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Abstract 23 

Mg/Ca in bivalve shells has been investigated as a promising temperature proxy, but 24 

several studies reported compositional shifts that hamper its accuracy. In particular, 25 

several models linking shell Mg/Ca and temperature have been published and an 26 

empirical difference in the seasonal amplitudes of shell Mg/Ca has been observed 27 

between two types of environmental settings: river output, open marine. Here, we 28 

investigate several environmental parameters that could be responsible for this 29 

difference, using rearing experiments of oysters in natural and artificial seawater. We first 30 

tested the influence of Mg form in seawater on shell Mg/Ca and showed that Mg is 31 

incorporated in shell regardless of it form (complexed and free). Second, we investigated 32 

the sensitivity of shell Mg/Ca to seawater Mg/Ca by artificially increasing the Mg content 33 

in seawater. We observe an increase in shell Mg/Ca with seawater Mg/Ca, as previously 34 

suggested. Finally, we show that a change in diet induces a significant difference in shell 35 

Mg/Ca. Overall, our results suggest that, besides temperature, seawater and food Mg/Ca 36 

control shell Mg/Ca. These parameters could be responsible for the discrepancy of 37 

Mg/Ca-temperature models, and should be considered for future aquarium and in situ 38 

calibration studies, as well as paleoenvironmental reconstructions. 39 

1. Introduction 40 

Present climates are defined by both the means and variabilities of environmental 41 

parameters over a period of 30 years (WMO, 2025). Reconstructing past climates 42 

therefore requires paleoenvironmental archives with compatible temporal resolution. 43 

Unlike sedimentary records, climatic cycles within the carbonate shell of marine 44 

molluscs occur with a temporal resolution ranging from multi-year cycles to tidal cycles 45 

(Chauvaud et al., 2005; Lartaud et al., 2010a; Huyghe et al., 2019; Mouchi et al., 2025a). 46 

The study of these high-frequency paleoenvironmental records is necessary to refine the 47 

temporal resolution of past climate models that will help us understand future 48 

environmental changes. Bivalves are capable of recording, within their shells, variations 49 

in the physicochemical parameters controlling their living environment such as 50 

temperature (e.g., Epstein et al, 1953; Purton and Brasier, 1997; Kirby et al., 1998; Vander 51 

Putten et al., 2000; Mouchi et al., 2013; Huyghe et al., 2015, Briard et al., 2020; Uvanovic 52 

et al., 2021). 53 



Paleoclimatologists generally rely on the oxygen isotope ratios (δ18O) of calcium 54 

carbonate shells to access temperature from ancient times. Assuming that the 55 

precipitation of carbonate shell in bivalve occurs in equilibrium with seawater, the 56 

fluctuations of isotopic ratios recorded throughout the growth therefore reflect those of 57 

seawater (e.g., Urey et al., 1951; Wefer and Berger, 1991; Ullmann et al., 2010; Tynan et 58 

al., 2014). It has been shown that shell δ18O depends on water temperature and seawater 59 

δ18O, which covaries with salinity (Lartaud et al., 2010b, Pierre., 1999). However, 60 

estimating past salinity values in coastal areas is often imprecise and complex (Rohling, 61 

2000). Other geochemical markers, dependent solely on temperature, are therefore 62 

being investigated to faithfully reconstruct seawater temperature variations in coastal 63 

environments. Among these markers, Mg/Ca ratio of bivalves has been extensively 64 

studied to estimate past seawater temperature variations (e.g., Klein et al., 1996; Vander 65 

Putten et al., 2000; Surge & Lohmann, 2008; Bougeois et al., 2016; Tynan et al., 2017; 66 

Mouchi et al., 2018, Hausmann et al., 2024). However, this paleo-climatic proxy is also 67 

known to be controlled by other factors (e.g., pH and specimen age; Lazareth et al., 2007; 68 

Surge & Lohmann, 2008; Mouchi et al., 2013; Schöne & Gillikin, 2013; Hausmann et al., 69 

2017), making its interpretation in terms of climatic conditions challenging. Large 70 

variability has been reported in both shell Mg/Ca absolute values and the correlation 71 

between temperature and shell Mg/Ca (Freitas et al., 2008; Wanamaker et al., 2008; 72 

Tynan et al., 2017; Mouchi et al., 2018; Schleinkofer et al., 2021; Mouchi et al., 2025b; 73 

Figure 1). Very limited impact of salinity has been reported (Mouchi et al., 2013), although 74 

previous studies have highlighted that the Mg/Ca ratio of bivalve shells differ between 75 

purely marine environments (open marine) and estuarine and bay environments (Mouchi 76 

et al., 2018; Figure 1). As Mg is one of the most common cations in seawater, its 77 

availability should be increased in open marine settings compared to coastal areas with 78 

freshwater input. However, observations indicate that estuarine bivalves present a higher 79 

Mg/Ca than those of marine settings (Mouchi et al., 2018). Several reasons can be 80 

advanced to explain this discrepancy. Changes in seawater Mg/Ca with the environment 81 

has been suggested by Tynan et al. (2017) as one of these reasons. Another possibility 82 

could be the bio-availability of Mg. In theory, Mg in seawater can exist in two forms: the 83 

free ionic form (Mg²+) and the complexed form. Indeed, Mg²+ ions present in seawater can 84 

be complexed either by inorganic (OH+, SO4, CO3) or organic compounds (carboxylic 85 



acids, carbohydrates, amino acids, phenolic compounds) through covalent bounds 86 

(Hirose. 2006).  Although the nature and origin of these organic ligands remain largely 87 

unknown, by analogy with Fe, these organic ligands can be classified into two main 88 

groups: ligands produced by photoautotrophic microorganisms and ligands derived from 89 

the degradation of organic matter (Chipmann, 1966; Marchand et al., 1974; Hunter and 90 

Boyd, 2007). The proportion of the two forms of Mg in seawater has never been directly 91 

measured. Indeed, conventional methods for measuring Mg in seawater, which generally 92 

involve plasma ionization (ICP-OES, ICP-AES, ICP-MS; Surge & Lohmann, 2008; Tynan et 93 

al., 2017), quantify the total Mg in a solution, regardless of its form. However, studies have 94 

shown a positive gradient in dissolved organic matter concentration in seawater from 95 

estuarine to open marine environments (Le Corre et al., 1972; Wafar and Le Corre, 1982, 96 

Zhang et al., 2019). It is accepted that the greater the density of organic ligands in a 97 

medium, the more favourable that medium becomes for the formation and maintenance 98 

of organometallic complexes (Zhang et al., 2019). Thus, we can assume that seawater in 99 

open marine environments is richer in complexed Mg than that in estuarine 100 

environments. Recent work of Mavromatis et al. (2017) have demonstrated that due to 101 

adsorption onto the calcite surfaces and the subsequent reduction of the active sites of 102 

growth, the presence of Mg-organic-complex promotes the incorporation of Mg into 103 

abiogenic calcite. Nevertheless, the effect of such organic ligands on Mg incorporation 104 

into biogenic calcite has not yet been investigated. It is possible that their impact differs 105 

significantly in biological systems. In particular, Mg complexed with organic ligands is 106 

likely not directly accessible to organisms for incorporation into their shells, as it must 107 

first cross the cellular barrier and undergo enzymatic decomposition to return to its free 108 

form (Shaked & Lis, 2012). These enzymatic processes are energetically costly, and 109 

bivalves may therefore preferentially incorporate free Mg, which requires less energy. 110 

Another possible reason to explain the high shell Mg/Ca in estuarine settings compared 111 

to open marine would be the food source, if Mg content is higher depending on the 112 

plankton species. To assess the bioavailability of Mg in seawater for bivalves, we propose 113 

to examine the potential sources of Mg incorporated into the shells of the oyster species 114 

Magallana gigas through a 7-month aquarium experiment at two French sites: in Paris 115 

(Sorbonne Université - ISTeP) with artificial seawater, and at the Biological Station of 116 

Roscoff (Sorbonne Université - AD2M) with natural seawater. Due to their rapid growth 117 



and the excellent preservation of their shells against alteration and/or diagenesis effects, 118 

oysters seem particularly well-suited for paleoenvironmental reconstructions (Mouchi et 119 

al., 2025a) and have therefore been chosen for this experiment. The temperature and 120 

salinity of the aquarium water will be maintained constant throughout the experiment. 121 

Three sources of Mg incorporation into the shells will be tested: (1) enriched free Mg²+ 122 

from seawater, (2) enriched complexed Mg from seawater, and (3) Mg from diet. 123 

Seawater analyses from the culture media will be conducted using inductively coupled 124 

plasma optical emission spectrometry (ICP-OES) and ion exchange chromatography 125 

(IEC) to assess the proportions of complexed and free Mg in seawater. The chemical 126 

composition of the shells will be analysed in situ using laser ablation-inductively coupled 127 

plasma mass spectrometry (LA-ICP-MS). The Mg concentrations in these shells will be 128 

compared to identify the preferred source of the Mg incorporated into the shells. Overall, 129 

the results of this experiment will contribute to a better use of the Mg/Ca proxy by 130 

providing new information on parameters other than temperature influencing the Mg/Ca 131 

ratio in bivalves.  132 

 133 

Figure 1: Existing calibrations of calcitic bivalve shell Mg/Ca in relation to seawater 134 

temperature. For each model, the correlation coefficient r² is indicated. Two clusters of 135 



models are visible: river output (dark gold) or open marine (blue) environments. For Tynan 136 

et al. (2017) models, MB correspond to the Moreton Bay and PL is Pambula Lake.  137 

2. Materials 138 

2.1. Magallana gigas specimens  139 

The rearing experiment was perfomed on specimens of Magallana gigas. These oysters, 140 

originating from spatfall, had initially been reared in the Baie des Veys (49°22’35” N, 141 

1°08’20” W) in the southern English Channel. A total of 300 one-year-old individuals were 142 

collected alive and transferred to aerated seawater tanks to ensure their survival during 143 

transportation to the rearing sites. The individuals were then randomly assigned to one of 144 

two culture sites of Sorbonne University: Biological Station of Roscoff (SBR, Roscoff 145 

Aquarium Services) and the Institute of Earth Sciences of Paris (ISTeP). The oysters were 146 

maintained in natural seawater (NSW) at Roscoff, while they were reared in artificial 147 

seawater (ASW) at Paris. Each oyster was labelled with a unique identification number 148 

using micro-labels affixed to the shell (Hallprint Glue-on Shellfish Tags type FPN 8x4 mm), 149 

with specimens in natural seawater (Roscoff) numbered G.000 to G.150 and those in 150 

artificial seawater (Paris) numbered G.300 to G.450 (SI 1). 151 

 152 

2.2. Rearing strategy 153 

2.2.1. General settings 154 

Three tanks with a capacity of 30 liters at Paris (P1, P2, P3) and 100 liters at Roscoff (R1, 155 

R2/R4, R3) were set up to accommodate M. gigas individuals collected on the field (Figure 156 

2). At Roscoff, the tanks were filled with natural seawater pumped offshore (48°43’39” N, 157 

3°59’15” W), while at Paris the tanks were supplied with artificial seawater. The ASW was 158 

prepared by dissolving synthetic sea salt (Instant Ocean) in deionized water produced by 159 

reverse osmosis. The amount of Instant Ocean salt added to the solution was chosen to 160 

archive a salinity of 35 matching that of natural seawater at Roscoff. Furthermore, to limit 161 

salinity fluctuations due to evaporation, perforated lids were placed on the top of each 162 

tank at the Paris rearing site (Figure 2a).  163 



Twice a week, 10% to 17% of the ASW and NSW was renewed to maintain a stable Mg 164 

concentration. In addition, at Paris a full water renewal and cleaning of the tank was 165 

performed once a month to remove organic waste and prevent from nitrite accumulation. 166 

To ensure proper water oxygenation of the ASW, all tanks were equipped with mixing units 167 

(Figure 2a). The mixing was programmed in water flow intensity following a day/night 168 

cycle to mimic natural variations. In contrast, at the Roscoff site, water circulation was 169 

achieved through a two-level mechanical overflow system (Figure 2b). This system 170 

allowed water to flow from the rearing aquarium to a recovery tank equipped with pre-171 

colonized bacterial filter, from which seawater was pumped back to the rearing 172 

aquarium.  173 

In order to minimize fluctuations of seawater temperature thought the experimental 174 

period, the rearing tank were installed in an air-conditioned room. The air-conditioning 175 

system was set to maintain the tank’s seawater temperature around 20°C. This value of 176 

temperature also corresponds to that at which the discrepancy between Mg/Ca-177 

temperature calibrations reported in the literature becomes more pronounced (Figure 1). 178 

At the beginning of the experiment, each tank received 30 individuals of M. gigas, with 179 

additional specimens kept in holding tanks as replacements in case of mortality. Except 180 

for specimens reared in tank R4, all M. gigas individuals were fed daily with 1 mL of 181 

concentrated Instant Algae solution (Instant Algae© Shellfish Diet 1800). This planktonic 182 

mixture is composed of Tetraselmis sp., Thalassiosira weissflogii, and Thalassiosira 183 

pseudonana (all <20 µm in size). 184 

Immediately, at the beginning of the experiment, in vivo Mn labeling of all specimens was 185 

performed to locate the experimental period in the shell, following the protocol described 186 

in Lartaud et al. (2010). Specimens were introduced into a temporary tank filled with 187 

seawater enriched in MnCl2 (total concentration: 90 mg.L-1) for 4.5h. Additional Mn labels 188 

were performed throughout the experimental period (Table S1 and S2) to follow shell 189 

growth.  190 

 191 



 192 
 193 

Figure 2: Experimental settings at Paris (a) and Roscoff (b). 194 



2.2.2. Experimental conditions  195 

At each site, in addition to a control tank, two tanks were used to test the impact of 196 

different Mg sources on the shell Mg/Ca record (Figure 3a). 197 

 198 

Figure 3: Summary of experimental oyster rearing conditions (a) Schematic 199 

representation of experimental rearing conditions for oysters at the Paris and Roscoff 200 

sites. (b) Gantt chart illustrating the experimental conditions applied to M. gigas rearing 201 

tanks over the course of the experiment. 202 

 203 



2.2.2.1. Seawater enriched with free Mg 204 

In the first experimental condition, we tested whether the Mg concentration of the 205 

seawater affects the Mg/Ca ratio of M. gigas shells. For this purpose, the Mg 206 

concentration of the seawater in tank P2 (Paris) and R2 (Roscoff) was artificially 207 

increased by 127 ppm relative to the control condition P1 and R1 (Figure 3a). To maintain 208 

this enrichment, a solution of MgCl₂ (99% anhydrous magnesium chloride) was prepared 209 

in 100 mL of artificial seawater (or natural seawater at Roscoff) and added to the 210 

aquariums during each water renewal. An additional condition was introduced later in the 211 

year (April 2, 2021), at the Paris site, in tank P3, where the Mg concentration was further 212 

increased to 254 ppm, while the conditions in P2 remained unchanged (Figure 3). 213 

 214 

2.2.2.2. Seawater enriched with complexed Mg 215 

In the second experimental condition we examined the effect of Mg form on the efficiency 216 

of its incorporation in M. gigas shells. To this end, tank R3 at Roscoff was enriched with 217 

complexed Mg by 127 ppm. This was archived by using a magnesium-EDTA complex 218 

solution (TCI, ref. E0094), added to the tank at each water renewal (Figure 3a). 219 

 220 

2.2.2.3. Different food supply  221 

In the last experimental condition, we investigate whether diet can influence the shell 222 

Mg/Ca by modifying the oyster’s feeding regimen. To test this, a new condition, R4, was 223 

established in tank R2 (Figure 3). In practice, on March 5, 2021, Mg enrichment in R2 was 224 

stopped. The R2 tank was emptied, thoroughly rinsed, and refilled with filtered natural 225 

seawater. From this point onward, oysters in this tank were fed with a fresh mono-specific 226 

culture of Skeletonema sp., a diatom species naturally consumed by oysters (Pouil et al., 227 

2020), grown at the Biological Station of Roscoff. The magnesium content of this 228 

Skeletonema. sp solution was measured using ICP-OES and compared to that of the 229 

Instant Algae used in other conditions. 230 

 231 

2.2.2.4. Control conditions 232 

Control conditions were established in tanks P1 and R1, which did not receive any 233 

artificial Mg enrichment. Magallana gigas individuals raised in these control tanks were 234 

maintained under the same environmental conditions (temperature and salinity) and 235 



feeding regimen (i.e, Instant Algea) as those in the experimental tanks (apart from tank 236 

R4), allowing for direct comparison between conditions. 237 

2.2.3. Monitoring of rearing conditions 238 

The rearing experiment started on October 28, 2020, at the Paris site and November 16, 239 

2020, at the Roscoff site (Figure 3b). From these start dates and over the 7-month 240 

experimental period, a daily monitoring of seawater temperature, salinity, and oyster 241 

mortality was conducted in each tank (SI 2 and 3, Supplementary Table S1 & Table S2). 242 

Regular sampling of seawater was also performed to check the stability of Mg enrichment 243 

and to evaluate the influence of water renewal on seawater Mg concentrations. In 244 

addition, we also tracked the evolution of shell growth rate throughout the experiment 245 

using in vivo Mn²⁺ labeling and cathodoluminescence imaging.  246 

3. Methods 247 

3.1. Shell sample preparation and locating Mn markings  248 

 249 

Magallana gigas specimens were taken out from rearing tanks for geochemical analysis 250 

at different stages of the culture experiment. Immediately after collection, the oysters 251 

were opened, their soft tissues removed, and the shells rinsed with deionized water. To 252 

ensure shell preservation and eliminate residual organic matter, shells were treated 253 

overnight with a 15% hydrogen peroxide (H2O2) solution and then rinsed thoroughly with 254 

demineralized water.  255 

 256 

For geochemical analysis, we focused on the hinge area rather than the entire shell, as it 257 

retains the organism’s growth history within a single, well-defined portion (Langlet et al., 258 

2006; Lartaud et al., 2010a).  The umbo of each left valve was excised and embedded in 259 

Huntsman Araldite 2020 epoxy resin. A longitudinal thick section was then cut along the 260 

maximum growth axis, extending from the hinge region to the ventral shell margin, 261 

revealing the growth increments. The resulting thin sections were polished to a final 262 

thickness of ~300 µm using alumina powder. All geochemical analyses were conducted 263 

on the foliated calcite region of the hinge sections. 264 

 265 



To locate Mn markings withing M. gigas shells, we performed cathodoluminescence (CL) 266 

microscopy following the method describe in Lartaud et al. (2010). CL observations were 267 

conducted using a cold cathode (Cathodyne-OPEA) at ISTeP, with settings of 15–20 keV 268 

and 200–400 µA.mm⁻² under a pressure of 0.05 Torr.  Luminescence images were 269 

captured with a Nikon D5000 camera (1400 ASA) using a 20-second exposure time. In 270 

calcite, Mn²⁺ incorporation during mineral growth produces a characteristic CL emission 271 

at ~620 nm, appearing as bright red luminescence (Figure 4a). The Mn markings identified 272 

via CL microscopy were cross-referenced with Mn content variations determined by LA-273 

ICP-MS (Figure 4b). Given that umbo growth reflects overall shell growth (Lartaud et al., 274 

2010a), we used Mn marking dates in combination with CL observations to determine 275 

shell growth rates under rearing conditions (SI 3). 276 



 277 
 278 

Figure 4: Mn-labels on specimen G-308. a: Cathodoluminescence view from thin 279 

section on the last part of shell growth. Mn-labels are located by white arrows, and end 280 

of life is located by the yellow arrow. A last Mn-label is not visible here due to low growth 281 

rate between this label and end of life. The position of the LA-ICP-MS transect 282 

corresponds to the white line. b: LA-ICP-MS transect of Mg/Ca and Mn/Ca following 283 

direction indicated on a. The dates of all Mn-labels are indicated, based on the Mn/Ca 284 

curve. 285 



3.2. Geochemical analyses 286 

3.2.1. Total elemental concentration in seawater and food 287 

To assess the elemental composition of the oyster rearing environment, natural and 288 

artificial seawater samples were regularly collected from each aquarium and analyzed by 289 

inductively coupled plasma optical emission spectrometry (ICP-OES). These 290 

measurements focused on determining the concentrations of major elements, including 291 

Na, Mg, Al, K, Ca, Mn, Fe, Zn, Sr, and Ba in seawater. On average, 25 mL of water was 292 

sampled from each aquarium once per month, just before water renewal and oyster 293 

feeding. Additionally, a one-week daily monitoring (morning and afternoon) of the Mg 294 

concentration in ASW at the Paris rearing site was conducted to evaluate the impact of 295 

aquarium artificial seawater renewal on Mg concentration (SI Table S11). 296 

Immediately after collection, seawater samples were acidified with 30 μL of nitric acid 297 

(HNO₃, 68% Normapur) and stored at +2°C in the dark until analysis. To distinguish 298 

between free and complexed form of Mg, each sample was divided into two portions: one 299 

half was filtered using a 2 μm Whatman 540 filter and diluted 1:200 in a 2% HNO₃ solution 300 

prepared with deionized water (resistivity: 18 MΩ·cm) for ICP-OES analysis, while the 301 

other half was kept to quantify free Mg by ion exchange chromatography (IEC). 302 

 303 

To further evaluate Mg input from the oyster diet (Instant Algae / Skeletonema), we also 304 

characterized the elemental composition of the daily used solutions to feed M. gigas 305 

using ICP-OES. Approximately 5 mL of each nutritional solution was subjected to 306 

mineralization in 5 mL of 68% HNO₃ under continuous agitation for 12 hours to release 307 

intracellular elements. The solution was then filtered through a 2 μm Whatman 541 filter 308 

to confirm the absence of residual cellular material. If incomplete mineralization was 309 

observed, the nutritional solution was first diluted with deionized water before repeating 310 

the mineralization process. The fully processed samples were subsequently diluted in a 311 

2% HNO₃ solution with a final dilution factor of 1:256 and stored with seawater samples 312 

at +2°C in the dark until analysis. 313 

 314 

Elemental measurements were performed using an Agilent ICP-OES 5100 SVDV at the 315 

ALLIP6 analytical platform (Sorbonne University). Calibration was established using four 316 



standard solutions of known elemental concentrations, which were analyzed before and 317 

after all sample runs to correct for potential instrumental drift and convert intensity signal 318 

to concentration. The standard solutions were also analyzed at a frequency of one per 319 

every 20 samples to monitor potential contamination. Additionally, blank samples were 320 

prepared and analyzed alongside experimental samples to verify the absence of 321 

contamination from reagents used in sample preparation (SI Table S12). Analytical 322 

uncertainties for each measured element were determined based on the standard 323 

deviation of three consecutive signal acquisitions from the same sample, along with 324 

internal standard repeatability. A full ICP-OES analysis report is available in SI Table S12. 325 

3.2.2. Free Mg concentration in seawater 326 

The proportion of free Mg (i.e., Mg²⁺ cation) in both natural (R1, R2 and R4) and artificial 327 

(P1, P2, P3) seawater was quantified using ion exchange chromatography (IEC). Due to 328 

the incompatibility of ethylenediaminetetraacetic acid (EDTA) with ion chromatography 329 

(Sharpe and London, 1997; Chumanov and Burgess, 2011), Mg²⁺ concentrations could 330 

not be determined for water samples from R3.  331 

Acidified seawater samples were prepared for IEC analysis by dilution in deionized water 332 

at a 1:3000 ratio. To ensure data reliability, at least three replicates of each diluted 333 

sample were analyzed.  334 

IEC measurements were performed at the Institute of Chemistry of Clermont-Ferrand 335 

(ICCF) using a Dionex ICS-6000 HPIC™ system equipped with a 2 × 250 mm IC column 336 

(Dionex IonPac™ CS-16). The Mg²⁺ concentration in eluted seawater samples was 337 

quantified via mass spectrometry using an ISQ™ EC Single Quadrupole Mass 338 

Spectrometer. Data integration and analysis were conducted with Chromeleon 7.2 339 

software. Measurement reproducibility was accessed by analysing three replicates for 340 

each water sample (SI Table S13).  341 

 342 

Finally, Mg²⁺ concentrations (i.e., [Mgfree]) obtained from IEC measurements were 343 

combined with total Mg concentrations (i.e., [Mgtot]) from ICP-OES to calculate the 344 

fraction of complexed Mg (i.e., [Mgcomplexed]) in seawater. 345 



3.2.3. Shell elemental concentration by LA-ICP-MS 346 

Chemical compositions of oyster shells were measured by laser-ablation inductively-347 

coupled plasma mass spectrometry (LA-ICP-MS) at the Centre de Recherche en 348 

Archéologie, Archéosciences, Histoire (CReAAH, Université de Rennes, UMR 6566), with 349 

additional specimens analysed at the Institut des Sciences Analytiques et de Physico-350 

Chimie pour l’Environnement et les Matériaux (IPREM, Université de Pau et des Pays de 351 

l’Adour). At CReAAH, the equipment used was an Agilent Technologies 7700 Series ICP-352 

MS and a Cetac Technologies LSX-213 G2 (213 nm) laser ablation system. A total of 29 353 

oyster specimens were analysed, including specimens that experienced different 354 

conditions along growth (Table 1, SI 4), separated by in vivo Mn-labelling. Analytical 355 

transects were performed such as crossing all Mn labels (observed with 356 

cathodoluminescence) using laser parameters as 25 µm spot size, 10 Hz frequency, 23 357 

µJ at 10 µm.s-1. At IPREM, we used an Agilent 8900 ICPMS Triple Quad coupled with a 358 

femtosecond laser ablation system (Novalase SA). This laser ablation system is equipped 359 

with a 2D galvanometric scanner which allows the 15 µm laser beam to move at high 360 

speed (1 mm.s-1). Laser parameters for 20 µm-large transects were 200 Hz and 23 µJ at 5 361 

µm.s-1. Measured elements were 24Mg, 55Mn and 43Ca as internal standard. Reference 362 

materials NIST SRM 610, 612 and 614 were analysed at the beginning, middle and end of 363 

each analytical session for calibration. Accuracy was checked using repeated 364 

measurements of otolith certified reference materials FEBS-1 and NIES-22. We used the 365 

preferred values of the GeoReM database (Jochum et al., 2005), when available. Data 366 

reduction for CReAAH analyses was performed on Matlab (http://www.mathworks.com) 367 

following the procedure described by Longerich et al. (1996). For IPREM analyses, data 368 

reduction was performed according to the same procedure using an inhouse program 369 

(FOCAL v. 2.46). 370 

 371 

Table 1: Number of specimens analysed by LA-ICP-MS and total analytical 372 

measurements for each experimental condition. ASW: artificial seawater; NSW: 373 

natural seawater. 374 

http://www.mathworks.com/


Experimental conditions 

Number of 

measured 

specimens 

Total number 

of 

measurements 

P1 ASW, control 6 472 

P2 ASW, +127 ppm MgCl2 5 325 

P3 ASW, +254 ppm MgCl2 6 60 

R1 NSW, control 5 415 

R2 NSW, +127 ppm MgCl2 6 268 

R3 NSW, +127 ppm Mg-EDTA 5 165 

R4 NSW, diet change 9 51 

3.2.4. Data processing 375 

Data processing was performed using Matlab (v. R.2023b; http://www.mathworks.com). 376 

The experimental condition intervals on the Mg/Ca transects were identified by localizing 377 

the in vivo labels from the Mn/Ca transects. The analytical measurement corresponding 378 

to the first label from each condition was not kept in the final data to avoid potential 379 

influence from previous conditions. The final number of analytical points is 1756. Normal 380 

distributions of shell Mg/Ca for each experimental condition were checked using 381 

Kolmogorov-Smirnov tests. For each test, a normal distribution was rejected at a 5% 382 

significance level (p-value < 0.0001). All distribution comparisons were therefore 383 

performed using Kruskal-Wallis non-parametric tests. We noted no significant 384 

differences between analytical platforms (Rennes and Pau) for each shell Mg/Ca 385 

condition groups (p-values > 0.05; SI 5) except for condition R1 with a weak significant 386 

difference (p-value = 0.0119). This small difference is probably caused by individual 387 

variability between specimens analysed. In order to avoid risking to lose this natural 388 

variability, we decided to keep all measurements as from the same distribution. 389 

Subsequent comparisons (as indicated in the rest of the manuscript) were performed 390 

without discrimination of the analytical platform. Multiple comparison procedure by 391 

Tukey method was used to identify homogeneity between experimental conditions for 392 

shell Mg/Ca. 393 



4. Results 394 

4.1. Monitoring of seawater physicochemical parameters  395 

The average temperature and salinity for each rearing conditions are reported in Table 2. 396 

Over the seven-month experimental period, we observed fluctuation of seawater 397 

temperature between 18°C and 22°C at the Paris site, and between 17°C and 24°C at the 398 

Roscoff site (SI 2). These temperature fluctuations dont follow a clear seasonal pattern 399 

and are likely attributable to variations in the performance of the room’s air conditioning 400 

systems. Although temperature changes occurred synchronously across the three tanks 401 

at each site, statistical analyses revealed consistent differences in average temperature 402 

between individual tanks (SI 2). On the Paris rearing site, tank P3 always shows an 403 

average temperature 0.7°C higher than that of tanks P1 and P2, while on the Roscoff site, 404 

tank R3 maintained an average temperature 0.7°C lower than that of tanks R1and R2/R4 405 

(Table 2). Our experimental setup mimics open marine settings in terms of the absence 406 

of continental inputs. In such environmental settings and based on existing 407 

thermodependent Mg/Ca models in the literature (Mouchi et al., 2013), a shift of 0.7°C is 408 

expected to introduce a change of 0.31 mmol.mol-1 in shell Mg/Ca. This change remains, 409 

however, negligible compared to the observed differences in shell Mg/Ca between 410 

conditions (Table 2).  411 

Salinity monitoring at the Paris site, showed fluctuations of 32 to 40 psu, with an average 412 

value of 35.1 psu. The most pronounced changes were associated to the complete 413 

renewal of tank water (SI Table S1). Tank P2 shows significantly higher salinity than P1, 414 

which is consistent with the Mg enrichment it received (Table 2). On the opposite, P3 did 415 

not show a higher salinity than P2, despite it theoretically received a greater Mg 416 

enrichment. 417 

Table 2: Summary of measurements performed on seawaters and shells for all 418 

experimental conditions. 419 

 Seawater Shells  

Condition 
Temperature 

(°C) 

Salinity 

(psu) 
pH 

Mg/Ca 

(mmol.mol
-1) 

[Mg]complexed

/[Mg]tot 

(%) 

Umbo 

growth rate 

(μm/day) 

Average 

Mg/Ca 

(mmol.mol-1) 

Log DMg 



P1 19.0±0.8 35±2 8.31±0.14 2.57±0.03 17.8 ± 6.0 1.09±0.40 7.02±4.32 0.436 

P2 19.0±0.8 36±1 8.33±0.13 2.80±0.03 13.4 ± 6.3 1.16±0.69 7.87±3.71 0.449 

P3 19.7±0.8 35±1 8.40±0.05 3.06±0.02 2.4 ± 1.8 0.64±0.38 9.44±5.39 0.489 

R1 20.7±1.3 - - 3.16±0.05 12.1 ± 5.6 1.41±0.98 5.72±2.54 0.258 

R2 20.6±1.5 - - 3.42 28.9 ± 4.8 1.43±0.83 8.40±5.56 0.390 

R3 19.9±1.0 - - 3.27±0.02 - 0.73±0.51 12.76±9.77 0.591 

R4 20.5±1.0 - - 3.17 0 ± 0.8 1.77±0.96 9.54±6.12 0.478 

 420 

4.2. Growth rates and mortality  421 

Over the seven-month experiment, mortality remained low across all rearing conditions 422 

except for R3, which received EDTA treatment. In conditions P1, P2, P3, R1, R2/R4, the 423 

first mortalities were recorded after six months and gradually increased toward the end 424 

of the rearing period (SI S3, Figure S4). In contrast, R3 exhibited a sharp increase in 425 

mortality, with 35.7% of oysters lost by day 35 of rearing and within the following 10 days, 426 

all M. gigas specimens in R3 died.  427 

 428 

Based on CL observation, we found that the growth rate of the M. gigas umbos over the 429 

entire experimental period varied between 0.14 and 3.03 μm.day-1 across individuals (SI 430 

3, Table S8). A comparative overview of average growth rates on the umbo of M. gigas 431 

grown under different conditions is presented in Figure 5. Kruskal-Wallis tests indicate 432 

no statistically significant differences in M. gigas growth between experimental groups 433 

(SI 3). 434 



 435 

Figure 5: Average growth rate of M. gigas umbo as a function of rearing conditions. 436 

Different letters on top of the boxes indicate significant differences between groups 437 

based on Kruskal-Wallis test. 438 

 439 

Periodic Mn labelling of oysters grown in P1 and P2 further allowed for the assessment of 440 

growth rate evolution over the experimental period (SI 3, Figure S5). Although growth 441 

rates between individuals exhibit some variability, the overall trend reveal a gradual 442 

decline in M. gigas growth rate throughout the experiment (SI 3, Figure S5). This decline 443 

coincided with increasing mortality across aquariums thought the end of the experiment, 444 

which could be attributed to inadequate feeding of the oysters. 445 

 446 

4.3. Elemental concentration in seawater and food  447 

Across all the experimental conditions, total Mg and Ca concentrations in aquarium 448 

seawater ranged from 1116 ppm to 1504 ppm and from 410 ppm to 592 ppm, 449 

respectively. The average Mg and Ca concentrations for each condition are summarized 450 

in Table 3.  451 

Table 3: Total Ca, Mg concentration measured by ICP-OES and free Mg concentration 452 

measured by IEC in oyster’s rearing seawater. Concentrations are shown for each 453 



condition as the average of all samples analyzed over the rearing period. The associated 454 

standard errors are given at 1σ.  455 

Conditions 

ICP-OES  IEC 

N [Ca]tot 

(ppm) 

[Mg]tot (ppm) N [Mg]free (ppm) 

P1 ASW 14 483 ± 9 1240 ± 16 2 1019 ± 62 

P2 ASW 14 498 ± 9 1393 ± 32 2 1205 ± 62 

P3  ASW 8 463 ± 9 1416 ± 20 1 1382 ± 7 

R1  NSW 2 424 ± 7 1342 ± 5 2 1180 ± 71 

R2  NSW 1 426 1504 1 1070 ± 73 

R3  NSW 3 424 ± 6 1387 ± 11 0 Not analized 

R4  NSW 1 410 1302 1 1316 ± 10 

 456 

These results indicate that NSW contains more Mg and less Ca than ASW, resulting in a 457 

higher Mg/Ca ratio in NSW compared to ASW. 458 

 459 

At the Paris rearing site, ICP-OES analyses revealed a gradual increase in Mg 460 

concentration in ASW from condition P1 to P3. While this trend confirms the successful 461 

artificial enrichment of Mg across different rearing conditions, the observed difference in 462 

Mg concentration between P1 and P3 (i.e., 176 ± 36 ppm) was notably lower than the 463 

expected 240 ppm. This also agrees with the salinity record, which shows no significant 464 

difference between P1 and P3 (SI 2, Table S6). Discrepancies were also observed for 465 

NSW conditions, where the difference in Mg content between R1 and R2 was higher than 466 

expected (i.e., 162 ppm compared to expected 127 ppm), while lower than anticipated 467 

between R1 and R3 (i.e., 46 ppm). 468 

 469 

Daily monitoring of elemental concentrations in artificial seawater from the Paris 470 

aquariums showed that, on a weekly scale, variations in Mg and Ca concentrations 471 

remained relatively low (less than 110 ppm) and that periodic water renewal effectively 472 

maintained the target concentrations in each aquarium (SI 6). Additionally, salinity 473 



measurements taken at the Paris site demonstrated no significant correlation between 474 

the Mg/Ca ratio of the seawater and salinity (SI 6, Figure S7). 475 

 476 

Combined results of ICP-OES and IEC analyses further revealed that, even in EDTA-free 477 

conditions, complexed Mg accounts for 0% ± 0.8% to 29% ± 5% of total magnesium in 478 

both natural and artificial seawater (Figure 6). It is worth noting that the proportion of 479 

complexed Mg varied significantly across different conditions (Figure 6). For instance, 480 

conditions P1, P2, R1, and R2 contained substantial amounts of complexed Mg (ranging 481 

from 12% to 29%), whereas P3 and R4 showed little to no complexed Mg (Table 2). 482 

 483 

Finally, ICP-OES analysis revealed significant differences in the Mg content of the two 484 

oyster feed solutions. Instant Algae contained approximately 112 ppm of Mg, whereas the 485 

Skeletonema solution had a markedly higher concentration of 4806 ppm Mg.  486 

 487 

 488 
Figure 6: Histogram of the proportions of complexed (dark blue) versus free (light 489 

blue) magnesium in seawater as function of oyster rearing conditions.  490 

 491 



4.4. Mg/Ca in oyster shells 492 

The range for all shell Mg/Ca (Figure 7) extends from 0.31 to 51.80 mmol.mol-1, with a 493 

median value of 6.26 mmol.mol-1 (mean = 7.56 mmol.mol-1). For P1 group, shell Mg/Ca 494 

ranges from 1.10 to 28.58 mmol.mol-1, with a median of 5.75 mmol.mol-1. Shell Mg/Ca for 495 

P2 ranges from 0.70 to 22.74 mmol.mol-1, with a median value of 7.19 mmol.mol-1. P3 496 

group values of shell Mg/Ca range from 3.33 to 26.94 mmol.mol-1, with a median value of 497 

7.78 mmol.mol-1. For R1 group, values range from 1.47 to 14.98 mmol.mol-1 with a median 498 

value of 5.45 mmol.mol-1. Shell Mg/Ca for R2 condition range from 0.31 to 31.56 499 

mmol.mol-1 (median = 6.64). Shell Mg/Ca values for R3 condition range from 1.44 to 51.80 500 

mmol.mol-1, with a median value of 9.32 mmol.mol-1. Mg/Ca values from R4 condition 501 

(diet change; no Mg enrichment) range from 0.71 to 46.55 mmol.mol-1 (median = 8.26). 502 

Shell Mg/Ca from P1 experimental condition is always significantly different than that of 503 

the other conditions (Table 4; Figure 7) including R1 condition, although both are control 504 

conditions in the experimental laboratories. Shell Mg/Ca from R1 is also significantly 505 

different than all other conditions. We note a significant influence of diet on shell Mg/Ca 506 

between commercial Instant Algae (R1) and fresh Skeletonema (R4; Kruskal-Wallis, p-507 

value < 0.0001). 508 
 509 



 510 
Figure 7: Boxplot of shell Mg/Ca for all experimental conditions. Different letters on 511 

top of the boxes indicate significant differences between groups (Tukey test). 512 

 513 

Table 4: Result p-values from Kruskal-Wallis tests on shell Mg/Ca between the 514 

experimental conditions. Significant differences are highlighted in bold. 515 

 P1 P2 P3 R1 R2 R3 

P2 < 0.0001 - - - - - 

P3 0.0024 0.8642 - - - - 

R1 0.0023 < 0.0001 < 0.0001 - - - 

R2 0.0087 0.9609 0.5397 < 0.0001 - - 

R3 < 0.0001 0.0615 0.8360 < 0.0001 0.0139 - 

R4 < 0.0001 0.2329 1.0000 < 0.0001 0.0370 0.8443 

 516 



5. Discussion 517 

5.1. Complexed Mg in seawater  518 

Magnesium can exist in seawater in both free and complexed forms (Dyrssen and Edbord, 519 

1974); however, direct quantification of these complexes has not yet been performed. In 520 

this study, we tested a simple but effective methodology, combining ICP-OES and ion 521 

exchange chromatography, to directly quantify complexed Mg in natural and artificial 522 

seawater in the oyster growth media.  523 

 524 

Our results clearly confirm that, even in the absence of EDTA, a non-negligible fraction of 525 

Mg exists in its complexed form. On average, complexed Mg accounts for approximately 526 

12.5% of total dissolved magnesium, a value consistent with previous theoretical 527 

estimates of inorganic Mg complexes in seawater (8% to 11%; Dyrssen and Edbord, 1974; 528 

Motekaitis and Martell, 1987).  529 

 530 

Furthermore, the fact that complexed-Mg was found in similar proportions in both natural 531 

and artificial seawater suggests that these complexes are primarily inorganic in nature, 532 

and likely dominated by species like MgOH⁺, MgSO₄, and MgCO₃ (Parkhurst and Appelo, 533 

2013, Dyrssen and Edbord, 1974). However, we cannot entirely exclude a contribution 534 

from organic Mg complexes, potentially arising from the degradation of oyster-derived 535 

organic matter or food additives, which could vary between experimental conditions. This 536 

possibility is supported by observed variations in the proportion of complexed Mg 537 

between tanks (Figure 6), which could reflect differences in the concentration or stability 538 

of organic ligands under different rearing environments. Further information on the 539 

nature of the chemical species involved in complexation would be needed to confirm this 540 

hypothesis and to attribute the observed variations in Mg-complex concentration 541 

between tanks to specific rearing factors. To address this limitation, it would be valuable 542 

to combine our approach with complementary techniques such as FTIR or XANES, which 543 

could provide insights into the coordination environment of Mg and help distinguish 544 

between organic and inorganic complexes. 545 

Overall, these findings demonstrate that the combination of ICP-OES and ion-exchange 546 

chromatography offers an effective tool to directly quantify complexed Mg in seawater. A 547 



next step would be to apply this method to natural settings such as open-marine and 548 

estuarine environments in order to verify the spatial and temporal variability of Mg 549 

speciation. 550 

5.2. Influence of diet on shell Mg/Ca 551 

Although food is recognized as the primary source of essential elements for the 552 

physiological functioning of marine organisms (Wang & Fisher, 1999; Reinfelder et al., 553 

1998), the effect of diet on elemental ratios recorded in shell had remain poorly studied. 554 

The LA ICP-MS results from this study, revealed a significant shift in the Mg/Ca ratio of M. 555 

gigas following change in diet (Figure 7, Table 4). Notably, M. gigas specimens exhibit a 556 

systematic increase in Mg/Ca ratio after switching feeding solution from Instant Algae to 557 

Skeletonema (Figure 7, Table 2). This finding strongly suggests that diet plays an 558 

important role in modulating Mg incorporation in oyster shell.  559 

Most studies on bivalve diets have focused on the effects of diet on growth. These studies 560 

consistently show that both food quantity and quality can significantly influence shell 561 

growth rates (e.g., Walne., 1976; Elsaesser, 2014). Since shell growth rate has also been 562 

identified as a potential important factor influencing elemental incorporation into bivalve 563 

shells (e.g., Schöne et al., 2011, Poulain et al., 2015; Lorrain et al., 2005; Freitas et al., 564 

2008, Vander Putten et al., 2000; Takesue & van Geen, 2004; Gillikin et al. 2005), it could 565 

be hypothesized that dietary effects on shell Mg/Ca ratios may result from variations in 566 

growth rates induced by changes in food quantity and/or quality. Nevertheless, this 567 

hypothesis can be ruled out in our case, as we didn’t observe any significant change in 568 

growth rates between oysters grown in R1 and R4 (p-value > 0.05). Therefore, the 569 

observed changes in shell Mg/Ca ratios between R1 and R4 must be attributable to a 570 

direct influence of the dietary source on magnesium incorporation into the shell. 571 

Furthermore, we observe that the difference in the shell Mg/Ca between R1 and R4 572 

follows the Mg content of the respective feeding solutions, Skeletonema being enriched 573 

in Mg compared to Instant Algae. This observation aligns with previous findings showing 574 

that diatoms tend to have higher Mg concentrations compared to other phytoplankton 575 

groups (Ho et al., 2003). In addition, differences in shell Mg/Ca between R1 and R4 (≈ 3.82 576 

mmol.mol-1) closely match those of the feeding solutions (≈ 3.24 mmol.mol-1). While we 577 



can’t exclude that differences in digestion or assimilation efficiency of the two diets may 578 

also influence shell Mg/Ca, this founding strongly suggests that impact of diet on shell 579 

Mg/Ca is proportional to Mg content of the diet.  580 

 581 

Overall, these results highlight that food is a major source of Mg for oyster shell, and diet 582 

also controls shell Mg/Ca. Failing to consider this effect may lead to inaccurate 583 

reconstructions of seawater temperature based on shell Mg/Ca, with errors on 584 

temperature estimated from 5.4°C to 14.4°C based on Mouchi et al. (2013) and Tynan et 585 

al. (2017) respectively. However, in open marine settings (model from Mouchi et al., 2013) 586 

food source should not vary as much compared to estuarine environments (model from 587 

Tynan et al., 2017) where both marine and continental nutrients are available (e.g., Xu et 588 

al., 2020). Consequently, bias on temperature reconstruction due to changes in food 589 

source should be substantially more pronounced in estuarine settings compared to open 590 

marine settings. Therefore, food source variability probably contributes to the divergence 591 

between environmental settings in Mg/Ca-T models (Figure 8).  592 

 593 

5.3. Influence of Mg form and Mg/Ca of seawater on shell Mg/Ca 594 

5.3.1. Complexed Mg in seawater remains bioavailable for oyster shell 595 

incorporation 596 

The rearing experiment performed with natural seawater aimed at assessing the 597 

bioavailability of Mg when trapped in molecules with covalent bonds. Our results indicate 598 

that a higher concentration in seawater of identical proportions of free (R2 tank) and 599 

complexed Mg (R3 tank) induces a similar increased uptake of this element in oyster 600 

shells compared to control (R1 tank; Table 3). This implies that covalent bonds from 601 

chelators can be broken by the oysters to extract Mg, and possibly other elements, for 602 

metabolism functioning and shell incorporation. 603 

This observation also explains the mortality observed in R3 tank. The commercial Mg-604 

EDTA used here (TCI, ref. E0094) was chosen as it was stable when put in solution in 605 

deionized water, and exhibited a pH of 8 (i.e., compatible with oyster rearing). By breaking 606 

the bonds between Mg and the EDTA molecule, oysters were releasing in their tissues 607 

ionic-form EDTA, which acted as a chelator to other elements, probably necessary for 608 



their metabolism. Indeed, numerous chemical elements are cofactors to enzymes (e.g., 609 

Zn for carbonic anhydrase; Lee et al., 1995) or included in metal-binding proteins (e.g., 610 

Cu and Cd; Imber et al., 1987).  611 

 612 

In natural settings, Mg uptake in shells is equivalent whether Mg is released from organic 613 

ligands or directly available in free ionic form. Therefore, the Mg form in seawater does 614 

not explain the variety of shell Mg/Ca values found in the literature (in oysters: Surge & 615 

Lohmann, 2008; Mouchi et al., 2013; Tynan et al., 2017; in other bivalves: Wanamaker et 616 

al., 2008; Schleinkofer et al., 2021; Mouchi et al., 2025b). 617 

5.3.2. Higher concentration of Mg in seawater increases shell Mg/Ca 618 

Oysters reared in Mg-enriched (natural or artificial) seawater present higher shell Mg/Ca 619 

than control specimens (Fig. 7, Table 3). A precise relationship between seawater Mg and 620 

shell Mg/Ca is impossible to define with the present data, which present only two 621 

increased concentrations of Mg (+127 ppm for tanks P2, R2 and R3; +254 ppm for tank 622 

P3). It also remains unclear if the selected concentrations – of relatively low increase – 623 

can have a substantial impact on shell Mg/Ca. Specimens from P3 appear to present 624 

generally higher Mg/Ca than those from P2 (Fig. 7), yet no statistically significant 625 

difference has been measured between these groups (Fig. 7; Table 3). Seawater samples 626 

from P2 exhibit the expected Mg concentration (≈ 127 ppm increase compared to P1; 627 

Table 2), but samples from P3 present lower Mg concentration compared to the expected 628 

+254 ppm (≈ 200 ppm increase; Table 2). Still, the measured seawater Mg concentration 629 

in P3 remains higher than that of P2, and that excess was however not sufficient to 630 

significantly change the shell Mg/Ca. 631 

 632 

5.3.3. Impact of seawater Mg/Ca on reconstructed temperatures 633 

A variety of bivalve shell Mg/Ca-temperature relationship has been suggested in the 634 

literature, mainly from oysters and mussels (Mouchi et al., 2018). The range of values of 635 

Mg/Ca can differ quite a lot between species and/or locality for the same temperature 636 

settings: e.g., 1-6 mmol.mol-1 (for M. gigas from France; Mouchi et al., 2013), 10-20 637 



mmol.mol-1 (for Mytilus edulis from aquarium; Wanamaker et al., 2008), 10-40 mmol.mol-638 
1 (Acesta excavate from deep-sea Norwegian Atlantic region; Schleinkofer et al., 2021). 639 

From various thermodependant Mg/Ca models from bivalves (SI 7), the closest 640 

reconstructed temperature to true temperatures (19.0°C for ASW; 20.7°C for NSW; Table 641 

4) for the control from the ASW experiment (P1) corresponds to the model from Freitas et 642 

al. (2008) with 20.8°C, while the best fitted model for the control from the NSW 643 

experiment (R1) corresponds to that of Mouchi et al. (2013) with 23.4°C. This difference 644 

is likely due to contrasted seawater Mg/Ca between NSW and ASW. For the ASW 645 

experiment, a Mg2+ enrichment of 127 ppm (P2) and 254 ppm (P3) induces an increase in 646 

reconstructed temperatures of 3.2°C and 9.2°C, respectively. For the NSW experiment, a 647 

Mg2+ enrichment of 127 ppm (R2) induces an increase in reconstructed temperatures of 648 

10.1°C, while the complexed Mg enrichment (R3) causes an increase of 26.6°C for 649 

reconstructed temperatures. The poor health condition of oysters from R3 is probably 650 

responsible of at least part of that important increase, as the EDTA released in their body 651 

has most probably negatively impacted a variety of metabolic biochemical processes. At 652 

this stage it is impossible to determine the extent of those impacts and the resulting 653 

changes in the chemistry of the extrapallial-fluid (EPF) from which shell precipitates. In 654 

particular, this can influence the pH and calcium saturation index of the EPF which have 655 

been reported to impact Mg/Ca in carbonates (e.g., Kisakürek et al., 2008; Mavromatis et 656 

al., 2017; Gray and Evans, 2019; Alvarez Caraveo et al., 2025, Figure 8), although other 657 

studies reported no significant impact of pH on shell Mg/Ca (e.g., Davis et al., 2017).  658 

Based on both these experiments (NSW and ASW), we can assert that seawater Mg/Ca 659 

has a substantial impact on shell Mg/Ca (Figure 8), and therefore on reconstructed 660 

temperatures from models. This was previously suggested by Tynan et al. (2017), 661 

although the difference observed by the authors on seawater Mg/Ca between their two 662 

study areas was relatively low (between 5.3 and 5.6 – with one short drop at 4.6, and 663 

stable around 5.6 at Pambula Lake and Moreton Bay, respectively). As very few studies 664 

provide shell Mg/Ca – temperature models with values of seawater Mg/Ca (Surge & 665 

Lohmann, 2008; Tynan et al., 2017), a precise representation of the variety of seawater 666 

Mg/Ca in natural environments (in particular in open marine settings that our experiments 667 

mimic here, opposed to estuarine settings) is difficult to determine.  668 



Here, seawater Mg/Ca ranges from 2.57 to 3.42 according to the experimental settings 669 

(Table 2), and is already responsible for quite important changes in shell Mg/Ca. Future 670 

works should be mindful to provide this information to evaluate with precision its impact. 671 

 672 

Figure 8:  a) Suggested influences of environmental and endogenous factors on 673 

bivalve’s shell Mg/Ca based on previous studies from the literature and data from 674 

this study. b) Suggested effect of seawater and food Mg/Ca on Mg/Ca – T models.  675 



  676 

 677 

5.4. Potential factors explaining the discrepancies between Mg/Ca-T models and 678 

implications on temperature reconstructions 679 

 680 

The Figure 8a summarises the environmental and endogenous factors influencing shell 681 

Mg/Ca. Although most previous studies in the literature have demonstrated the influence 682 

of temperature and some endogenous processes (vital effects) on Mg incorporation in 683 

bivalve shells (e.g., Gillikin et al., 2005; Lazareth et al., 2007; Schöne et al., 2011, 2013; 684 

Mouchi et al., 2013; Alvarez Caraveo et al., 2025), these processes are unlikely to explain 685 

the discrepancies of Mg/Ca-T models between marine and estuarine setting (Figure 1). 686 

Still, the results of this study clearly indicate the influence of additional environmental 687 

parameters on shells Mg/Ca. Notably, we found that both seawater Mg/Ca and food 688 

source can significantly affect shell Mg/Ca (Figure 8b). Those could be responsible for 689 

environmental specific Mg/Ca-T models.  690 

 691 

As we demonstrated, shells Mg/Ca increase with seawater Mg/Ca. Therefore, on one 692 

hand, for similar environmental setting, we can assume that seawater Mg/Ca, primarily 693 

controls the models y-intercepts (Tynan et al., 2017, Figure 8b). On the other hand, the 694 

model slopes (specific to marine and estuarine environment) should be governed by 695 

other factors. In particular, we need to identify a seasonal environmental parameter 696 

whose expression is accentuated during summer in estuarine environments. Based on 697 

our results, a potential candidate would be a change of weighting in contributing food 698 

sources between marine and continental origins with distinct Mg/Ca ratios, since food 699 

Mg/Ca influence shell Mg/Ca. A similar interpretation was given for the distribution of δ13C 700 

values of bivalve shells between marine and estuarine settings (Milano et al., 2019; 701 

Mouchi et al., 2020).  702 

 703 

Overall, the estuarine environment harbours more variability in water and food sources 704 

influencing shell Mg/Ca than marine settings. Reconstruction of temperature using 705 

Mg/Ca of bivalve shells from open marine environments should be less biased. 706 



Alternatively, shell Mg/Ca from estuarine settings carry additional information that can 707 

be deconvoluted to improve our knowledge on past coastal environments.  708 

6. Conclusion  709 

 710 

In this study we set up a culture experiment to investigated the influence of Mg form and 711 

source on shell Mg/Ca ratio. Our result, confirm the presence of complexed Mg in natural 712 

settings. Complexed Mg remains bioavailable and shell Mg/Ca varies with seawater 713 

Mg/Ca regardless of the Mg form (i.e., complexes or free ion). Food source also appears 714 

as a factor influence shell Mg/Ca with potential positive correlation between food Mg/Ca 715 

and shell Mg/Ca. As a result, we propose that further aquarium and in situ calibration 716 

studies should consider the seawater Mg/Ca and food Mg/Ca. Moreover, 717 

paleoenvironmental reconstructions based on Mg/Ca should choose appropriate 718 

models regarding the environmental settings of studied fossils. 719 
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1. Labelled oyster shell from the rearing experiment 
 

 

Figure S1 : Photo of the shell of one oyster specimen G.319 reared in artifical seawater sacrificed 
for geochemical measurements after removing the soft tissue from the organism and cleaning the 
shell from organic residute with oxygen peroxyde. 

 



2. Monitoring of physicochemical parameters of seawater in rearing 
tanks 

 

Figure S2: Daily recording of temperature (°C), salinity (‰) and pH of artificial seawater 
in aquariums as a function of culture conditions. 

 

 

Figure S3: Daily recording of temperature (°C) natural seawater in aquariums as a 
function of culture conditions. 

 

 P1 P2 
P2 0.9506 - 



P3 1.784 10-4 3.859 10-4 

 

Table S3: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Paris (ASW) experiment and for the entire 
experimental period, the seawater temperature comes from the same distribution. 

 

 P1 P2 
P2 0.2054 - 
P3 0.0165 2.582 10-5 

  

Table S4: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Paris (ASW) experiment and for the period during 
which all conditions were run simultaneously, the seawater temperature comes from 
the same distribution. 

 

 R1 R2 R3 
R2 0.9816 - - 
R3 0.0043 0.0234 - 
R4 0.6744 0.8936 0.1562 

 

Table S5: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Roscoff (NSW) experiment, the seawater 
temperature comes from the same distribution. 

 

 P1 P2 
P2 4.847 10-6 - 
P3 0.6193 2.892 10-4 

 

Table S6: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Paris (ASW) experiment and for the entire 
experimental period, the seawater salinity comes from the same distribution. 

 

 P1 P2 
P2 0.0107 - 
P3 0.5613 2.634 10-4 

 

Table S7: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Paris (ASW) experiment and for the period during 



which all conditions were run simultaneously, the seawater salinity comes from the 
same distribution. 

 

  



3. Growth rate and mortality of M. gigas over the culture experiment 
Table S8: Growth rate of M. gigas oyster umbo under culture conditions, determined 
from cathodoluminescence observations.  

ID Condition
s 

Starting 
date 

End date Total 
days 

Umbo length 
(μm) 

Growth  rate 
(μm/day) 

G.30
2 

P1 28/10/2020 24/05/202
1 

208 196,7 0,95 

G.30
8 

P1 28/10/2020 15/07/202
1 

260 204,0 0,78 

G.31
4 

P1 28/10/2020 11/06/202
1 

226 220,0 0,97 

G.32
4 

P1 28/10/2020 19/05/202
1 

203 341,2 1,68 

G.33
3 

P2 28/10/2020 23/07/202
1 

268 276,2 1,03 

G.33
4 

P2 28/10/2020 24/05/202
1 

208 139,5 0,67 

G.35
2 

P2 28/10/2020 15/07/202
1 

260 277,5 1,07 

G.35
5 

P2 28/10/2020 24/05/202
1 

208 143,1 0,69 

G.36
0 

P2 28/10/2020 24/05/202
1 

208 487,2 2,34 

G.36
5 

P3 02/04/2021 26/07/202
1 

115 20,4 0,18 

G.37
3 

P3 02/04/2021 29/07/202
1 

118 75,7 0,64 

G.37
5 

P3 02/04/2021 08/05/202
1 

36 12,8 0,35 

G.38
3 

P3 02/04/2021 08/05/202
1 

36 30,8 0,85 

G.37
4 

P3 02/04/2021 24/05/202
1 

52 28,7 0,55 

G.38
8 

P3 02/04/2021 24/05/202
1 

52 64,3 1,24 

G.07
5 

R1 16/10/2020 29/03/202
1 

164 125,6 0,77 

G.05
4 

R1 16/10/2020 29/03/202
1 

164 157,1 0,96 

G.09
6 

R1 16/10/2020 19/05/202
1 

215 270,6 1,26 

G.12
9 

R1 16/10/2020 29/03/202
1 

164 341,6 2,08 

G.03
2 

R1 16/10/2020 19/05/202
1 

215 650,9 3,03 

G.12
4 

R1 16/10/2020 17/05/202
1 

213 78,2 0,37 

G.07
1 

R2 16/10/2020 29/03/202
1 

164 266,8 1,63 

G.11
6 

R2 16/10/2020 29/03/202
1 

164 302,5 1,84 

G.01
2 

R2 16/10/2020 05/03/202
1 

140 24,4 0,17 

G.05
3 

R2 16/10/2020 05/03/202
1 

140 40,3 0,29 



G.05
6 

R2 16/10/2020 29/03/202
1 

164 230,1 1,40 

G.08
7 

R2 16/10/2020 05/03/202
1 

140 297,0 2,12 

G.12
7 

R2 16/10/2020 05/03/202
1 

140 203,6 1,45 

G.01
6 

R2 16/10/2020 05/03/202
1 

140 354,0 2,53 

G.01
3 

R3 29/03/2021 10/05/202
1 

42 63,3 1,51 

G.05
5 

R3 29/03/2021 10/05/202
1 

42 5,9 0,14 

G.07
1 

R3 29/03/2021 10/05/202
1 

42 35,4 0,84 

G.07
5 

R3 29/03/2021 09/05/202
1 

41 18,2 0,44 

G.11
6 

R3 29/03/2021 09/05/202
1 

41 34,3 0,84 

G.05
4 

R3 29/03/2021 19/05/202
1 

51 12,0 0,24 

G.05
6 

R3 29/03/2021 19/05/202
1 

51 21,7 0,43 

G.12
7 

R3 29/03/2021 17/05/202
1 

49 81,1 1,66 

G.12
9 

R3 29/03/2021 17/05/202
1 

49 39,0 0,80 

G.01
6 

R3 29/03/2021 10/05/202
1 

42 19,1 0,46 

G.01
2 

R4 05/03/2021 19/05/202
1 

75 41,5 0,55 

G.05
3 

R4 05/03/2021 19/05/202
1 

75 214,8 2,86 

G.08
7 

R4 05/03/2021 19/05/202
1 

75 121,6 1,62 

G.01
6 

R4 05/03/2021 29/03/202
1 

24 48,6 2,03 

 

 



 

Figure S4: Monitoring of M. gigas mortality over rearing experiment.  

 

 

Figure S5: Evolution of the growth rate on the umbo of M. gigas specimens raised in 
artificial seawaters along the culture experiment.  

Table S9: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Paris (ASW) experiment, the umbo growth rate 
comes from the same distribution. 

 P1 P2 
P2 0.9999 - 
P3 0.5031 0.4061 

 



Table S10: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for 
each experimental condition in the Roscoff (NSW) experiment, the umbo growth rate 
comes from the same distribution. 

 R1 R2 R3 
R2 0.9995 - - 
R3 0.4915 0.3419 - 
R4 0.9124 0.9335 0.2064 

 

  



4. Experimental conditions for all analysed specimens 

Table S14: Oyster specimens analysed by LA-ICP-MS and their respective experimental 
conditions during the experiment. Some specimens have been transferred during the 
experiment from one condition to another, after in vivo Mn-labelling. 

ID Conditions 
G.012 R4 
G.013 R3 
G.016 R1, R3 
G.053 R2, R4 
G.054 R1, R3 
G.055 R3 
G.056 R2, R4, R3 
G.071 R2, R3 
G.075 R1 
G.087 R2, R4 
G.096 R1 
G.116 R2, R3 
G.127 R2, R3 
G.129 R1, R3 
G.302 P1 
G.308 P1 
G.314 P1 
G.324 P1 
G.333 P2 
G.334 P2 
G.352 P2 
G.355 P2 
G.360 P2 
G.365 P3 
G.373 P3 
G.374 P3 
G.375 P3 
G.383 P3 
G.388 P3 

 

  



5. Comparison of shell Mg/Ca between analytical platforms 
Table S15: Results for Kruskal-Wallis tests performed to test the null hypothesis that, for each 
experimental condition measured at both analytical platforms (CReAAH and IPREM), the shell 
Mg/Ca comes from the same distribution. 

Conditions p-value 
P1 0.0851 
P2 0.3299 
P3 0.3804 
R1 0.0119 
R2 0.1105 
R4 0.0722 
R3 0.1218 

 

  



6. Impact of seawater renewal on Mg concentration in seawater  
 

 

Figure S6: Daily evolution of calcium (top panel) and magnesium (bottom panel) 
concentrations in P1 (dark bars) and P2 (blue bars) aquaria before (am) and after (pm) 
seawater renewal. The percentage corresponds to the percentage of renewed water in the 
aquariums. 

 



 

Figure S7: Evolution of [Ca], [Mg] and Mg/Ca ratio of the artificial seawater sampled from P1, P2 
en P3 conditions as function of salinity. 

  



7. Impact of seawater Mg enrichment on reconstructed temperatures 

We present here the reconstructed temperatures by several thermodependant Mg/Ca models from 

oysters (Surge & Lohmann, 2008; Mouchi et al., 2013; Tynan et al., 2017) and mussels (Klein et al., 

1996; Vander Putten et al., 2000; Freitas et al., 2008) from our natural (NSW: R1-R4) and artificial 

(ASW: P1-P3) seawater experiments. As seawater Mg/Ca is different between both experiments, 

comparisons should be made separately. For the study from Tynan et al. (2017), we used the 

equation from Moreton Bay as it corresponds to marine settings, which fit better to our experimental 

setup. 

 

 P1 P2 P3 R1 R2 R3 R4 

Shell Mg/Ca (mmol.mol-1) [difference from 
control] 

7.02 
[-] 

7.87 
[0.85] 

9.44 
[2.42] 

5.72 
[-] 

8.40 
[2.68] 

12.76 
[7.04] 

9.54 
[3.82] 

Reconstructed temperature – Klein et al. (1996): 
T = (Mg/Ca - 2.25) / 0.3 
[difference from control] 

15.9°C 
[-] 

18.7°C 
[2.8°C] 

24.0°C 
[8.1°C] 

11.6°C 
[-] 

20.5°C 
[8.9°C] 

35.0°C 
[23.4°C] 

24.3°C 
[12.7°C] 

Reconstructed temperature – Vander Putten et 
al. (2000): T = (Mg/Ca + 0.63) / 0.7 
[difference from control] 

10.9°C 
[-] 

12.1°C 
[1.2°C] 

14.4°C 
[3.5°C] 

9.1°C 
[-] 

12.9°C 
[3.8°C] 

19.1°C 
[10.0°C] 

14.5°C 
[5.4°C] 

Reconstructed temperature – Freitas et al. 
(2008): T = (Mg/Ca – 1.503) / 0.265 
[difference from control] 

20.8°C 
[-] 

24.0°C 
[3.2°C] 

30.0°C 
[9.2°C] 

15.9°C 
[-] 

26.0°C 
[10.1°C] 

42.5°C 
[26.6°C] 

30.3°C 
[14.4°C] 

Reconstructed temperature – Surge & Lohmann 
(2008): T = (Mg/Ca + 0.23) / 0.72 
[difference from control] 

10.1°C 
[-] 

11.3°C 
[1.2°C] 

13.4°C 
[3.3°C] 

8.3°C 
[-] 

12.0°C 
[3.7°C] 

18.0°C 
[9.7°C] 

13.6°C 
[5.3°C] 

Reconstructed temperature – Mouchi et al. 
(2013): T = (Mg/Ca * 3.77) + 1.88 
[difference from control] 

28.3°C 
[-] 

31.5°C 
[3.2°C] 

37.5°C 
[9.2°C] 

23.4°C 
[-] 

33.5°C 
[10.1°C] 

50.0°C 
[26.6°C] 

37.8°C 
[14.4°C] 

Reconstructed temperature – Tynan et al. (2017) 
Moreton Bay: T = (Mg/Ca - 2.31) / 0.71 
[difference from control] 

6.6°C 
[-] 

7.8°C 
[1.2°C] 

10.0°C 
[3.4°C] 

4.8°C 
[-] 

8.6°C 
[3.8°C] 

14.7°C 
[9.9°C] 

10.2°C 
[5.4°C] 

 

Table S16: Reconstructed temperatures from shell Mg/Ca of this study based on models from 
the literature. Differences (in °C) from control (P1 and R1 conditions) are indicated under 
brackets. 

 

 


