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Abstract 15 

Mollusc shell stable isotopes are commonly used to reconstruct past environmental conditions. 16 

However, despite being abundant components of natural and anthropogenic fossil accumulations, 17 

the geochemical composition of mussel shells (Mytilus spp.) has rarely received attention in 18 

palaeoenvironmental studies. This study tests the suitability of oxygen isotopes (δ18Os) of M. 19 

galloprovincialis as palaeothermometer. For one year, mussels and water samples were collected 20 

twice a month from Berria Beach, in Northern Spain. The geochemical data of the shells indicate 21 

that water temperatures can be reconstructed with an average offset of 1.2 ± 0.7°C with respect to 22 

the measured values. Furthermore, no prolonged shell growth cessations are observed. These 23 

results validate M. galloprovincialis as reliable recorders of seasonal water temperature 24 

fluctuations, supporting their use in palaeoenvironmental studies. In addition, further shell and 25 
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water collections were carried out in the upper and lower areas of a nearby estuary. The 26 

geochemical analyses of these shells were aimed to test whether oxygen and carbon stable isotopes 27 

(δ13Cs) may be used as novel proxies to identify the shell provenance at local scale. The results 28 

show that the δ18Os vs. δ13Cs correlation direction varies along the coast-upper estuary geographical 29 

gradient, suggesting it to be a potential new proxy to distinguish between marine and estuarine 30 

mussel specimens.  31 

 32 
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1. Introduction 38 

Mollusc shells are abundant remains in paleontological and archaeological accumulations 39 

worldwide. Their presence reflects both their extraordinary preservation potential and their tight 40 

connection with the evolution of our species since prehistoric times. In fact, besides natural 41 

aggregations, numerous archaeological sites contain large amounts of shell remains (‘shell 42 

middens’). In human history, molluscs have played an important role primarily as easily accessible 43 

food resources but also as raw materials for various types of artefacts such as personal ornaments 44 

and tools, e.g., scrapers and fish hooks (Vanhaeren and d’Errico, 2005; Marean et al., 2007; Flores 45 

et al., 2016).  46 
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The geochemical properties of the shell calcium carbonate offer insights into the environmental 47 

conditions occurring at the time when the shells were built by the molluscs (Jones, 1983; Marchitto 48 

et al., 2000; Schöne, 2008). Among the different existing proxies, the oxygen stable isotope ratio 49 

of marine shells (δ18Os) is a well-established palaeothermometer that allows highly-resolved water 50 

temperature reconstructions during time intervals prior to any instrumental record (Schöne and 51 

Gillikin, 2013; Gutiérrez-Zugasti et al., 2015). The incorporation of oxygen isotopes from the 52 

surrounding water into the shell is a temperature-dependent fractionation process. Through specific 53 

equations using the oxygen isotope value of the water (δ18Ow) and the δ18Os, accurate estimations 54 

of the water temperature at the time of shell deposition are achieved (Epstein, 1953; Grossman and 55 

Ku, 1986).  56 

Molluscs deposit the shell throughout their life. By using a high-resolution sampling approach 57 

on individual shells, it is possible to reconstruct the water temperature fluctuation at annual, 58 

seasonal and even weekly resolution (Schöne et al., 2004; Hallmann et al., 2009; Gutiérrez-Zugasti 59 

et al., 2015). Furthermore, the temperature reconstruction of the last shell portion formed just 60 

before death can give important information in archaeological contexts as it can be used to 61 

determine the season of shellfish collection and therefore human dietary habits (Mannino et al., 62 

2007; Burchell et al., 2013; Prendergast et al., 2016). 63 

Although Mytilus spp. are abundant in the archaeological record, there is lack of specific modern 64 

calibration studies testing the suitability of representatives of this genus for palaeoenvironmental 65 

reconstructions. The current study is based on modern M. galloprovincialis shell collection and 66 

water sampling. Geochemical analyses of the shells are used to assess the timing of shell growth 67 

and the environmental factors imprinted in the carbonate structure.  68 
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Furthermore, the wide range of habitat tolerance of mussel species that promotes their 69 

abundance in various aquatic habitats (from marine to freshwater) arouses interest over the shell 70 

provenance. Being able to identify the specific area where fossil shells were growing represents a 71 

significant advance in the interpretation of the δ18Os data for temperature reconstructions and in 72 

the understanding of archaeological accumulations of coastal and inland sites. The current study 73 

applies geochemical analyses on the abundant marine and estuarine M. galloprovincialis to test if 74 

oxygen and carbon (δ13Cs) stable isotopes can be used as a provenance proxy. 75 

 76 

2. Background 77 

2.1 Study area 78 

The present study focuses on M. galloprovincialis shells collected from Cantabria, in the north of 79 

the Iberian Peninsula (Fig. 1). This region is characterized by a humid and temperate climate. The 80 

North Atlantic oceanic air masses, encountering the geographical barrier of the Cordillera 81 

Cantábrica mountain range that prevents any movement further inland towards the Iberian 82 

Peninsula, have a major influence on the climate of the region. The annual air temperature ranges 83 

between ca 9–10 °C and 20–22 °C, with an average around 15–16 °C. The annual precipitation is 84 

ca 1200 l/m2, with drier conditions during summer and wetter conditions during the rest of the year 85 

(Source: AEMET, Agencia Estatal de Meteorología; http://www.aemet.es). The coasts of 86 

Cantabria are characterized by considerable tidal variations, whose amplitude ranges, on average, 87 

between 2 and 4 m (Pérez and Canteras, 1993). The seawater temperature ranges between ca 11°C 88 

and 24 °C, with an annual average of 16 °C (data from the SeaDataNet Pan-European infrastructure 89 

for ocean and marine data management; https://www.seadatanet.org/). The surface water 90 

http://www.aemet.es/
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circulation in the Cantabrian Sea (southern Bay of Biscay) is strongly modulated by the seasonal 91 

wind direction. During autumn, winter and spring the circulation is dominated by eastward 92 

currents, whereas in summer currents are flowing mainly in the opposite direction (Botas et al., 93 

1989). As for other temperate seas, water stratification occurs primarily in spring and summer with 94 

a gradual appearance of a thermocline between 20 and 50 m (Botas et al., 1989). Upwelling events 95 

of the cold and salty Eastern North Atlantic Central Water (ENACW) are particularly intense and 96 

frequent during the summer months (Álvarez et al., 2010; Álvarez et al., 2011). Near the coasts, 97 

the surface waters are also influenced by the contribution of 28 major rivers supplying water of 98 

continental origin (Prego et al., 2008). 99 

 100 

2.2 Mytilus galloprovincialis ecology 101 

M. galloprovincialis Lamarck, 1819, also known as Mediterranean mussel, is a sibling species of 102 

M. edulis and M. trossulus. Among them, M. galloprovincialis is the most widely spread species. 103 

In Europe, it is found throughout the Mediterranean Sea and northeast Atlantic Ocean (Barsotti 104 

and Meluzzi, 1968; Sanjuan et al., 1997; Hilbish et al., 2000). It also inhabits the northeast Pacific 105 

coasts from California to Mexico and the coasts of Chile, South Africa, Australia and Japan 106 

(McDonald and Koehn, 1988; McDonald et al., 1991). Typically, M. galloprovincialis lives in the 107 

intertidal and shallow subtidal zones anchored to rocks (Seed and Suchanek, 1992). The strong 108 

byssal attachment allows the mussels to withstand considerable wave stress, supporting the 109 

colonization of habitats characterized by high hydrodynamic energy (Waite, 1992). Furthermore, 110 

because of their tolerance against a wide range of salinity levels, these bivalves are also commonly 111 

found in estuaries and hyposaline environments (Seed, 1992; Soto et al., 1995; Diz and Presa, 112 

2009).  As many other species of bivalves, the Mediterranean mussels are suspension feeders 113 
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(Maire et al., 2007). Their lifespan generally ranges between two to four years (Abada-Boudjema 114 

and Dauvin, 1995; Okaniwa et al., 2010), with the spawning season depending on the geographic 115 

locality (i.e., during spring and early summer in NW Spain; Villalba, 1995).  116 

The shell of M. galloprovincialis is characterized by a dark colour (Fig. 2A), ranging from blue 117 

to black, and it is formed by two calcium carbonate polymorphs. The outer shell layer is composed 118 

of calcite organized in prismatic microstructures, whereas the inner shell layer is made of nacre 119 

(aragonite) (Fig. 2B-C); Taylor et al., 1969; Lutz, 1976; Feng et al., 2000). As for other intertidal 120 

species, mussels are reported to grow their shells mostly during high tide, when continuously 121 

submerged by seawater (Richardson, 1989; Okaniwa et al., 2010; Lobbia, 2012). Shell deposition 122 

has been observed to vary seasonally, with slower growth occurring during the cold season 123 

(Richardson et al., 1990; Okaniwa et al., 2010; Lobbia, 2012). However, previous studies also 124 

observed a decrease in shell growth rate during the summer months, suggesting that the deposition 125 

may depend on the local hydrological conditions (Peharda et al., 2007). 126 

 127 

 128 

3. Materials and methods 129 

3.1 Shell collection and preparation 130 

A total of 220 M. galloprovincialis specimens were collected from Berria Beach (43°27ʹ54.5ʹʹN, 131 

3°27ʹ8.5ʹʹW; Fig. 1), on average, twice per month from 14 December 2016 to 19 December 2017. 132 

Together with the shells, water samples were collected for δ18O and δ13CDIC (Dissolved Inorganic 133 

Carbon δ13C) analyses, and stored in 30 ml airtight polyethylene bottles (HDPE) and 40-ml glass 134 

bottles with no headspace at ca. 4 °C until measurement. The samples for δ13CDIC were injected 135 

with CuSO4 (copper sulfate) to stop bacterial activity in the water. This locality was chosen as a 136 
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representative for the marine habitat. Following the same periodicity, water samples were retrieved 137 

from two additional localities: a lower estuarine site near Montehano (43°25ʹ36.4ʹʹN, 3°29ʹ27.2ʹʹW; 138 

Fig. 1) and an upper estuarine site near the town of Carasa (43°22ʹ22.8ʹʹN, 3°28ʹ14ʹʹW; Fig. 1). 139 

Specimens from these two localities were gathered on the last collection event, i.e., on 19 140 

December 2017. On the same date, shells were collected at two different spots at Berria Beach: in 141 

the low intertidal zone (as for the rest of the annual collection) and in the high intertidal zone. In 142 

the low intertidal zone, the targeted mussel population was located at same height of the mean tide 143 

level, whereas, in the high intertidal level, the molluscs were subjected to slightly longer emersions 144 

during low tides. The soft tissues were removed immediately after collection, and the shells air-145 

dried and stored in plastic bags for further analyses. At each collection event, water temperature 146 

was determined with a digital thermometer (Hanna HI 93532). Salinity was measured in the 147 

laboratory at the University of Cantabria (Spain) using a conductivity meter (WTW Cond 330i). 148 

In this study, two carbonate powder sampling strategies were used. The first method was applied 149 

to the shells collected from Berria Beach throughout the twelve-month period. The ventral margins 150 

(calcite) of ten shells from each collection event were micromilled using a diamond-coated 151 

cylindrical bit (1 mm diameter; Komet/Gebr. Brasseler GmbH & Co. KG, model no. 835 104 010) 152 

mounted on a Rexim Minimo drill with a speed of 1000 min-1. The milling depth was about 200 153 

µm for all the specimens. The aim was to sample the last shell portion deposited immediately prior 154 

to collection, to relate its geochemical composition to the environmental data and ultimately to 155 

interpret the timing of seasonal shell growth. The second sampling strategy was applied to three 156 

shells per site collected on 19 December 2017 (last collection event). In this case, a protective layer 157 

of JB KWIK epoxy resin was applied along the axis of shell maximum growth, and sections of 158 

about 2.5 mm were cut from that axis using an IsoMet Low Speed Precision Cutter (Fig. 2A-B). 159 
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After mounting on microscope slides, the sections were ground on Buehler silicon carbide papers 160 

of different grit size (600, 1200, 2500, 4000). After each grinding step, the samples were rinsed in 161 

an ultrasonic bath for about 3 minutes and subsequently, they were polished on a Buehler 162 

VerduTex cloth with a 3 μm diamond suspension. The outer shell layers were sequentially 163 

micromilled for carbonate powder using a 300 µm-diameter conical bit (Komet/Gebr. Brasseler 164 

GmbH & Co. KG, model no. H52 104 003) mounted on a Rexim Minimo drill with a speed of 165 

with a speed of 1000 min-1. For each shell section, ca. 30 calcite samples were produced. The 166 

samples were drilled ca 250 µm apart from each other.  167 

To confirm M. galloprovincialis shell microstructural organization, the sections were analysed 168 

using a 3rd generation Phenom Pro desktop Scanning Electron Microscope (LOT-QuantumDesign 169 

GmbH Darmstadt, Germany) at the University of Mainz (Fig. 2C). Furthermore, their mineralogy 170 

was investigated using a WITec alpha 300 R (WITec GmbH, Germany) confocal Raman 171 

microscope at the Alfred Wegener Institute for Polar and Marine Research, Germany. A scan with 172 

a spatial resolution of 250 µm was performed at the interface of the two shell layers (Fig. 2C). The 173 

scan was carried out using a 488 nm diode laser and a spectrometer (UHTS 300, WITec, Germany) 174 

was used with a 600 mm−1 grating, a 500 nm blaze and an integration time of 0.1 s. 175 

 176 

3.2 Stable isotope analyses 177 

Shell carbonate powder samples were measured at two different laboratories, the University of 178 

Mainz (henceforth JGU) and the Department of Human Evolution, Max Planck Institute for 179 

Evolutionary Anthropology (henceforth MPI-EVA). At JGU, carbonate powder samples (N = 80; 180 

ranging between 60-130 µg) were dissolved in He-flushed borosilicate exetainers at 72 °C using a 181 

water-free phosphoric acid. The released CO2 gas was then measured in continuous flow mode 182 



9 
 

with a ThermoFisher MAT 253 gas source isotope ratio mass spectrometer (CF-IRMS) coupled to 183 

a GasBench II. At MPI-EVA, samples (N = 476; ranging between 40-80 µg) were dissolved at 70 184 

°C using a Kiel IV automated carbonate preparation device and CO2 gas were then measured with 185 

a ThermoFisher MAT 253 Plus CF-IRMS. At JGU, stable isotope ratios were calibrated against an 186 

NBS-19 calibrated Carrara Marble (δ13C = +2.01 ‰; δ18O = −1.91 ‰) distributed by IVA 187 

Analysentechnik GmbH & Co. KG, whereas at MPI-EVA, data were calibrated against an IAEA-188 

603 calibrated Carrara marble (δ18O= −1.64 ‰; δ13C= +1.87 ‰). Results are reported in per mil 189 

(‰) relative to the Vienna Pee-Dee Belemnite (VPDB) standard. At JGU, the average precision 190 

error (1σ; computed from eight injections per sample) was better than 0.05‰ for δ18O and 0.03 ‰ 191 

for δ13C, and the long-term accuracy based on blindly measured NBS-19 samples (N = 421) was 192 

better than 0.04 ‰ for δ18O and 0.03 ‰ for δ13C. At MPI-EVA, the average precision error (1σ; 193 

computed from eight measurements per sample) was better than 0.05‰ for δ18O and 0.03 ‰ for 194 

δ13C, and the long-term accuracy based on blindly measured IAEA-603 samples (N = 268) was 195 

better than 0.05 ‰ for δ18O and 0.03 ‰ for δ13C. Note that no correction was applied for 196 

differences in fractionation factors of the reference material (calcite) and shell aragonite; for details 197 

see Füllenbach et al. (2015). 198 

The water sample δ18O (δ18Ow) analysis was performed in duplicate by the equilibration 199 

technique using a Europa Scientific 20-20 CF-IRMS interfaced with an ANCA-GSL elemental 200 

analyser at the Iso-Analytical facilities, United Kingdom. The samples were measured against three 201 

reference standards. The first standard being IA-R063 with δ18O VSMOW = −0.41 ‰, the second IA-202 

R065 with δ18O VSMOW = −33.57 ‰ and the third IA-R064 with δ18O VSMOW = −12.34 ‰. The 203 

average external precision was better than 0.04 ‰. The dissolved inorganic carbon δ13CDIC analysis 204 

of the water samples was performed in duplicate by the equilibration technique using a Europa 205 
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Scientific 20-20 CF-IRMS at the Iso-Analytical facilities as well. The reference gas used was IA-206 

CO2-7 (δ13C = −38.48 ‰ vs. VPDB) and the average external precision was better than 0.06 ‰. 207 

 208 

3.3 δ18Os prediction and temperature reconstruction 209 

In order to test whether the shells of M. galloprovincialis are deposited in isotopic equilibrium with 210 

the seawater, the δ18Os of the ventral margins of the specimens collected from Berria Beach on 211 

fortnightly basis were compared with the predicted δ18Os values calculated using the calcite 212 

fractionation equations by Friedman and O’Neil (1977) (Fig. 3):  213 

(1) 1000lnα = (2.78 × 106 / T2) – 2.89  214 

(2)  α = (1000 + δ18Os (SMOW)) / (1000 + δ18Ow (SMOW)) 215 

where α is the water-calcite fractionation factor,  T is the temperature recorded (expressed in 216 

Kelvin) and SMOW is the Vienna Standard Mean Ocean Water unit for isotope ratios.  217 

Eqs. (1) and (2) were subsequently used to reconstruct the seawater temperatures in Berria 218 

Beach using both the shell ventral margins and the specimens sampled sequentially. For this 219 

purpose, two different δ18Ow values were used in Eq. (2). The first value used was the annual 220 

average measured during the local water collections, δ18Ow = −0.03 ‰. However, such a negative 221 

value is not generally expected to reflect fully marine conditions. For instance, the δ18Ow was 222 

previously measured on a monthly basis at Langre Beach (ca 15 km west of Berria Beach) by 223 

Gutiérrez-Zugasti et al. (2017). Their results showed that the annual average δ18Ow is +0.90 ‰ 224 

(ranging between +0.55 ‰ and +1.19 ‰). This value was adopted in the temperature 225 

reconstruction equations presented in this study. Further discussion on Berria Beach δ18Ow are 226 

presented in the section 5.1.  227 

 228 
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 229 

4. Results 230 

4.1 Water physical data and geochemistry 231 

The water measurements in Berria Beach indicate that the sea surface temperature (SST) 232 

throughout the year ranged between 11.7 °C and 20.8 °C and the salinity was rather constant, 233 

ranging between 34.3 PSU and 36.3 PSU (Table 1). Similar water temperature ranges were 234 

recorded at Montehano and Carasa, but salinity was lower and its variance higher, especially at 235 

Carasa (Table 1). The water data measured at Berria Beach on 5 December 2017 were precluded 236 

from further analyses, because salinity levels differed significantly from the rest of the samples 237 

(Table 1), suggesting a transitory freshwater input, possibly due to heavy rainfall. In fact, on this 238 

particular day, the tide was extremely low and the water was collected in a water pool between 239 

rocks that could have been affected by the rainy weather occurring at that time.  240 

At Berria Beach, the average annual water δ18O value equalled −0.03 ‰ and was characterised 241 

by a relatively small seasonal variation (Table 1). Similar values were observed in Montehano 242 

(average δ18Ow = −0.04 ‰), whereas the average δ18O value at Carasa was more negative (−1.57 243 

‰). The δ13CDIC values at Berria Beach ranged between −5.59 ‰ and −2.21 ‰, with more negative 244 

values occurring in the cold months (Table 1). A similar range occurred at Montehano, whereas at 245 

Carasa, values tended to be lower, i.e., they ranged between −11.66 ‰ and −3.99 ‰. 246 

The correlation between salinity and δ18Ow increased from the marine environment toward the 247 

estuarine localities. The same applies to the correlation between salinity and SST, salinity and 248 

δ13CDIC and between δ13CDIC and δ18Ow (Table 2).  249 

 250 

 251 
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4.2 Shell oxygen isotopes and temperature reconstructions 252 

The measured δ18O values at the ventral margin of specimens collected at Berria Beach were 253 

characterised by some degree of variance, with higher values (maximum δ18Os = +1.71 ‰) during 254 

the cold months and lower values during the warm season (minimum δ18Os = −0.12 ‰; Table 3). 255 

Similar to the ventral margins, the shells from Berria sampled sequentially show δ18Os values 256 

between −0.65 ‰ and +1.93 ‰. The same applies to the specimens collected in the high intertidal 257 

zone (δ18Os between and −0.70 ‰ and +1.67 ‰). A tendency toward overall lower values was 258 

recorded in the estuarine localities (Montehano δ18Os between −1.31 ‰ and +1.87 ‰; Carasa δ18Os 259 

between −1.98 ‰ and +0.02 ‰; Table 4). 260 

The predicted δ18Os values near the ventral margin of specimens from Berria Beach using Eqs. 261 

(1), (2) and δ18Ow = −0.03 ‰ had a sinusoidal pattern that followed the measured δ18Os values (Fig. 262 

3). However, between the two data series, a significant offset was apparent. In fact, the measured 263 

δ18Os were lower by, on average, 0.82 ± 0.31 ‰ (Root Mean Square Error = 0.90 ‰) than the 264 

predicted ones (Fig. 3A). When adopting δ18Ow = +0.90 ‰, the offset was significantly reduced to 265 

0.25 ± 0.17 ‰ (RMSE = 0.30 ‰), indicating that shell growth occurred in isotopic equilibrium 266 

with the ambient water (Fig. 3B). These results also suggest that the snapshot water data were not 267 

representative for the whole year at from Berria Beach.  268 

Similarly, when the margin δ18Os values were converted into water temperatures using Eqs. (1) 269 

and (2), the results varied significantly depending on which δ18Ow value is considered (−0.03 ‰ or 270 

+0.90 ‰). When using a δ18Ow value of −0.03 ‰, the annual average SST ranged between 8.6 °C 271 

and 16.2 °C, with an average underestimation of 3.5°C with respect to the instrumental record 272 

(RMSE = 3.7 °C). With δ18Ow = +0.90 ‰, the reconstructed temperatures ranged between 12.4 °C 273 

and 20.4 °C, with an average offset of 1.2 °C from measured SST (RMSE = 0.2 °C; Fig. 4). 274 
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Based on these results, further temperature reconstructions using the sequentially micromilled 275 

shells at Berria Beach were calculated using a δ18Ow value of +0.90 ‰. The water temperature 276 

estimated from shells collected at the low-intertidal zone ranged between 12.6 ± 1.0 °C and 21.3 ± 277 

1.3 °C (Table 4). The reconstructions based on the shells from the high intertidal zone show almost 278 

identical ranges (from 12.7 ± 0.2 °C to 21.5 ± 1.4 °C; Table 4).  279 

 280 

4.3 Shell carbon isotopes 281 

The ventral margins of shells from Berria Beach showed δ13Cs values between −1.79 ‰ and −0.29 282 

‰, with higher values recorded during summer and autumn (Table 3). The correlations between 283 

δ13Cs, salinity and δ13CDIC were rather low (R= 0.10 and R= −0.15, n= 21, respectively). However, 284 

annual variances of δ13Cs and SST were better correlated (R= 0.65, n= 21).  The Berria Beach shells 285 

sampled sequentially showed similar ranges, with average annual δ13Cs values of −0.50 ± 0.14 ‰ 286 

and −0.38 ± 0.23 ‰ (low and high intertidal zone, respectively; Table 4). The shells from 287 

Montehano and Carasa, instead, were characterised by lower δ13Cs values (average of −1.02 ± 0.33 288 

‰ and −3.62 ± 0.59 ‰, Table 4).  289 

 290 

4.4 Shell oxygen and carbon isotope correlations 291 

The correlation between δ18Os and δ13Cs varied among the different study localities (Fig. 5 and 292 

SI_1). Generally, negative relationships were visible in the marine habitat. For instance, the ventral 293 

margins of shells from Berria Beach had lower δ18Os during the warm season, whereas δ13Cs were 294 

higher (Table 3). Similarly, the shells sampled sequentially showed the same pattern (Fig. 5A; 295 

SI_1). However, at Montehano and Carasa, the correlation was positive (Fig. 5B-C; SI_1). As a 296 

result, both Pearson coefficient (r) and correlation slopes were influenced by the geographical 297 
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gradient (Table 5; Fig. 6). The F-test was run to test the equality of the regression slopes and the 298 

results indicated that the slopes were statistically different from each other (p < 0.01). 299 

 300 

 301 

5. Discussion 302 

 303 

5.1 Water chemical properties 304 

At Berria Beach, the salinity data indicated fully marine conditions. Similar values were recorded 305 

among the monthly collections from Langre Beach (Gutiérrez-Zugasti et al., 2017). The measured 306 

salinity range throughout the year was extremely narrow (ca 2 PSU), suggesting that even though 307 

the precipitation-evaporation cycle may induce a small degree of variance, no other freshwater 308 

inputs (i.e., river discharge) significantly affected the area. The uniform salinity challenged the 309 

interpretation of the observed δ18Ow values. In temperate marine environments, δ18Ow is generally 310 

characterised by higher values (between ca 0.80 ‰ and 2.00 ‰) (Schmidt et al., 1999; Prendergast 311 

and Schöne, 2017; Purroy et al., 2018). And, especially when considering areas with similar 312 

environmental conditions (i.e., Langre Beach; Gutiérrez-Zugasti et al., 2017), it becomes evident 313 

that the average δ18Ow =  −0.03 ‰ largely deviates from the range of expected values. Considering 314 

that the oxygen isotope value in seawater is mainly influenced by hydrological processes such as 315 

evaporation, freshwater runoff and temperature (Garlick, 1974; Hoefs, 1997), at first sight, 316 

negative values observed at Berria Beach could be attributed to a constant freshwater input. 317 

However, this was not reflected in the measured salinity data and therefore, we can only 318 

hypothesize the possibility of unidentified factors inducing particularly low δ18Ow values. For 319 

instance, potential groundwater influxes could be registered by the benthic organisms which are in 320 
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close contact with such waters, but the amounts would be so small that they would not affect the 321 

salinity of the water that has been sampled for measurements. Furthermore, instrumental failures 322 

can be excluded because that would cause erroneous output in specific samples and not throughout 323 

the dataset, like in this case.   324 

A gradient towards lower δ18Ow values was observed in the estuarine localities. This pattern 325 

depends on the fact that these two areas are strongly influenced by riverine influx, which in turn, 326 

due to the Rayleigh fractionation processes, is characterized by lower values than seawater (Gat, 327 

1980). Particularly low δ18Ow values were recorded at Carasa during autumn and winter. A similar 328 

geographical gradient was also visible for δ13CDIC. In coastal environments, one of the major 329 

sources of carbon is the terrestrial biosphere, which in turn, due to photosynthetic pathways, is 330 

generally a reservoir of 13C-depleted carbon (Mook and Vogel, 1968; O’Leary, 1981). As a result, 331 

the riverine carbon content is characterized by low δ13CDIC values, and it gradually increases toward 332 

the coastal areas due to water mass mixing. For this reason, δ13CDIC is strongly linked to salinity 333 

(Spiker, 1980; Fry, 2002). At all three study localities, the cold months were characterised by lower 334 

δ13CDIC values than the warm months. This coincided with the periods of higher precipitation and 335 

higher river runoff and therefore influx of 13C-depleted DIC. Furthermore, during autumn and 336 

winter respiration by phytoplankton prevails over primary production, leading to a decrease of 337 

δ13CDIC (Quay et al., 1986; Sherr, 1982). On the contrary, during spring and summer, when 338 

photosynthesis dominates, there is an enrichment of 13C in the DIC pool. 339 

 340 

5.2 M. galloprovincialis shell deposition  341 

The results obtained from the isotope analyses on the ventral margins from Berria Beach shells 342 

indicate that the shells were deposited near isotopic equilibrium with the surrounding water. The 343 
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predicted and measured δ18Os values showed similar sinusoidal trends although an average offset 344 

of 0.25 ± 0.17 ‰ was observed. Likewise, a previous study reported offsets from expected 345 

equilibrium in Mytilus californianus, ranging between 0.20 and 0.50 ‰ (Ford et al., 2010). The 346 

offsets between predicted and measured δ18Os, observed in several mollusc species, are likely 347 

related to the temporal variance of  δ18Ow and to the shell growth rate (Ford et al., 2010; Gutiérrez-348 

Zugasti et al., 2017). 349 

Throughout the year, the larger offsets between predicted and measured δ18Os were observed in 350 

November and December 2017 (last three collection events). This might suggest that the shell 351 

deposition rate slightly decreased in this period. Growth slowdowns have been previously observed 352 

in most mollusc species (e.g., Lutz, 1980; Ivany et al., 2003; Marali and Schöne, 2015). In 353 

numerous species, the major seasonal growth slowdowns occur during the cold months (Orton, 354 

1926; Fenger et al., 2007; Chavaud et al., 2011). However, the timing and duration of the seasonal 355 

slowdown are highly species-specific and site-specific (Hallmann et al., 2011; Purroy et al., 2018). 356 

As for Mytilus spp., specimens from southern Argentina showed a decline in shell production in 357 

autumn and winter (Lobbia, 2012). Similarly, sclerochronological observations on M. edulis from 358 

Scotland showed that narrower growth increments forming in this period (Richardson et al., 1990). 359 

Likewise, M. galloprovincialis from Tokyo Bay presented the same trend (Okaniwa et al., 2010) 360 

Similar to the ventral margins, the micromilled M. galloprovincialis from Berria Beach did not 361 

show abrupt isotope shifts. This suggests that, even though shell deposition rate may be subjected 362 

to a decrease in late autumn, a major or prolonged cessation did not occur and shell was produced 363 

nearly year-round. As a result, the shells lacked well-defined annual growth lines, generally 364 

developed in other mytiloid species (e.g., Craig and Hallam 1963; Richardson et al. 1990). 365 

Furthermore, the larger offsets between predicted and measured δ18Os in November and December 366 
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2017 may also be related to a growth slowdown possibly related to the exceptionally intense 367 

rainfall and low temperature registered during these months. 368 

 369 

5.3 Temperature reconstruction  370 

Temperatures estimated from δ18Os (using δ18Ow = +0.90 ‰) compared well to instrumental 371 

data. As mentioned in the previous section, the largest offset (2.5 °C) between measured and 372 

reconstructed temperature was recorded in late autumn. This was likely due to a slowdown of shell 373 

growth and has to be taken into account when using M. galloprovincialis for palaeoenvironmental 374 

reconstructions. However, the overall agreement between the measured and reconstructed 375 

temperatures supports the use of M. galloprovincialis as palaeothermometer as previously 376 

observed by Killingley and Berger (1979).  377 

Furthermore, the results showed that the temperature reconstructions based on shells living in 378 

the high intertidal zone agree extremely well with the results from the low intertidal zone mussels. 379 

It is well known that shell deposition in intertidal species occurs when the animals are submerged 380 

(Clark, 1974; Ohno, 1982; Lønne and Gray, 1988). For this reason, differences in the submersion 381 

time may bias their respective geochemical signatures. However, the present results indicated that 382 

the submersion patterns were not significantly different to induce variations in the δ18Os and 383 

temperature reconstructions. It must be noted that the two collection sites were ca. 150 m apart. 384 

The collection spot in the lower intertidal was located just below the mean tide level, while the 385 

collection spot in the higher intertidal was situated between the mean tide level and the mean high 386 

water. Given that Berria Beach has a rather flat slope, the distance between collection spots 387 

translates into a minimum difference in the water submersion times of the mussels.  388 

 389 
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5.4 Shell carbon isotopes and provenance identification  390 

Unlike δ18Os, shell carbon isotope signature is not well understood (e.g., Lorrain et al., 2004; 391 

McConnaughey and Gillikin, 2008). It is acknowledged that the δ13Cs derives from the 392 

incorporation of carbon from two main sources: the ambient inorganic carbon (water DIC) and the 393 

organic carbon assimilated through diet (Tanaka et al., 1986; McConnaughey et al., 1997; 394 

McConnaughey and Gillikin, 2008). Although it has been determined that the contribution of 395 

metabolic carbon is rather limited (10% or less), it is still challenging to establish a robust 396 

environmental proxy using δ13Cs (McConnaughey et al., 1997; Lorrain et al., 2004; Gillikin et al., 397 

2006). Our results indicated the existence of a geographical gradient among the three sites 398 

considered. As for the δ13CDIC, the δ13Cs values of the shells from estuarine localities were lower 399 

than the values of the marine specimens. Similar observations were previously made on M. edulis 400 

from an estuarine habitat by Gillikin et al. (2006). These authors concluded that δ13Cs cannot be 401 

used to precisely reconstruct δ13CDIC due to the presence of metabolic carbon. However, it can 402 

provide an indication of salinity at large scale (i.e., with salinities differing by at least 5 PSU; 403 

Gillikin et al., 2006). 404 

One of the aims of this study was to test whether the combination of oxygen and carbon isotope 405 

signatures can provide a reliable proxy for provenance. Our results showed that in marine settings 406 

(Berria Beach), δ18Os and δ13Cs were negatively correlated. For instance, low δ13Cs values occurred 407 

when δ18Os values were high, namely during the cold months. This is due to the fact that 408 

precipitationwas higher during autumn and winter. Likewise, evaporation was reduced and more 409 

13C-depleted DIC was received from terrestrial habitats. However, in estuarine habitats, the 410 

correlation between δ18Os and δ13Cs was positive. The direction of the correlation may thus serve 411 

as a provenance indicator at the local scale. Previous studies on estuarine shells have shown similar 412 
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positive correlations between δ18Os and δ13Cs (Khim et al., 2003; Gillikin et al., 2005; Verdegaal 413 

et al., 2005). 414 

In order to better understand the mechanisms behind these different geochemical signals, it is 415 

important to consider the circumstances occurring at the time of deposition. This implies a direct 416 

comparison between water and shell chemistry. Besides the ventral margins that offer the most 417 

reliable calendar assignment, the oxygen isotope data of the micromilled specimens from Berria 418 

Beach can be used to place the shell portions in temporal context (i.e. summer/winter) based on 419 

the reconstructed temperature variations. The δ18Os data from the three different localities showed 420 

a similar pattern in the last shell portion formed before collection. All shells showed a gradual shift 421 

of δ18Os toward higher values. Considering the shells were collected around the same date and they 422 

had rather similar isotopic profiles in terms of curve shape, similar growth patterns were assumed. 423 

Certainly, this assumption cannot be used for a precise dating but it can provide a rough estimate 424 

of the time when the last shell portion was deposited. In the Berria Beach specimens, the δ18Os 425 

shift of the ventral margin related to the autumn temperature decrease. At Montehano and Carasa, 426 

the larger variance of δ18Ow, could have influenced the   δ18Os data. However, in autumn both 427 

localities were characterized by a decrease in δ18Ow, while the shells showed an increase in the 428 

δ18Os values. This indicated that, in estuarine habitats, shell oxygen isotopes mainly reflected 429 

changes in water temperature, not δ18Ow. This hypothesis was also supported by the fact that δ18Os 430 

values in the Montehano specimens were rather similar to the Berria Beach ones, especially during 431 

winter, with a tendency towards more negative values in summer. Nonetheless, given that the 432 

degree of influence of the individual variables (temperature and δ18Ow) is not known, accurate 433 

temperature reconstructions using estuarine mussels will not be possible.  434 
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In specimens from Berria Beach and Montehano, post-summer δ13Cs showed a trend toward 435 

lower values, corresponding to a decrease in δ13CDIC. However, the opposite trend was found in 436 

the shells from Carasa. These results indicate that the change in the correlation sign between δ18Os 437 

and δ13Cs is mainly influenced by the differing δ13Cs signals in marine and freshwater-influenced 438 

habitats. 439 

The main source of carbon in the shells is the ambient dissolved inorganic fraction. According 440 

to the freshwater-marine mixing profiles, the concentration of DIC in water largely depends on 441 

salinity variations. At low salinity, i.e. in estuarine environments, a significant decrease in DIC is 442 

recorded (Fry, 2002). Furthermore, a δ13CDIC gradient towards more negative values occurs with 443 

decreasing salinities (Gillikin et al., 2006). The lower availability of DIC and its lower isotopic 444 

composition likely influence mollusc δ13Cs signatures and it may explain the observed differences 445 

between marine and estuarine specimens. Furthermore, mussels are highly selective feeders and 446 

they tend to assimilate a minor amount of carbon from the phytoplankton they ingest (Gillikin et 447 

al., 2005). In turn, the fractionation between phytoplankton and DIC can largely be influenced by 448 

water DIC concentrations, light levels and kinetics effects related to specific metabolic pathways 449 

of different phytoplankton species (O’Leary, 1981; Farquhar et al., 1982; Rau et al., 1982; Popp et 450 

al., 1998). Coastal and estuarine habitats are characterised by strong environmental gradients of 451 

physical and chemical variables, which significantly influence the diversity of the phytoplankton 452 

communities. For instance, a study conducted on the River Pas estuary (ca 40 km west to localities 453 

studied here) revealed that areas at the river mouth show elevated phytoplankton productivity and 454 

diversity, but low biomass, whereas more interior localities reveal the opposite (Pérez and 455 

Canteras, 1990). Therefore, the different plankton communities among marine, estuarine and 456 

freshwater habitats may have an important influence on the carbon uptake and fractionation 457 
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processes resulting in different plankton δ13C values available for the mussels. Further studies are 458 

needed to better understand the geographical variation of plankton δ13C in connection with 459 

estuarine environments and its importance in the mollusc δ13Cs signature. However, our 460 

preliminary results suggested that the direction, and therefore the slope of the correlation between 461 

δ18Os and δ13Cs may be used as an indicator of M. galloprovincialis shell provenance, especially 462 

between marine and upper estuarine environments. The similarity of the correlation between the 463 

two shell isotope values found in marine and lower estuarine habitats may lead to a challenging 464 

provenance determination within these two areas. In this case, the more negative δ13Cs and δ18Os 465 

(especially in summer) values recorded in the low estuarine shells, compared to the marine shells, 466 

may be used for further clarification. 467 

 468 

 469 

6. Conclusions 470 

This calibration study tested the suitability of M. galloprovincialis shells as a palaeotemperature 471 

archive. Results indicated that the mussels collected from the marine environment recorded the full 472 

seasonal temperature range in form of δ18Os. The water temperature could be reconstructed with 473 

an average offset of 1.2 ± 0.7 °C with respect to measured SST, supporting the use of this species 474 

for palaeoenvironmental reconstructions as well as for determining shellfish collection seasonality 475 

in archaeological shell midden studies. 476 

Furthermore, the present study investigated the geochemical signature of the shell in relation to 477 

the provenance of the mussels. The data from specimens collected in marine and estuarine habitats 478 

showed different correlations between δ18Os and δ13Cs. The negative correlations characterising the 479 

marine specimens gradually increased following the geographical gradient from the coastal area to 480 
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the estuary. Therefore, the slope of such correlations is suggested to be a potential indicator to 481 

identify the type of habitat in which the molluscs lived. This information, in turn, could be applied 482 

to archaeological studies to spatially analyse collection preferences of human societies relying on 483 

shellfish exploitation as food and raw material resource. Furthermore, the ability to recognise 484 

estuarine shells can represent an important tool allowing to discard these specimens from further 485 

palaeoenvironmental analyses and avoid potential erroneous water temperature reconstructions.  486 

 487 
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Figures and tables 736 

 737 

Fig. 1 Map of the three localities analysed in this study: Berria Beach (marine habitat), Montehano 738 

(lower estuarine habitat) and Carasa (upper estuarine habitat). 739 

 740 

 741 

 742 
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 743 

Fig. 2 Structure and composition of M. galloprovincialis shell. (A) Shell overview with grey plane 744 

indicating how the shell was sectioned (axis of maximum growth). (B) Sketch of the section 745 

showing the shell subdivision in two layers. The light grey area represents the aragonitic layer and 746 

the dark grey area represents the calcitic portion. (C) Scanning Electron Microscope image of the 747 

prismatic and nacre layers and their respective Raman spectra. The Raman scan identifies the two 748 

different CaCO3 polymorphs based on the presence or absence of the aragonite librational peak La 749 

at 206 cm-1. 750 

 751 
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 752 

Fig. 3 Measured (grey diamonds) and predicted (black circles) δ18Os values of the ventral margins 753 

collected on bi-monthly basis (every two weeks) from Berria Beach. (A) Predicted δ18Os values 754 

using δ18Ow = −0.03 ‰ in Eq. (2). (B) Predicted δ18Os values using δ18Ow = +0.90 ‰ in Eq. (2). 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 
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 765 

Fig. 4 Water temperature reconstruction (black circles) using the δ18Os of the Berria Beach ventral 766 

margins and δ18Ow = +0.90 ‰ in Eq. (2). The grey diamonds represent the measured SST at the 767 

site. 768 

 769 

 770 

 771 

 772 
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 773 

Fig. 5 Examples of sequential δ18Os (open circles) and δ13Cs results (grey squares and secondary y-774 

axes) of specimens from (A) Berria Beach (BE_L_22_1), (B) Montehano (MH_2) and (C) Carasa 775 

(CR_1). The last data points in each graph represent the ventral margins. The isotope profiles of 776 

the remaining micromilled shells can be found in the supplements (SI_1). 777 

 778 

 779 
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 780 

Fig. 6 Linear relationships between δ13Cs and δ18Os obtained from the ventral margins of shells 781 

collected at Berria Beach (black diamonds), the micromilled shells from Berria Beach (open 782 

diamonds), the shells from Montehano (grey circles) and the shells from Carasa (black triangles).  783 
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 784 

Fig. SI_1. Sequential δ18Os (open circles) and δ13Cs profiles (grey squares and secondary y-axes) 785 

of specimens from Berria Beach low intertidal (BE_L), Berria Beach high intertidal (BE_H), 786 

Montehano (MH) and Carasa (CR). The last data points in each graph represent the ventral 787 

margins. 788 
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Table 1. Seasonal water data recorded at the three locations considered in this study. In italics are 789 
the data that were potentially affected by temporary biases and therefore precluded from further 790 
analyses. 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

Berria Beach Montehano Carasa 

Date Salinity 
(PSU) 

SST  
(̊C) 

δ18OVSMOW 
(‰) 

δ13CVPDB 
(‰) Date Salinity 

(PSU) 
SST  
(̊C) 

δ18OVSMOW 
(‰) 

δ13CVPDB 
(‰) Date Salinity 

(PSU) 
SST  
(̊C) 

δ18OVSMOW 
(‰) 

δ13CVPDB 
(‰) 

14-12-16 35.3 13.7 -0.13 -3.73 14-12-16 35.3 14.1 0.28 -4.58 14-12-16 30.0 12.5 -0.80 -5.61 
29-12-16 35.4 13.3 -0.07 -4.83 30-12-16 34.9 13.4 0.06 -3.79 30-12-16 26.1 11.9 -1.88 -6.64 
12-01-17 35.3 13.0 -0.18 -5.59 12-01-17 33.5 13.0 -0.13 -4.35 12-01-17 1.7 11.9 -6.29 -11.66 
27-01-17 35.6 11.7 -0.11 -4.96 27-01-17 34.2 11.2 -0.14 -4.06 27-01-17 27.1 10.0 -1.43 -5.48 
10-02-17 35.7 12.3 -0.08 -5.18 09-02-17 28.7 11.9 -1.24 -5.22 09-02-17 6.9 10.9 -5.14 -10.03 
27-02-17 35.8 12.8 -0.12 -4.38 28-02-17 35.4 13.2 0.16 -3.27 28-02-17 30.5 12.9 -0.72 -4.38 
10-03-17 35.9 12.8 -0.04 -3.61 10-03-17 34.1 14.8 -0.21 -4.19 10-03-17 25.8 14.7 -1.80 -5.58 
28-03-17 35.7 13.1 -0.10 -2.80 28-03-17 35.1 14.5 -0.13 -3.57 28-03-17 27.5 14.1 -1.39 -5.54 
11-04-17 35.9 16.6 0.04 -3.65 11-04-17 34.6 16.6 -0.07 -3.88 11-04-17 28.0 16.8 -1.39 -5.50 
25-04-17 35.9 13.4 -0.04 -3.11 25-04-17 35.2 14.7 0.19 -3.65 25-04-17 32.5 16.1 -0.26 -4.31 
09-05-17 35.9 15.2 0.42 -3.25 09-05-17 34.7 16.0 0.00 -3.31 09-05-17 27.5 17.8 -1.30 -5.31 
24-05-17 35.8 15.5 0.00 -2.21 24-05-17 34.9 18.3 0.04 -3.76 24-05-17 30.6 19.7 -0.72 -5.85 
08-06-17 35.9 17.2 -0.16 -3.20 08-06-17 35.1 19.4 0.25 -2.99 08-06-17 26.2 20.1 -1.50 -6.44 
22-06-17 35.8 19.1 -0.01 -2.61 22-06-17 35.4 20.6 0.20 -4.43 22-06-17 32.3 23.3 -0.26 -6.50 
07-07-17 35.5 18.8 -0.01 -2.73 08-07-17 35.2 22.4 0.03 -4.43 08-07-17 28.3 21.7 -1.14 -6.84 
21-07-17 36.1 19.8 -0.03 -3.00 21-07-17 35.3 21.2 0.19 -4.07 21-07-17 32.4 22.2 -0.34 -6.23 
24-08-17 36.3 20.8 0.08 -3.82 24-08-17 35.5 21.5 0.26 -3.79 24-08-17 34.5 21.9 0.17 -3.99 
18-09-17 34.9 18.8 -0.06 -4.17 18-09-17 32.6 19.1 -0.30 -5.29 18-09-17 24.7 17.7 -1.85 -7.75 
21-10-17 35.5 18.4 0.06 -3.00 20-10-17 35.6 19.0 0.28 -2.68 20-10-17 32.9 18.8 -0.17 -5.06 
03-11-17 36.2 16.5 0.08 -5.28 03-11-17 35.5 17.9 0.15 -4.13 03-11-17 33.4 17.3 -0.09 -5.21 
18-11-17 36.1 15.4 0.08 -4.80 16-11-17 32.6 15.2 -0.44 -4.53 16-11-17 22.6 13.1 -2.12 -7.35 
05-12-17 14.8 13.3 -3.06 -10.81 05-12-17 32.7 13.7 -0.33 -4.49 05-12-17 21.5 12.2 -2.31 -7.29 
19-12-17 34.3 13.1 -0.20 -4.39 18-12-17 33.4 13.4 -0.23 -4.23 18-12-17 11.5 11.1 -4.16 -9.42 

Mean 35.7 15.5 -0.03 -3.83 Mean 34.4 16.4 -0.04 -4.01 Mean 26.0 16.2 -1.57 -6.39 
Minimum 34.3 11.7 -0.20 -5.59 Minimum 28.7 11.2 -1.24 -5.29 Minimum 1.7 10.0 -6.29 -11.66 
Maximum 36.3 20.8 0.42 -2.21 Maximum 35.6 22.4 0.28 -2.68 Maximum 34.5 23.3 0.17 -3.99 

Range 2.0 9.1 0.63 3.38 Range 6.9 11.2 1.52 2.62 Range 32.9 13.3 6.46 7.68 
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Table 2. Pearson correlation coefficients (r) among the physical and chemical water properties 799 
recorded at the three study localities. 800 

  Berria Beach Montehano Carasa 
Salinity-SST 0.28 0.46 0.59 

p value 0.22 < 0.05 < 0.05 
Salinity-δ18Ow 0.49 0.97 1.00 

p value < 0.05 < 0.05 < 0.05 
Salinity-δ13CDIC 0.18 0.66 0.93 

p value 0.42 < 0.05 < 0.05 
SST- δ18Ow 0.35 0.49 0.61 

p value 0.11 < 0.05 < 0.05 
SST-δ13CDIC 0.45 0.13 0.38 

p value < 0.05 0.54 0.07 
δ13CDIC - δ18Ow 0.23 0.63 0.92 

p value 0.30 < 0.05 < 0.05 
 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 
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Table 3. Oxygen and carbon isotope values determined at the ventral margins of the shells 817 
collected throughout the year in Berria Beach and the corresponding reconstructed water 818 
temperatures (SST) using Eqs.1 and 2. SD = standard deviation among the ten specimens 819 
analysed from each collection event. 820 

Collection 
date 

δ18O VPDB 
(‰) SD δ13C VPDB 

(‰) SD Reconstructed 
SST (C̊) 

14-12-16 1.20 0.16 -0.67 0.30 14.6 
29-12-16 1.25 0.08 -0.95 0.47 14.4 
12-01-17 1.43 0.10 -1.00 0.53 13.6 
27-01-17 1.71 0.08 -1.16 0.82 12.4 
10-02-17 1.61 0.25 -1.18 0.44 12.8 
27-02-17 1.53 0.15 -1.03 0.53 13.2 
10-03-17 1.25 0.11 -1.06 0.28 14.4 
28-03-17 1.21 0.24 -1.38 0.37 14.5 
25-04-17 1.34 0.20 -1.79 0.29 14.0 
09-05-17 1.40 0.14 -1.43 0.29 13.7 
24-05-17 1.22 0.11 -1.28 0.27 14.5 
08-06-17 0.85 0.22 -0.87 0.38 16.1 
22-06-17 0.66 0.17 -0.54 0.47 16.9 
07-07-17 0.36 0.31 -0.45 0.45 18.2 
21-07-17 0.19 0.14 -0.52 0.41 19.0 
24-08-17 -0.12 0.07 -0.32 0.34 20.4 
18-09-17 -0.09 0.14 -0.65 0.68 20.2 
20-10-17 0.26 0.13 -0.75 0.56 18.7 
03-11-17 0.30 0.11 -0.29 0.37 18.5 
18-11-17 0.40 0.11 -0.30 0.30 18.0 
19-12-17 0.88 0.30 -0.90 0.33 15.9 

Mean  0.90   -0.88   15.9 
Minimum -0.12  -1.79  12.4 
Maximum 1.71  -0.29  20.4 

Range 1.83   1.50   8.0 
 821 

 822 

 823 

 824 

 825 

 826 
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Table 4. Summary of oxygen and carbon isotope values of the micromilled shells from Berria 827 
Beach (low and high intertidal zones), Montehano and Carasa. The δ18O values from the Berria 828 
Beach specimens were used to reconstruct water temperatures (SST). 829 

  Berria Beach (Low) Berria Beach (High) Montehano Carasa 

  
δ18Os 

VPDB 
(‰) 

δ13Cs 
VPDB 
(‰) 

SST 
(̊C) 

δ18Os 
VPDB 
(‰) 

δ13Cs 
VPDB 

(‰) 

SST 
(̊C) 

δ18Os 
VPDB 

(‰) 

δ13Cs 
VPDB 
(‰) 

δ18Os 
VPDB 
(‰) 

δ13Cs 
VPDB 

(‰) 
Mean  0.63 -0.38 17.0 0.77 -0.50 16.5 0.56 -1.02 -1.20 -3.62 

Minimum -0.65 -1.24 11.5 -0.70 -1.70 12.6 -1.31 -2.54 -1.98 -5.36 
Maximum 1.93 1.09 22.8 1.67 0.06 23.1 1.87 -0.26 0.02 -2.15 

Range 2.58 2.33 11.3 2.37 1.76 10.5 3.19 2.28 2.01 3.21 
 830 

 831 

 832 

 833 

Table 5. Relationships between δ13Cs and δ18Os values of M. galloprovincialis collected at the 834 
three study sites. 835 

  r (Pearson) Correlation slope N 
Berria Beach margins -0.78 -1.10 21 

Berria Beach (sequential) -0.27 -0.38 162 
Montehano 0.13 0.18 86 

Carasa 0.56 0.41 91 
 836 

 837 

 838 
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