.
The total PROT content was quantified using the Biuret method, originally described by Robinson and Hogden (1940). In this colorimetric assay, the Biuret reagent reacts with peptide bonds under alkaline conditions, forming a violet‐colored complex whose intensity is proportional to the PROT concentration. Absorbance was measured at 540 nm, and the PROT concentration in the samples was determined using a calibration curve generated with bovine serum albumin (BSA) standards ranging from 0 to 40 mg /mL. Results were reported as mg per g FW.
2.5.2 Antioxidant and biotransformation capacity
Among the enzymatic defenses against reactive oxygen species (ROS), SOD and CAT play central roles. Superoxide dismutase catalyzes the dismutation of the highly reactive superoxide anion radical (O₂⁻) into H₂O₂, a less reactive but still potentially harmful molecule. Subsequently, CAT decomposes H₂O₂ into water and molecular oxygen, preventing the accumulation of H₂O₂ and the formation of even more damaging radicals through Fenton reactions (Regoli and Giuliani, 2014).
The activity of SOD was assessed according to the method described by Magnani et al. (2000), which relies on the ability of the enzyme to inhibit pyrogallol autoxidation. Tissue samples were mixed with Tris‐EDTA buffer, and the reaction was initiated by adding pyrogallol dissolved in 0.01 mmol/L HCl. Following a 1‐min incubation at room temperature, the absorbance was recorded at 420 nm. Results were expressed in U per g FW, where one unit (U) of enzyme activity indicates the inhibition of 50 % of pyrogallol autoxidation.
The activity of CAT was determined following the procedure described by Aebi (1984). In this assay, 30 mM H₂O₂ was added to the samples, and the enzymatic decomposition of H₂O₂ was monitored by measuring the decrease in absorbance at 240 nm over 2 min, with readings taken every 15 s. The molar extinction coefficient used was ε = 43.5 M⁻¹cm⁻¹. The results were expressed as µmol per min per g FW.
In addition to the antioxidant enzymes, biotransformation enzymes such as CbEs and GSTs contribute significantly to the detoxification processes. CbEs catalyze the hydrolysis of carboxylic esters into their corresponding alcohol and acid (Solé et al., 2018). The activity of CbEs was determined according to the method of Hosokawa and Satoh (2002), with adaptations introduced by Solé et al. (2018). In this assay, p‐nitrophenyl butyrate (pNPB) was used as a substrate, which upon hydrolysis releases p‐nitrophenol ions, forming a yellow chromophore. The CbEs activity was monitored at 405 nm over 5 min at 15 s intervals. For activity quantification, an extinction coefficient (ε) of 18 mM−1 cm−1 was used, and the results were expressed in nmol per min per g FW.
The activity of GSTs was assessed following the method originally described by Habig et al. (1974), adapted by Carregosa et al. (2014). These enzymes catalyze the conjugation of reduced glutathione with the substrate 1‐chloro‐2,4‐dinitrobenzene (CDNB), resulting in the formation of a thioester bond that can be detected spectrophotometrically at 340 nm for 5 min between 15 s. Thioether formation was quantified using an extinction coefficient (ε) of 9.6 mM−1cm−1. The results were expressed as nmol per min per g FW.
2.5.3 Cellular damage
When antioxidant and biotransformation systems fail to neutralize ROS, oxidative damage accumulates in cells. Excess ROS triggers lipid peroxidation (evaluated by LPO), compromising membrane stability and permeability, and oxidize proteins (assessed by PC), generating carbonyls, indicators of oxidative stress (Regoli and Giuliani, 2014; Freitas et al., 2016). Evaluating both LPO and PC provides a comprehensive overview of oxidative damage and the disturbance of cellular redox homeostasis.
Levels of LPO were determined by quantifying malondialdehyde (MDA), a major aldehyde byproduct generated during the peroxidation of polyunsaturated fatty acids. The method followed was that of Ohkawa et al. (1979), with adaptations introduced by Carregosa et al. (2014). In this assay, MDA reacts with thiobarbituric acid (TBA) under high temperature and acidic conditions to form a pink‐colored adduct known as the thiobarbituric acid reactive substances (TBARS) complex. The intensity of the colored complex was measured spectrophotometrically at 532 nm. The concentration of MDA in the sample was determined using an extinction coefficient (ε) of 156 mM−1 cm−1. Results were expressed in nmol of MDA equivalents formed per g FW.
Levels of PC were assessed following the alkaline DNPH (2,4‐dinitrophenylhydrazine) method described by Mesquita et al. (2014). In this procedure, DNPH reacts specifically with carbonyl groups introduced into protein side chains by oxidative reactions, forming stable hydrazone derivatives. After derivatization, the DNP‐protein hydrazones formed were measured spectrophotometrically at 450 nm. The levels of PC were calculated using the specific extinction coefficient (ε) of 22.308 mM−1 cm−1. Results were expressed in nmol per g FW.
2.5.4 Osmoregulation responses
Proline is a low‐molecular‐weight organic osmolyte that plays a vital role in the osmotic regulation of cells exposed to environmental stressors such as salinity fluctuations. In marine invertebrates, PROL plays a crucial role in maintaining cellular homeostasis by acting as a compatible solute, stabilizing proteins, and membranes under osmotic stress. Additionally, it functions as a scavenger of  ROS, contributing to the protection of cellular structures against oxidative damage (Willett and Burton, 2002). Its accumulation is essential for maintaining cellular homeostasis during salinity stress, making it a reliable indicator of osmotic and environmental stress responses (Stączek et al., 2024).
To determine PROL levels, the method of Bates et al. (1973) was adapted for marine invertebrates. Acid ninhydrin and glacial acetic acid were added to the samples, which were then incubated at 100 °C for 45 min. Absorbance was read at 520 nm, and PROL concentration was determined using a D‐proline standard curve (0–0.075 mg/mL). Results were expressed as mg per g FW, providing insight into the organisms’ osmotic adjustment capacity under experimental conditions.
2.5.5 Neurotransmission
Acetylcholinesterase is a key enzyme in vertebrate and invertebrate nervous systems, hydrolyzing acetylcholine to terminate nerve impulses and maintain synaptic function. When AChE is inhibited, acetylcholine accumulates, causing continuous nerve stimulation, impaired muscle function and neurotoxicity. For this reason, AChE activity is widely used as a sensitive biomarker of neurotoxic effects of environmental contaminants, including organophosphates, carbamates and metals (Čolović et al., 2013).
The activity of AChE was determined following the method described by Ellman et al. (1961), with modifications according to Mennillo et al. (2017). In this assay, samples were combined with 0.1 M K₂HPO4 buffer at pH 8.0, followed by the addition of 5,5'‐dithiobis(2‐nitrobenzoic acid) (DTNB) and acetylthiocholine iodide (ATChI). The reaction kinetics were monitored spectrophotometrically at 412 nm for 5 min, with absorbance readings taken every 25 s. For quantification, an extinction coefficient (ε) of 13.6 mM⁻¹cm⁻¹ was used and the results were expressed as nmol per min per g FW.
2.6 Data analysis
2.6.1 Statistical analyses
Data obtained for Gd concentration in soft tissues and biochemical parameters were statistically analyzed using hypothesis testing with permutational multivariate analyzes of variance (PERMANOVA) in PRIMER v6, with PERMANOVA+ add‐on (Anderson et al., 2008). The Pseudo‐F test was determined using unrestricted permutations of the raw data (9999 permutations) based on the Euclidean distance matrix. The null hypotheses were rejected for p‐values < 0.05 (significant differences). When significant differences were observed in the main test, pairwise comparisons were performed. Results are presented as means with standard deviations.
Four null hypotheses were tested for each biochemical parameter separately for each species: (i) no significant differences exist between control groups at different salinities (30 and 40), indicated by lowercase letters in the figures (and p‐values given in supplementary material); (ii) no significant differences exist between Gd‐exposed groups at different salinities, indicated by uppercase letters in the figures (and p‐values given in supplementary material); (iii) no significant differences exist between non‐exposed and Gd‐exposed groups within each salinity, indicated by asterisks in the figures (and p‐values given in supplementary material); (iv) no significant differences exist between species for both non‐exposed and Gd‐exposed groups at each salinity, with p‐values given in the text. For the quantification of Gd in the tissue, a null hypothesis was tested, namely, no significant differences exist among treatments for each species, indicated by lowercase letters.
2.6.2 Multivariate analyzes
Considering the multiple variables assessed in this study, including eleven biochemical parameters, two salinities (30 and 40), and two chemical conditions (presence and absence of Gd), a Principal Coordinates Ordination (PCO) was conducted to provide an integrative overview of the biological responses under different experimental treatments. A Euclidean distance similarity matrix based on all biochemical parameters was computed, and only the biochemical variables with correlation coefficients higher than 0.70 were superimposed as vectors, thereby enabling a clearer interpretation of the biomarkers that most strongly contributed to the differentiation of the biological profiles under the different experimental conditions.
2.6.3 Integrated biomarker response (IBR)
To integrate the biochemical responses of mussels and clams to the different treatment conditions, the Integrated Biomarker Response Index version 2 (IBRv2) was applied, following the methodology described by Beliaeff and Burgeot (2002) and adapted by Sanchez et al. (2013). This approach allowed for an integrated characterization of the biochemical responses in mussels and clams under the stress treatments. The integration process was evaluated by considering the stress treatments, namely Gd exposure at salinities of 30 (Gd30) and 40 (Gd40), as well as the control at salinity 40 (CTL40), which were compared with CTL30, defined as the baseline control condition. Before the calculation of the IBRv2, a logarithmic transformation was performed to reduce data variability, using the formula Yi = log(Xi/X0), where Xi corresponds to the biomarker value for each treated group and X0 represents the mean value from the control group. Subsequently, the transformed data were standardized according to Zi = (Yi ‐ μ) / σ, where μ and σ are the mean and standard deviation of the Yi values, respectively. The biomarker deviation index was then calculated as A = Zi ‐ Z0, establishing a baseline centered on zero to represent deviations relative to the control condition. The absolute values of these deviations (|A|) were then summed across all biomarkers to compute the final IBRv2 value, providing a quantitative measure of the overall biochemical response. Higher IBRv2 values indicate more pronounced biochemical alterations in response to the treatments. To facilitate interpretation, the deviation values for each biomarker were represented graphically, allowing a clear visualization of the intensity of the biochemical responses across different treatment conditions. These values were analyzed according to the overall response pattern established by the final IBRv2 index.
3 Results
3.1 Gadolinium concentrations in bivalves’ tissues
Gadolinium concentrations in clams’ soft tissue, analyzed after exposure, are presented in Table 1. In the clams of the control group, concentrations of 0.025 ± 0.009 µg/g dry weight (DW) were observed at salinity 30 and 0.024 ± 0.006 µg/g DW at salinity 40, very close values that suggest a negligible influence of salinity on basal Gd accumulation. The clams exposed to Gd at both salinities, 30 and 40, presented values of 0.099 ± 0.017 µg/g DW and 0.065 ± 0.013 µg/g DW, respectively, which represent a significant increase in relation to the values of the control groups, reflecting a clear bioaccumulation. Furthermore, the concentration of Gd in the tissue of clams at a salinity of 30 was significantly higher than in those at a salinity of 40.
Gadolinium concentrations in the soft tissue of mussels, analyzed after exposure, are presented in Table 2. In mussels under control conditions, concentrations were 0.015 ± 0.010 µg/g DW at salinity 30 and 0.008 ± 0.002 µg/g DW at salinity 40, indicating not only a lower accumulation compared to clams, but also a possible reduction in concentration with increasing salinity. Mussels exposed to Gd showed significantly higher concentrations than the respective controls, with values of 0.042 ± 0.013 µg/g DW and 0.027 ± 0.002 µg/g DW at salinities of 30 and 40, respectively. Furthermore, no significant differences were observed between salinities for Gd‐exposed mussels.
Table 1 
Gadolinium (Gd) concentration (µg/g dry weight (DW)) in the dried soft tissues of clams after 14 days of non‐exposure and exposure to 10 µg/L of Gd at salinities of 30 or 40.

Table 2 
Gadolinium (Gd) concentration (µg/g dry weight (DW)) in the dried soft tissues of mussels after 14 days of non‐exposure and exposure to 10 µg/L of Gd at salinities of 30 or 40.

3.2 Biochemical responses
3.2.1 Metabolic capacity and energy reserves
In clams, electron transport system (ETS) activity did not vary significantly between salinities in non‐contaminated treatments. Similarly, in Gd‐exposed clams, no significant differences were observed between the tested salinities. When comparing Gd‐exposed and non‐exposed clams at each salinity, mean ETS values tended to be higher in Gd‐exposed clams, although these differences were not statistically significant (Fig. 1A, Tab. S1). In mussels, ETS activity remained similar between non‐contaminated groups exposed to both salinities. Consistently, in the Gd‐exposed groups, no significant differences were observed between salinities. Similarly, no significant differences were found between control and Gd‐exposed mussels, regardless of the salinity tested (Fig. 1A, Tab. S1). No significant differences (p > 0.05) were observed between the two species regardless of the treatment tested.
In clams, the content in carbohydrates (CARB) did not vary significantly between salinities in non‐contaminated treatments. Similarly, no significant differences were observed in Gd‐exposed clams regardless of the tested salinities. When comparing Gd‐exposed and non‐exposed clams at each salinity, CARB levels remained consistent, with no significant differences detected at either salinity (Fig. 1B, Tab. S1). In mussels, no significant differences were observed at salinity 40 compared to salinity 30 in the non‐contaminated groups. Consistently, for the Gd‐exposed groups, CARB levels remained similar between salinities. Comparisons between control and Gd‐exposed mussels showed no significant differences at either salinity (Fig. 1B, Tab. S1). No significant differences (p > 0.05) were observed between the two species, regardless of the treatment.
In clams, in the absence of Gd, the total protein (PROT) showed no significant differences between salinities. No significant differences were observed in Gd‐exposed clams between the two salinities. Comparisons between Gd‐exposed and non‐exposed clams showed no significant changes at either salinity (Fig. 1C, Tab. S1). In mussels, the PROT content remained stable across salinities in both control and Gd‐exposed groups. Likewise, no significant differences were detected between Gd‐exposed and non‐exposed mussels at either salinity (Fig. 1C, Tab. S1). No significant differences (p > 0.05) were observed between the two species, regardless of the treatment.
	[image: thumbnail]	Fig. 1 A: Electron transport system (ETS) activity; B: Carbohydrates (CARB) content; C: Protein (PROT) content, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are presented as means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.



3.2.2 Antioxidant and biotransformation capacity
In clams, superoxide dismutase (SOD) activity showed no significant differences between salinities in the non‐contaminated groups. No significant differences were observed in Gd‐exposed clams between salinities. When comparing Gd‐exposed and non‐exposed clams at each salinity, SOD levels remained similar, with no statistically significant changes detected (Fig. 2A, Tab. S1). In mussels, SOD activity was significantly lower at salinity 40 compared to salinity 30 in the non‐contaminated groups. In Gd‐exposed mussels, no significant differences were observed between salinities. When comparing control and Gd‐exposed mussels at salinity 30, a significant decrease in SOD activity was observed following Gd exposure, whereas no significant differences were detected at salinity 40 (Fig. 2A, Tab. S1). Differences between the two species were observed in Gd‐exposed groups at both salinities (p = 0.0496 for salinity 30; p = 0.0053 for salinity 40), with higher values in clams.
In clams, catalase (CAT) activity remained similar between salinities for non‐contaminated, while it increased significantly in Gd‐exposed clams at salinity 40 compared with salinity 30. When comparing Gd‐exposed and non‐exposed clams at each salinity, no significant differences were noticed regardless of the salinity (Fig. 2B, Tab. S1). In mussels, CAT activity was significantly lower at salinity 40 than at salinity 30 in the non‐contaminated groups. Similarly, for Gd‐exposed groups, a significant decrease in CAT activity was observed at salinity 40. Comparisons between control and Gd‐exposed mussels showed no significant differences regardless of the salinity tested (Fig. 2B, Tab. S1). Differences between the two species were observed at both salinities in non‐contaminated (p = 0.009 for salinity 30; p = 0.0038 for salinity 40) and Gd‐exposed (p = 0.0159 for salinity 30; p = 0.0001 for salinity 40) groups, with higher values in clams.
In clams, carboxylesterases (CbEs) activity did not vary significantly between salinities in non‐contaminated and Gd‐exposed clams. Comparisons between Gd‐exposed and non‐exposed clams showed no significant differences at either salinity (Fig. 2C, Tab. S1). In mussels, CbEs activity was significantly higher at salinity 40 compared to salinity 30 in the non‐contaminated groups. For the Gd‐exposed groups, a significant difference was also observed, with higher activity at salinity 30. Comparisons between control and Gd‐exposed mussels revealed a significant increase in CbEs activity at salinity 30 in the Gd‐exposed group (Fig. 2C, Tab. S1). Differences between the two species were observed at both salinities in non‐contaminated (p = 0.0001 for salinity 30; p = 0.0007 for salinity 40) and Gd‐exposed (p = 0.0001 for salinity 30; p = 0.0001 for salinity 40) groups, with higher values in mussels.
In clams, glutathione S‐transferases (GSTs) activity did not differ significantly between salinities in the non‐contaminated groups. In contrast, a significant difference was observed between salinities in Gd‐exposed clams, with lower values at salinity 40. At salinity 30, when comparing Gd‐exposed and non‐exposed clams, a significant increase in GSTs activity was found in Gd‐exposed clams, whereas no significant differences were observed between non‐exposed and Gd‐exposed clams at salinity 40 (Fig. 2D, Tab. S1). In mussels, a significant difference in GSTs activity was observed between salinities in the non‐contaminated groups, with lower values at salinity 40. Similarly, a significant difference was observed between salinities in Gd‐exposed mussels, with lower values at salinity 40. When comparing control and Gd‐exposed mussels within each salinity, no significant differences were observed at salinity 30, while a significant decrease in GSTs activity was found in Gd‐exposed mussels at salinity 40 (Fig. 2D, Tab. S1). Differences between the two species were observed at both salinities in non‐contaminated (p = 0.0001 for salinity 30; p = 0.0014 for salinity 40) and Gd‐exposed (p = 0.0001 for salinity 30; p = 0.0004 for salinity 40) groups, with higher values in clams.
	[image: thumbnail]	Fig. 2 A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Carboxylesterases (CbEs) activity with pNPB substrate; D: Glutathione S‐transferases (GSTs) activity, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are presented as means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.



3.2.3 Osmoregulatory responses
In clams, proline (PROL) content did not differ significantly between salinities 30 and 40 in the non‐contaminated and contaminated groups. Comparisons between Gd‐exposed and non‐exposed clams showed no significant differences at both salinities (Fig. 3A, Tab. S1). In mussels, PROL content did not differ significantly between salinities 30 and 40 in the non‐contaminated groups, and similarly, no significant differences were observed in the Gd‐exposed groups. Comparisons between control and Gd‐exposed mussels revealed no significant differences at either salinity (Fig. 3A, Tab. S1). No significant differences were observed between species regardless of the treatment (p>0.05).
	[image: thumbnail]	Fig. 3 A: Proline (PROL) content; B: Lipid peroxidation (LPO) levels; C: Protein carbonylation (PC) levels, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.



3.2.4 Cellular damage
In clams, lipid peroxidation (LPO) levels did not differ significantly in non‐contaminated groups between salinities 30 and 40. Similarly, no significant differences were observed for Gd‐exposed groups between the two salinities. When comparing Gd‐exposed and non‐exposed clams, no significant differences were detected at salinity 30, nor at salinity 40 (Fig. 3B, Tab. S1). In mussels, LPO levels did not differ significantly between salinities for non‐contaminated groups. Also, for Gd‐exposed groups, no significant differences were observed between salinities. Comparisons between control and Gd‐exposed mussels showed no significant differences at either salinity (Fig. 3B, Tab. S1). Differences between the two species were observed in non‐contaminated groups at both salinities (p = 0.0122 for salinity 30; p = 0.0085 for salinity 40) and Gd‐exposed groups at salinity 30 (p = 00086), with higher values in mussels.
In clams, no significant differences in protein carbonylation (PC) levels were observed between salinities in either the non‐contaminated or the Gd‐exposed groups. When comparing Gd‐exposed and non‐exposed clams within each salinity, no significant differences were detected (Fig. 3C, Tab. S1). In mussels, PC levels did not differ significantly between salinities 30 and 40 in non‐contaminated mussels, and similarly, no significant differences were observed for Gd‐exposed mussels between salinities. Comparisons between control and Gd‐exposed mussels within each salinity showed no significant differences (Fig. 3C, Tab. S1). Differences between the two species were only observed at salinity 40 in both non‐contaminated (p = 0.0156) and Gd‐exposed (p = 0.0361) groups, with higher values in mussels.
3.2.5 Neurotransmission
In clams, acetylcholinesterase (AChE) activity did not vary significantly between salinities in non‐contaminated treatments. Similarly, no significant differences were observed in Gd‐exposed clams regardless of the tested salinities. Comparisons between Gd‐exposed and non‐exposed clams showed no significant differences at either salinity (Fig. 4, Tab. S1). In mussels, AChE activity did not differ significantly between salinities 30 and 40 in both non‐contaminated and Gd‐exposed groups. Comparisons between control and Gd‐exposed mussels within each salinity revealed no significant differences at either salinity (Fig. 4, Tab. S1). No significant differences (p>0.05) were observed between the two species regardless of the treatment.
	[image: thumbnail]	Fig. 4 Acetylcholinesterase (AChE) activity, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.



	[image: thumbnail]	Fig. 5 Centroid ordination diagram of Principal Coordinates Analysis (PCO) based on tested treatments (control, CTL; Gadolinium, Gd; salinities 30 or 40) and biochemical parameters measured in Ruditapes philippinarum (C) and Mytilus galloprovincialis (M). Biochemical parameters are represented with name abbreviations. Correlation vectors (r > 0.70) are superimposed as supplementary variables.



3.3 Principal coordinates analysis (PCO)
The PCO analysis (Fig. 5) revealed that the first principal coordinate axis (PCO1) accounted for 55% of the total variance, while the second coordinate (PCO2) explained 17.5%, together representing 72.5% of the overall variation in the dataset. Based on the ordination of the PCO analysis, a clear separation between species is observed along the PCO1 axis. All treatments of R. philippinarum (CCTL Sal 30, CCTL Sal 40, CGd Sal 30, CGd Sal 40) are positioned on the positive side of this axis, while all treatments of M. galloprovincialis (MCTL Sal 30, MCTL Sal 40, MGd Sal 30, MGd Sal 40) appear on the negative side, reflecting a clear distinction between the biochemical profiles of the two species. The distribution of the biochemical vectors follows this separation, with CARB, PROT and GSTs projecting on the positive side of PCO1 and associating with R. philippinarum treatments, while CbEs, PC, AChE, and PROL project on the negative side, in proximity to M. galloprovincialis. LPO stands out negatively on PCO2, associated with MCTL Sal 30, while SOD and CAT project negatively along the same axis and are exclusively related to CGd Sal 40.
In the treatments with R. philippinarum, CCTL Sal 30, CCTL Sal 40 and CGd Sal 30 form a compact cluster in the upper right quadrant, close to the CARB, PROT, and GSTs vectors. This proximity suggests a relevant contribution of energy reserves and detoxification enzymes under these treatments, with CGd Sal 30 being close to GSTs, indicating a higher activation of these enzymes in the presence of Gd at salinity 30. CCTL Sal 30 is located at the center‐right of the plot, CCTL Sal 40 slightly above, and CGd Sal 30 between the two all with little dispersion along the PCO2 axis, reinforcing the biochemical similarity among these groups. In contrast, CGd Sal 40 appears separated from the other treatments of the species, positioned in the lower right quadrant, associated with the SOD and CAT vectors, indicating a clear activation of antioxidant defenses. CGd Sal 40 is also the only R. philippinarum treatment with a notable projection along the PCO2 axis, highlighting the role of oxidative stress under combined Gd exposure and high salinity.
In the M. galloprovincialis treatments, MCTL Sal 30 appears close to the LPO vector, suggesting a greater contribution of this biomarker under the control condition at salinity 30. MCTL Sal 40, was slightly above the horizontal axis and farther from the biochemical vectors, suggesting a high influence of the most explanatory biomarkers (PC, CbEs, AChE). Gd‐exposed treatments showed clearer association with specific biomarkers. MGd Sal 30 is located centrally on the negative side of PCO1, near the CbEs, PC, and AChE vectors, indicating a strong contribution of biotransformation and neurotoxicity processes. MGd Sal 40 occupies the upper left quadrant and shows a slight additional proximity to the PROL vector, which may indicate a complementary response linked to osmotic regulation.
The analysis thus demonstrates a clear differentiation in biochemical responses between species, with R. philippinarum showing more clustered patterns dominated by energy metabolism and detoxification, except for CGd Sal 40, where antioxidant activation stands out. Meanwhile, M. galloprovincialis exhibits greater dispersion and association with markers of oxidative damage, osmorregulation, neurotoxicity, and biotransformation, particularly under Gd exposure.
3.4 Integrated biomarker response (IBR)
Table 3 summarizes the IBR values obtained, highlighting the differences in biochemical responses between species and salinity conditions tested. For R. philippinarum, IBRv2 values were similar across treatments, with the highest scores observed under Gd exposure at both salinities (9.0), compared to 8.4 at salinity 40. In M. galloprovincialis, higher IBRv2 values were recorded at salinity 40, both with (13.3) and without (12.7) Gd, compared to Gd exposure at salinity 30 (11.5) (Tab. 3).
Table 3 
Integrated Biomarker Response index version 2 (IBRv2) in Ruditapes philippinarum and Mytilus galloprovincialis after 14 days of exposure to 0 μg/L (CTL) and 10 μg/L of gadolinium (Gd) at different salinity levels (30 and 40).

4 Discussion
The present study aimed to assess the impacts induced by Gd on Ruditapes philippinarum and Mytilus galloprovincialis. Also, the influence of salinity was investigated on the effects caused by Gd.
4.1 Gadolinium concentrations in bivalves’ soft tissues
4.1.1 Concentration in clams
Upon exposure to 10 µg/L of Gd, clams exhibited a significant increase in tissue concentrations, indicating an uptake of Gd under the tested treatments. Furthermore, the Gd concentration was significantly higher in contaminated clams at salinity of 30 than the contaminated ones at salinity of 40. Although both values represent substantial enrichments compared to their respective controls, the difference between salinities suggests that environmental salinity may influence Gd bioavailability or internal retention dynamics. As reported by Rainbow (2002), similar variability in trace metal accumulation patterns was observed across aquatic invertebrate taxa, with bioaccumulation reflecting not only environmental availability but also species‐specific physiological handling and detoxification capacity.
The substantial fold increase between CTL and Gd‐exposed groups, approximately 4‐fold at salinity 30 and 2.7‐fold at salinity 40, indicates an efficient accumulation pathway in R. philippinarum, potentially associated with its filtration rate, infaunal behavior, and continuous interaction with both dissolved and particulate fractions of the contaminant. As reported by Yang et al. (2013), similar patterns of trace element accumulation were observed in R. philippinarum collected from coastal mariculture zones in China, where its filter‐feeding behavior and sedimentary exposure facilitated significant uptake of metals from both water and food sources. These results align with previous studies demonstrating that bivalves, particularly clams, are highly susceptible to accumulating rare earth elements (REEs) in their soft tissues over short‐ to medium‐term exposure periods. The underlying mechanisms may involve passive diffusion across gill epithelia, endocytosis of metal complexes, or adsorption onto mucus‐secreting surfaces followed by internalization (Lachaux et al., 2023).
The influence of salinity on Gd bioaccumulation remains complex. Lower salinities are often linked to enhanced metal uptake, which may result from reduced competition with major cations (e.g., Ca2+, Mg2+), increased permeability of epithelial barriers, or greater speciation of metals into more bioavailable forms. Conversely, higher salinities may promote the complexation of Gd with chloride or sulfate ions, altering its speciation and potentially diminishing its bioavailability (IPCC, 2019). In the present study, the significantly higher Gd accumulation observed at salinity 30 supports the former hypothesis, indicating that osmotic conditions at this salinity favor Gd uptake, possibly through increased epithelial permeability or enhanced membrane transport. Nevertheless, the continued substantial accumulation at salinity 40 highlights that Gd remains bioavailable and biologically active even under marine salinity conditions, which is ecologically significant given the ongoing salinization of estuarine environments driven by climate‐induced drought scenarios.
From a physiological standpoint, the accumulation of Gd in soft tissues may disrupt key ionic balances, particularly due to Gd's chemical mimicry of calcium (Krasznai et al., 2003; Trapasso et al., 2021). Such interference could impair signaling pathways, enzyme activities, and the stability of membrane potentials in target organs such as the gills, digestive gland, and nervous system. The elevated tissue concentrations observed in the present study are consistent with subsequent biochemical alterations, including the slight increase of electron transport system (ETS) activity and oxidative stress, as discussed in later sections. Therefore, Gd accumulation in R. philippinarum represents not only a biomarker of environmental contamination but also a precursor to functional impairment, reinforcing its suitability as a sentinel species for future biomonitoring of REEs in transitional water systems. As highlighted by Sturla Lompré et al. (2025), this species exhibits marked cellular and physiological responses when exposed to environmental stressors, including oxidative damage and metabolic disruption, supporting its relevance for ecotoxicological risk assessment under multi‐stressor conditions.
4.1.2 Concentration in mussels
Upon exposure to 10 µg/L of Gd for 14 days, mussels showed a clear accumulation of Gd in soft tissues, with concentrations significantly increasing compared to CTL. Although these values remain lower than those recorded for clams under equivalent conditions, the fold‐change relative to control levels is still substantial, with approximately a 2.8‐fold increase at salinity 30 and a 3.4‐fold increase at salinity 40. This finding emphasizes that M. galloprovincialis retains a non‐negligible capacity for bioaccumulation under contaminant‐rich conditions, highlighting that even species with reduced baseline uptake can experience physiological burdens when subjected to sustained exposure. As observed by Spampinato et al. (2024), mussels exposed to prolonged metal contamination exhibited tissue accumulation and sublethal effects, supporting the notion that chronic exposure can overwhelm baseline regulatory barriers, leading to physiological stress even in species considered less permeable.
Although subtle, the salinity effect suggests that ionic strength does influence Gd bioaccumulation in M. galloprovincialis, likely through mechanisms such as modifications in metal speciation, competition with major cations, or changes in epithelial transport processes. As reported by Spampinato et al. (2024), REEs uptake in mussels can be modulated by environmental parameters such as salinity and ionic composition, which affect the speciation and bioavailability of dissolved metals, ultimately influencing their accumulation profiles. It is plausible that at lower salinities, reduced concentrations of competing cations (e.g., Ca2+, Na+) facilitate the passive diffusion or channel‐mediated uptake of Gd3+, whereas higher salinities may promote Gd precipitation or complexation with anions such as SO42⁻ or Cl⁻, thereby reducing its free ionic activity and subsequent bioavailability.
Despite the modest Gd concentrations, the detection of accumulation within 14 days indicates a biologically relevant exposure. Importantly, the lower Gd burden in mussels does not imply the absence of toxicological effects. Several biochemical markers were modulated by Gd in this species, demonstrating that even moderate internal contamination levels can trigger stress responses. This suggests that M. galloprovincialis may have a lower threshold for functional impairment induced by Gd or that tissue‐specific partitioning leads to the concentration of the metal in sensitive organs such as the gills or digestive gland, even when whole‐body burdens remain relatively low. Alternatively, the species may employ a more conservative metabolic and detoxification strategy, activating defense pathways early in the exposure process to prevent significant metal accumulation. This hypothesis is consistent with the findings of Spampinato et al. (2024), who reported that REEs exposure in M. galloprovincialis induced oxidative stress and enzymatic changes even in the absence of substantial whole‐body accumulation, suggesting that sublethal effects can emerge from localized or early‐stage bioaccumulation processes.
4.2 Biochemical responses
The Principal Coordinates Ordination (PCO) clearly separates the biochemical responses of R. philippinarum and M. galloprovincialis along the first axis. In R. philippinarum, control and Gd‐exposed groups at salinity 30 (CCTL Sal 30, CGd Sal 30) cluster near carbohidrates (CARB), protein (PROT), and glutathione S‐transferases (GSTs) vectors, indicating a dominance of energy reserves and detoxification processes. At salinity 40, CGd Sal 40 aligns with superoxide dismutase (SOD) and catalase (CAT) vectors along PCO2, evidencing changes in antioxidant defense mechanisms. Despite the different strategy that suggests that under hypersaline Gd exposure clams prioritize oxidative stress management, the IBR value determined in CGd Sal 40 is similar to the IBR observed in CGd Sal 30. As demonstrated by Andrade et al. (2022, 2023), M. galloprovincialis displayed marked activation of antioxidant enzymes under Gd exposure, particularly when combined with environmental stressors, underscoring its ability to upregulate defensive metabolism once physiological thresholds are surpassed and indicating the onset of an oxidative stress response and the activation of protective pathways against Gd‐induced ROS.
For M. galloprovincialis, Gd exposure at salinity 30 (MGd Sal 30) shifts mussels toward carboxylesterases (CbEs), protein carbonylation (PC), and acetylcholinesterase (AChE) vectors, highlighting biotransformation and neurotoxicity pathways. At salinity 40, MGd Sal 40 associates with proline (PROL) and maintains proximity to CbEs and AChE, linked to osmotic regulation and moderate detoxification, showing the highest IBR value. These patterns align with the findings of Andrade et al. (2023), who reported that Gd exposure in M. galloprovincialis leads to significant alterations in detoxification enzymes (CbEs), osmorregulation capacity, and AChE, with modulation dependent on salinity and indicative of cumulative sublethal stress.
Thus, clams primarily responded through enhanced energy mobilization and antioxidant defenses, whereas mussels exhibited early activation of phase I biotransformation, osmorregulation and neuroprotective pathways.
4.2.1 Metabolic capacity and energy reserves
The transition from a moderate salinity of 30 to a hypersaline regime of 40 in R. philippinarum showed no significant variations on ETS activity although a slight increase was observed at the highest salinity. As noted by Coughlan et al. (2009), this species exhibits partial osmotic regulation, which may contribute to its resilience under salinity fluctuations without altering key metabolic pathways. The absence of significant ETS activation in response to Gd exposure indicates that mitochondrial electron flux remains steady and that clams do not increase their potential aerobic capacity under these conditions. Given that ETS activity is a proxy for potential aerobic metabolism, these results suggest that clams rely on existing respiratory capacity and basal detoxification mechanisms to cope with the combined osmotic and toxic challenges without imposing further energetic strain. This interpretation aligns with Mossotto et al. (2025), who reported that Gd exposure did not significantly disturb primary physiological processes in aquatic organisms, suggesting a potentially low impact of Gd on basal metabolic rates in these species.
For CARB, R. philippinarum maintained stable reserves across salinities and treatments, with no significant depletion or accumulation detected. This observation is in line with the work of Coughlan et al. (2009), who described how R. philippinarum may rely on organic osmolytes to maintain cellular homeostasis during salinity fluctuations, preserving energy stores such as CARB. This resilience suggests that the clam preserves its principal carbohydrate store, meeting increased energetic demands via modulation of other metabolic pathways or efficient external nutrient assimilation, rather than by depleting CARB.
Regarding PROT content, R. philippinarum exhibited a slight increase at salinity 40 compared to 30 under non‐contaminated conditions, suggesting a reallocation of nitrogen resources. Since proteins serve as major reservoirs of nitrogen within the organism, this slight increase may reflect an adaptive adjustment to enhance the synthesis of nitrogen‐containing osmolytes, such as free amino acids or compatible solutes, thereby counterbalancing the osmotic stress induced by hypersaline conditions (Buer et al., 2020). As observed by Munari et al. (2011), clams exposed to varying salinity levels maintain stable haemolymph protein content, reinforcing the idea that protein adjustments are not necessarily indicators of cellular stress, but rather strategic physiological responses to environmental salinity fluctuations. However, no significant differences were found in PROT levels between salinities in Gd‐exposed clams, nor between Gd‐exposed and control clams within each salinity, indicating that exposure to Gd at 10 µg/L does not significantly affect PROT dynamics under hypersaline conditions. This stability under Gd exposure is consistent with the findings of Mossotto et al. (2025), who noted that primary consumers like bivalves exhibit a higher tolerance to Gd, with limited disruption to biochemical parameters such as protein metabolism. Such results suggest that clams can maintain protein homeostasis in the presence of Gd, possibly through efficient regulation of nitrogen distribution between basal metabolic demands and defense‐related pathways, without requiring increased protein synthesis.
In M. galloprovincialis, ETS activity remained stable across all salinities and treatments, indicating that the mussels also maintain a conservative respiratory output regardless of osmotic or toxic stress. This consistent pattern, as indicated by Leite et al. (2024), suggests that mussels exhibit a more rigid metabolic strategy, avoiding the energetic costs associated with increased ETS, thereby minimizing oxidative damage and preserving internal energy reserves.
CARB content in M. galloprovincialis also remained unchanged across all salinities and treatments. As demonstrated by Leite et al. (2024), these energy reserves were not significantly mobilized despite exposure to osmotic stress and rare earth elements, suggesting a tight regulation of carbohydrate metabolism. This tight regulation implies that mussels adopt a highly conservative energy management strategy, prioritizing the preservation of internal carbohydrate pools even under environmental stress.
Similarly, PROT content in mussels showed no significant variation across treatments and salinities, reinforcing the notion of a highly conservative metabolic strategy. Leite et al. (2024) similarly observed that PROT content in mussels remained stable under salinity shifts and exposure to rare earth elements, highlighting the prioritization of structural protein conservation for essential physiological functions such as growth and reproduction. The lack of proteomic modulation under both osmotic and Gd stress implies a fixed nitrogen economy in mussels, where structural integrity is preserved at the expense of metabolic plasticity. This conservative strategy allows mussels to avoid unnecessary nitrogen expenditure, even in potentially adverse conditions, contributing to their resilience in fluctuating environments.
4.2.2 Antioxidant and biotransformation capacity
In the absence of Gd, R. philippinarum shows a slightly higher SOD activity at salinity 30 than at salinity 40, which suggests increased oxidative pressure when ion transport is most active. As noted by Munari et al. (2011), temperature and salinity shift significantly influence haemocyte immune responses in R. philippinarum, indicating that physiological stress under altered salinity conditions can modulate antioxidant defenses. In Gd‐exposed clams, SOD activity remains stable between salinities, and no significant differences were detected when comparing exposed and non‐exposed groups at each salinity, although a non‐significant decrease was observed at salinity 30 and an opposite pattern was observed at salinity 40. Thus, Gd exposure does not enhance SOD activity in clams under the tested conditions. These results imply that while baseline SOD activity slightly declines with increasing salinity, Gd exposure does not trigger significant enzymatic upregulation, suggesting that oxidative demand does not exceed the constitutive defense capacity of clams.
Catalase in non-contaminated R. philippinarum although not statistically significant, tended to increase at salinity 40, hinting that hydrogen peroxide removal might be driven by osmotic pressure alone. In Gd‐exposed clams, CAT activity increased significantly at salinity 40 compared to 30 and is also higher than in the non‐exposed group at this salinity. This pattern indicates that combined with salinity 40 and Gd‐exposure elevate peroxidative stress sufficiently to stimulate CAT activity, reinforcing a protective antioxidant response when environmental challenges intensify. As reported by Sturla Lompré et al. (2025), exposure to combined stressors, including contaminants and temperature, can lead to significant modulation of antioxidant enzymes like CAT in R. philippinarum, highlighting their responsiveness under multiple environmental pressures.
R. philippinarum displays stable CbEs activity across salinities in both control and Gd‐exposed groups, with no significant differences observed between treatments. As observed in Zhou et al. (2023), although oxidative stress responses are commonly activated under salinity stress in bivalves, certain detoxification enzymes, such as CbEs, can remain stable, suggesting selective modulation of enzymatic pathways depending on the nature and intensity of the stressor. This stability suggests that CbEs are not modulated by either osmotic stress or Gd exposure under the tested conditions, implying that baseline hydrolytic detoxification capacity suffices and that clams avoid unnecessary metabolic expenditure when the stressor burden does not exceed homeostatic thresholds.
Glutathione S‐transferases activity in R. philippinarum remains unchanged between the two salinities in control. In Gd‐exposed clams, GSTs activity was higher at salinity 30 compared to 40. A significant increase in GSTs activity is also observed at salinity 30 between exposed and non‐exposed clams, whereas at salinity 40 no significant differences are detected. This observation aligns with Velez et al. (2017), who demonstrated that GSTs activity in clams is sensitive to environmental stressors and can be modulated under favorable conditions (such as moderate salinity) to enhance detoxification processes. These patterns suggest that Gd-exposed clams enhance GSTs‐mediated conjugative detoxification under moderate salinity when oxidative and metabolic conditions are more favorable, while the reduced activity at salinity 40 may reflect a limitation in substrate availability or energetic cost control.
In M. galloprovincialis, SOD activity is significantly higher at salinity 30 than at 40 in non‐contaminated groups. As observed in Figueiredo et al. (2022), salinity shifts can impose oxidative stress, influencing antioxidant enzyme activities such as SOD, especially under moderate salinity levels. In Gd‐exposed mussels, no significant differences are observed between salinities, and Gd exposure significantly reduces SOD activity at salinity 30 compared to the control, while no significant effects are seen at salinity 40. These findings suggest that Gd suppresses antioxidant defenses at moderate salinity, but the already reduced basal SOD activity at salinity 40 remains unaffected. The species therefore maintains an energy‐conservative strategy, limiting antioxidant investment as the metabolic rate declines.
Catalase in M. galloprovincialis is significantly higher at salinity 30 than at 40 under control conditions. Similar trends were reported by Freitas et al. (2019), where CAT activity was modulated by salinity in marine mussels, indicating the enzyme's sensitivity to osmotic stress. In Gd‐exposed mussels, CAT activity is slightly lower compared to controls at both salinities, with a decline at salinity 40. This is consistent with Andrade et al. (2022), who demonstrated that exposure to lanthanides can severely inhibit CAT activity, especially under combined pollutant and temperature stress. This suppression reflects a strategy that limits energy investment in peroxide detoxification, instead relying on broader reductions in oxygen consumption to curb oxidative stress. Such behavior fits the profile of an energy‐conserver organism that prioritizes resource preservation under adverse conditions.
Carboxylesterases activity in M. galloprovincialis is significantly higher at salinity 40 than at 30 in non‐contaminated groups. As described in Freitas et al. (2019), CbEs activity increases under salinity stress, likely as a compensatory response to maintain homeostasis in detoxification pathways. For Gd‐exposed mussels, CbEs activity is higher at salinity 30 while no significant differences are observed at salinity 40 between exposed and non‐exposed groups. This outcome supports the findings by Freitas et al. (2019), where biotransformation enzymes exhibited higher inducibility under moderate salinity when combined with metal exposure. This suggests that CbEs induction occurs under milder salinity stress combined with Gd exposure, but is curtailed under hypersaline, low‐metabolism conditions, fitting an energy‐conserver strategy that balances detoxification needs with metabolic constraints.
In M. galloprovincialis, GSTs activity is significantly higher at salinity 30 than at 40 in non‐contaminated groups. This agrees with the observations by Andrade et al. (2022), where GSTs activity was found to decline under high salinity and warming scenarios, indicative of metabolic depression. For Gd‐exposed mussels, GSTs activity also differs significantly between salinities, and a significant reduction is observed at salinity 40 compared to the control. Similar results were noted by Andrade et al. (2022), who reported reduced GSTs activity under combined exposure to REEs and environmental stressors, suggesting an energy‐saving response. These data indicate that conjugative detoxification is favored at moderate salinity but is downregulated under hypersaline stress and Gd exposure, reinforcing the conservation of resources during metabolic depression.
Overall, R. philippinarum exhibits a more selective and condition‐dependent activation of antioxidant and detoxification enzymes, enhancing CAT and GSTs activities only when oxidative and osmotic challenges surpass baseline thresholds, whereas M. galloprovincialis follows a conservative strategy by broadly downregulating antioxidant defenses and limiting biotransformation responses under combined Gd and salinity stress, thereby prioritizing energy conservation over enzymatic adaptation.
4.2.3 Osmoregulatory responses
R. philippinarum shows no significant variation in PROL content between salinities 30 and 40 under control conditions, although higher values were observed at salinity 40. Li et al. (2024) explained the role of PROL as a major osmolyte, with its accumulation being more prominent only under hypersalinity conditions, where the glutamate pathway actively enhances its synthesis to counterbalance osmotic stress. Coughlan et al. (2009) affirmed that R. philippinarum possesses partial osmoregulatory capabilities that allow it to maintain cellular homeostasis under varying salinity conditions, contributing to its physiological resilience. In the presence of Gd, PROL also tended to increase at salinity 40 but less than under control conditions, indicating that Gd exposure affects the osmotic adjustment capacity of clams. This is consistent with the findings of Li et al. (2024), who demonstrated that environmental stressors, such as increased salinity, promote significant changes in the expression and activity of key enzymes, modulating PROL metabolism to maintain osmotic balance under challenging conditions. According to these authors, under hyperosmotic environments, the organism's ability to regulate PROL synthesis becomes more robust, with upregulation of the glutamate pathway enzymes contributing to maintaining homeostasis, even when external stressors are present. These results suggest that Gd alters the regulation of PROL, possibly by interfering with its synthesis or accumulation pathways. Indeed, as discussed by Li et al. (2024), PROL homeostasis under salinity stress is maintained through complex regulation mechanisms involving transcriptional control and feedback inhibition of key enzymes, allowing organisms to fine‐tune osmolyte levels depending on environmental stress intensity. Despite these modifications, proline homeostasis appears to be maintained at salinity 40, likely supported by the clam's broader set of osmolytes and antioxidant defenses.
In M. galloprovincialis, PROL tended to increase at salinity 40 in both non‐contaminated and Gd‐exposed groups. No significant differences were observed between Gd‐exposed and non‐exposed mussels at either salinity, indicating that PROL regulation in mussels is not markedly influenced by Gd exposure. This observation aligns with findings by Arrigo et al. (2024), where M. galloprovincialis maintained proline levels even under combined stress of temperature increase and contaminant exposure, supporting the hypothesis that the species employs stable osmolyte regulation as a protective strategy. This constancy highlights a conservative osmotic adjustment strategy, where mussels maintain osmolyte balance without major resource shifts, complementing their broader energy‐saving response under combined osmotic and metal stress.
Thus, while R. philippinarum displays a flexible osmotic adjustment capacity with PROL levels modulated by salinity and Gd exposure, reflecting an inducible osmoregulatory strategy, M. galloprovincialis maintains stable PROL content in the presence of Gd regardless of the salinity, indicating a more conservative osmoregulatory mechanism that ensures osmotic balance without the need for significant metabolic adjustments.
4.2.4 Cellular damage
R. philippinarum exhibits stable LPO levels at salinities of 30 and 40 under control conditions, with no significant differences between salinities. As is possible to observe in Coughlan et al. (2009), this species shows partial osmotic regulation, maintaining cellular stability under salinity fluctuations, which may contribute to the maintenance of membrane integrity. Similarly, although higher at salinity 40, no significant differences were detected in the presence of Gd, and comparisons between Gd‐exposed and non‐exposed clams at each salinity show no changes. This is consistent with findings by Sturla Lompré et al. (2025), where clams maintained oxidative stability even under combined environmental stressors, highlighting the robustness of their antioxidant defenses. These results suggest that membrane lipid stability in clams is maintained under both osmotic and metal stress conditions, possibly due to efficient antioxidant defenses that prevent the accumulation of oxidative damage in polyunsaturated fatty acids.
Protein carbonylation (PC) in R. philippinarum also remains unchanged between salinities in both non‐contaminated and Gd‐exposed groups, and no significant differences are observed between Gd‐exposed and non‐exposed clams at either salinity. As pointed out by Sturla Lompré et al. (2025), stable protein oxidative markers under multiple stressors suggest that clams possess an effective oxidative balance system capable of mitigating PC even in the presence of contaminants. This constancy indicates that protein oxidation is not significantly impacted by salinity 40 or Gd exposure, suggesting that the oxidative balance and protective mechanisms in clams are sufficient to prevent the formation of carbonyl derivatives under the tested conditions.
In M. galloprovincialis, LPO levels are similar across salinities under both non‐contaminated and Gd‐exposed conditions, with no significant differences detected between exposed and unexposed mussels at either salinity. As it was possible to observe in Queirós et al. (2024), mussels exposed to osmotic stress conditions, such as salinity shifts, maintain stable levels of oxidative biomarkers like LPO, reflecting their high metabolic adaptability to environmental changes. This stability suggests that mussels regulate oxidative metabolism effectively, maintaining membrane integrity under varying salinity and Gd exposure levels. However, species comparisons indicate that mussels present higher LPO levels than clams at both salinities under non‐contaminated conditions and at salinity 30 under Gd exposure, pointing to a baseline difference in oxidative status or susceptibility.
Similarly, PC levels in M. galloprovincialis do not vary significantly between salinities or between Gd‐exposed and non‐exposed mussels, although tended to increase at salinity 40 in non-contaminated ones. This finding is consistent with observations by Queirós et al. (2024), where no significant alterations in PC were reported across different salinity regimes, even under pharmaceutical exposure, suggesting that mussels employ inherent antioxidant and protective mechanisms to stabilize protein structures. These findings imply that mussels maintain protein stability despite osmotic and metal stress, possibly relying on inherent antioxidant defenses and reduced metabolic activity to limit oxidative damage. Moreover, as reported by Queirós et al. (2024), the maintenance of protein integrity under stress conditions supports the hypothesis of an energy‐conserver strategy adopted by M. galloprovincialis, where biochemical stability is favored to minimize the costs associated with environmental fluctuations. The absence of significant modulation further supports the interpretation of an energy‐conserver strategy, where minimal biochemical investment accompanies reduced oxidative stress.
Overall, while R. philippinarum exhibits a robust oxidative balance with minimal lipid and protein damage even under Gd exposure, indicating effective stress mitigation mechanisms. This observation is further supported by Coughlan et al. (2009), who demonstrated that R. philippinarum can sustain key physiological processes, even under osmotic stress, without exhibiting significant cellular damage. M. galloprovincialis maintains cellular stability through an energy‐conserver strategy but shows inherently higher baseline oxidative markers, suggesting a trade‐off between oxidative resilience and metabolic economy.
4.2.5 Neurotransmission
R. philippinarum shows a stable AChE activity under both salinities 30 and 40 in non‐contaminated treatments, with no significant differences observed. Similarly, the addition of 10 µg/L of Gd does not alter AChE activity across salinities or between Gd‐exposed and non‐exposed groups. These results indicate that cholinergic neurotransmission in clams remains unaffected by moderate salinity variations or Gd exposure, suggesting that AChE activity is resilient under these environmental conditions. Such stability aligns with findings from Coughlan et al. (2009), where the Manila clam's capacity for partial osmoregulation was linked to its overall physiological robustness in fluctuating salinity environments. This stability further implies that neuromuscular function is preserved without requiring additional energetic investment, allowing clams to prioritize energy allocation toward antioxidant defenses and osmotic regulation under combined stressors.
In M. galloprovincialis, AChE activity also remains constant between salinities in non‐contaminated groups, and no significant differences were observed under Gd exposure. Comparisons between Gd‐exposed and non‐exposed mussels showed no significant changes at either salinity, indicating that mussels, like clams, maintain cholinergic function under varying salinity and metal stress conditions. This aligns with the observations of Freitas et al. (2019), who suggested that the maintenance or increase of AChE activity under stress could reflect an energy‐conserving strategy, allowing basic neural operations without excessive metabolic cost. The conservation of AChE activity supports the energy‐conserver strategy of mussels, minimizing costly neural adjustments while maintaining basic neuromuscular operations during environmental stress.
Overall, while R. philippinarum sustains cholinergic stability through partial osmoregulation without enhancing neuromuscular activity, M. galloprovincialis exhibits a higher baseline AChE activity, suggesting a more active but energy‐conserving neural strategy under environmental stressors, reflecting distinct adaptive mechanisms in neurotransmission regulation between the two species.
4.3 Comparison between Ruditapes philippinarum and Mytilus galloprovincialis biochemical performance
The contrasting biochemical profiles observed between clams and mussels reflect fundamental physiological differences between the two species and explain the divergence captured by PCO and IBR analyses. R. philippinarum exhibits a more flexible osmoregulatory strategy and maintains active ion transport under salinity stress, which increases mitochondrial respiration and ROS generation. This helps explain the activation of CAT and conjugative detoxification (GSTs) pathways when exposed stressful conditions, enabling clams to mobilize metabolic and protective mechanisms without incurring substantial cellular damage. The stable levels of oxidative stress and metabolism‐related biomarkers, together with comparatively lower IBR values, indicate an adaptive strategy that preserves physiological integrity while still investing energy in defense responses. In contrast, M. galloprovincialis tends to reduce metabolic rate under osmotic perturbation, especially in the presence of Gd, ATP by downregulating energetically expensive antioxidant enzymes and relying predominantly on biotransformation pathways (notably CbEs) to mitigate Gd effects. This metabolic depression strategy contributes to a higher degree of biochemical disturbance, even under lower internal Gd concentrations, and results in elevated oxidative stress signals and higher IBR values. Overall, these patterns reveal distinct adaptive strategies, such as energy investment in clams versus energy conservation in mussels. Collectively, the results highlight the clam's superior ability to buffer osmotic and contaminant pressures at multiple biological levels, emphasizing R. philippinarum as a particularly resistant and ecologically valuable sentinel species in environments impacted by emerging pollutants such as Gd.
From a broader perspective, the superior physiological fitness of R. philippinarum under adverse conditions may confer an ecological advantage, allowing this species to maintain growth and reproduction where more sensitive taxa, such as mussels, exhibit functional decline. This capacity not only strengthens its role in benthic community stability but also enhances its socio‐economic relevance, since clams represent a major aquaculture and fishery resource in many transitional and coastal systems. Their capacity to withstand combined salinity fluctuations and contaminant exposure translates into a more predictable yield and reduced vulnerability to stock collapses, offering clear advantages for food security and the sustainability of local economies dependent on bivalve harvesting. By contrast, the heightened sensitivity of mussels underscores their importance as early‐warning indicators but also signals potential risks for mussel aquaculture under scenarios of increasing chemical and osmotic stress.
4.4 Gadolinium toxicity in a multi‐stressor marine environment
In addition to salinity, other environmental stressors are likely to modulate the biological effects of Gd in marine organisms, and their combined action may amplify ecosystem‐level consequences. Recent experimental studies show that warming can greatly intensify Gd toxicity in bivalves: increased temperature enhanced Gd accumulation, oxidative stress and metabolic depression in M. galloprovincialis (Andrade et al., 2023) and exacerbated Gd‐induced biochemical disturbances in the surf clam Spisula solida under warmer and acidified conditions (Figueiredo et al., 2022). Similar multi‐stressor patterns have been reported for other rare earth elements, whose effects are magnified when combined with elevated temperature or salinity fluctuations in M. galloprovincialis, underscoring the relevance of climate‐related stressors in modulating REEs toxicity (Andrade et al., 2021; Leite et al., 2024). At the ecosystem level, global assessments emphasize that marine organisms are increasingly exposed to interacting drivers such as warming, acidification, hypoxia, altered salinity and metal/contaminant pollution, with combined effects frequently exceeding those predicted from single‐stressor studies (Defeo and Elliott, 2021; IPCC, 2023; Krishna et al., 2025). Therefore, the Gd and salinity responses reported here should be interpreted within a broader multi‐stressor context, and future studies should explicitly address how Gd interacts with other climate‐driven variables (e.g., temperature fluctuations, acidification) and co‐occurring contaminants to improve predictions of long‐term impacts on bivalve populations and the ecosystem services they sustain (Leite et al., 2024; Secco et al., 2024; Revel et al., 2025).
To advance this goal, future research should strengthen the integration of mathematical and computational models into ecotoxicological assessments of emerging pollutants. Progress beyond linear and single‐stressor dose–response assumptions will require models that incorporate species‐specific physiology, bioaccumulation kinetics and the combined influence of climate‐related stressors such as salinity and temperature. Coupling bioaccumulation modules with biomarker‐based toxicity models and adopting machine‐learning or Bayesian frameworks would help to detect non‐linear patterns and quantify uncertainty more effectively, providing more realistic and transferable tools for environmental risk assessment and management.
4.5 Potential human‐health risks linked to Gd‐contaminated bivalves
Recent studies have confirmed that marine bivalves efficiently bioaccumulate Gd in soft tissues, both under controlled exposures and in the field. Experimental work with mussels (M. galloprovincialis) and clams (S. solida, Donax trunculus) has shown dose‐ and time‐dependent Gd accumulation, often accompanied by marked biochemical disturbances under environmentally realistic scenarios (Figueiredo et al., 2022; Andrade et al., 2023; Secco et al., 2024). Field biomonitoring further reports positive Gd anomalies in different bivalve species collected from aquatic systems, demonstrating that anthropogenic Gd is effectively taken up by edible bivalves (Castro et al., 2023). Together with our results, these findings support the view that commercially important clams and mussels can act as vectors of anthropogenic Gd into marine food webs.
From a human‐health perspective, Gd‐based contrast agents (GBCAs), although fundamental for diagnostic imaging, are no longer considered completely risk‐free. Their use has been clearly associated with nephrogenic systemic fibrosis in patients with moderate to severe renal impairment, leading to major changes in clinical guidelines and stricter risk assessment for vulnerable populations (for review, see Agarwal et al., 2009). In addition, accumulating evidence shows that Gd from GBCAs can be retained long‐term in the brain, skin and other tissues, even in individuals with normal renal function and after repeated administrations, raising concerns about cumulative exposure (among others, Gulani et al., 2017; Guo et al., 2018; van der Molen et al., 2024). Although the clinical consequences of this retention are still under debate, these observations underline that Gd is not biologically inert in humans. In this context, the demonstrated capacity of bivalves to bioaccumulate Gd, combined with their high consumption in many coastal regions, highlights the need to better evaluate whether chronic dietary exposure via seafood may contribute, albeit likely at low levels, to overall Gd body burdens in humans.
5 Conclusion
This study demonstrates that Ruditapes philippinarum and Mytilus galloprovincialis adopt contrasting strategies when exposed to gadolinium (Gd) under varying salinity conditions. Clams accumulated substantially more Gd and adopted a “spender” strategy, characterized by strong activation of metabolic and antioxidant defenses at an energetic cost. Conversely, mussels accumulated less Gd and followed a “conserver” strategy, maintaining metabolic stability and limiting antioxidant investment, thereby conserving energy under combined contaminant and salinity stress. These findings reveal a clear species‐dependent divergence in physiological resilience, with clams showing a higher capacity to buffer cellular disruption and mussels showing greater vulnerability.
Beyond advancing fundamental ecotoxicology, the present results hold direct relevance for ecological risk assessment and environmental management. The species‐specific responses observed here demonstrate that the use of a single bioindicator may underestimate or overestimate the impacts of rare earth elements depending on the sentinel species chosen, reinforcing the need to incorporate interspecific variability into ecological risk models. Given the persistence of Gd in coastal ecosystems, its growing anthropogenic input via medical contrast agents, and the intensifying salinity fluctuations linked to climate change, our findings support the inclusion of Gd in coastal biomonitoring programs and seafood‐safety surveillance where bivalves are harvested for human consumption. Ultimately, the mechanistic insights provided here can help guide the development of predictive tools and monitoring strategies aimed at detecting early warning signs of Gd contamination, informing both regulatory frameworks and mitigation actions in estuarine and coastal environments.
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	[image: thumbnail]	Fig. 1 A: Electron transport system (ETS) activity; B: Carbohydrates (CARB) content; C: Protein (PROT) content, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are presented as means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.
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	[image: thumbnail]	Fig. 2 A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Carboxylesterases (CbEs) activity with pNPB substrate; D: Glutathione S‐transferases (GSTs) activity, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are presented as means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.
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	[image: thumbnail]	Fig. 3 A: Proline (PROL) content; B: Lipid peroxidation (LPO) levels; C: Protein carbonylation (PC) levels, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.
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	[image: thumbnail]	Fig. 4 Acetylcholinesterase (AChE) activity, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.
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	[image: thumbnail]	Fig. 5 Centroid ordination diagram of Principal Coordinates Analysis (PCO) based on tested treatments (control, CTL; Gadolinium, Gd; salinities 30 or 40) and biochemical parameters measured in Ruditapes philippinarum (C) and Mytilus galloprovincialis (M). Biochemical parameters are represented with name abbreviations. Correlation vectors (r > 0.70) are superimposed as supplementary variables.
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      Table 1 

      Gadolinium (Gd) concentration (µg/g dry weight (DW)) in the dried soft tissues of clams after 14 days of non‐exposure and exposure to 10 µg/L of Gd at salinities of 30 or 40.

      
        


	Salinity
	Treatments
	Gd in tissues (µg/g DW)





	30
	CTL
	0.025 ± 0.009a



	
	Gd 10
	0.099 ± 0.017b



	40
	CTL
	0.024 ± 0.006a



	
	Gd 10
	0.065 ± 0.013c





      

    

  
    
      Table 2 

      Gadolinium (Gd) concentration (µg/g dry weight (DW)) in the dried soft tissues of mussels after 14 days of non‐exposure and exposure to 10 µg/L of Gd at salinities of 30 or 40.

      
        


	Salinity
	Treatments
	Gd in tissues (µg/g DW)





	30
	CTL
	0.015 ± 0.010ac



	
	Gd
	0.042 ± 0.013b



	40
	CTL
	0.008 ± 0.002a



	
	Gd
	0.027 ± 0.002bc
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        A: Electron transport system (ETS) activity; B: Carbohydrates (CARB) content; C: Protein (PROT) content, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are presented as means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.

      

    

  
    
      Fig. 2 
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        A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Carboxylesterases (CbEs) activity with pNPB substrate; D: Glutathione S‐transferases (GSTs) activity, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are presented as means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        A: Proline (PROL) content; B: Lipid peroxidation (LPO) levels; C: Protein carbonylation (PC) levels, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.
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        Acetylcholinesterase (AChE) activity, in clams and mussels exposed to 0 µg/L (CTL, white bars) and 10 µg/L of gadolinium (Gd, colored bars) at different salinity levels (30 and 40). Results are means with standard deviations. For each species, different lowercase letters represent significant differences (p < 0.05) between non‐exposed individuals; for each species, different uppercase letters represent significant differences (p < 0.05) between Gd‐exposed individuals; asterisks represent significant differences (p < 0.05) between Gd‐exposed and non‐exposed treatments.

      

    

  
    
      Fig. 5 
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        Centroid ordination diagram of Principal Coordinates Analysis (PCO) based on tested treatments (control, CTL; Gadolinium, Gd; salinities 30 or 40) and biochemical parameters measured in Ruditapes philippinarum (C) and Mytilus galloprovincialis (M). Biochemical parameters are represented with name abbreviations. Correlation vectors (r > 0.70) are superimposed as supplementary variables.

      

    

  
    
      Table 3 

      Integrated Biomarker Response index version 2 (IBRv2) in Ruditapes philippinarum and Mytilus galloprovincialis after 14 days of exposure to 0 μg/L (CTL) and 10 μg/L of gadolinium (Gd) at different salinity levels (30 and 40).

      
        


	Specie
	Salinity
	Treatments
	IBRv2 values





	Ruditapes philippinarum
	30
	CTL
	0



	
	
	Gd
	9.0



	
	40
	CTL
	8.4 



	
	
	Gd
	9.0 



	Mytilus galloprovincialis
	30
	CTL
	0 



	
	
	Gd
	11.5 



	
	40
	CTL
	12.7 



	
	
	Gd
	13.3 
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