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Introduction

Growth experiments present a powerful tool for determining the effect of environmental parameters on growth and carbonate composition in biogenic calcifiers. For successful proxy calibration and biomineralization studies, it is vital to identify volumes of carbonate precipitated by these organisms at precise intervals during the experiment. Here, we investigate the use of strontium labelling in mollusc growth experiments.



Methods

Three bivalve species (Cerastoderma edule, Mytilus edulis and Ostrea edulis) were grown under monitored field conditions. The bivalves were regularly exposed to seawater with elevated concentrations of dissolved strontium chloride (SrCl2). In addition, the size of their shells was determined at various stages during the experiment using calliper measurements and digital photography. Trace element profiles were measured in cross sections through the shells of these molluscs using laser ablation ICPMS and XRF techniques.



Results

Our results show that doses of dissolved strontium equivalent to 7-8 times the background marine value (~0.6 mmol/L) are sufficient to cause reproducible peaks in shell-incorporated strontium in C. edule and M. edulis shells. No negative effects were observed on shell calcification rates. Lower doses (3-5 times background values) resulted in less clearly identifiable peaks, especially in M. edulis. Strontium spiking labels in shells of O. edulis are more difficult to detect, likely due to their irregular growth.



Discussion

Strontium spiking is a useful technique for creating time marks in cultured shells and a reproducible way to monitor shell size during the growing season while limiting physical disturbance of the animals. However, accurate reconstructions of growth rates at high temporal resolution require frequent spiking with high doses of strontium.





Keywords: mollusk (mollusc), growth experiment, trace element, shell, proxy development




1 Introduction

Crystalline calcium carbonate is one of the most abundant marine biominerals and is produced by organisms ranging from microbes, coccolithophores, foraminifera and molluscs to corals and fishes (Crichton, 2019). Their fossil skeletons, shells and other biostructures are common in the archaeological and geological record because they preserve relatively well and therefore play an important role as archives for past climates (Lough and Barnes, 2000; Pages 2k consortium, 2017; Henkes et al., 2018; Marchegiano et al., 2019; Moss et al., 2021; Agterhuis et al., 2022) and environments (Sampei et al., 2005; Song et al., 2014; Auderset et al., 2022). Carbonate skeletons also preserve information about life histories (Gerringer et al., 2018; Mat et al., 2020; Posenato et al., 2022), ecological relationships between organisms (Fagerstrom, 1987; Mourguiart and Carbonel, 1994; Valchev, 2003), and past human interrelations (Gutiérrez-Zugasti, 2011; Haour et al., 2016; Burchell et al., 2018). Furthermore, the contribution of calcifiers (organisms that mineralize calcium carbonate) to the rock record is of great commercial interest, for example for the extraction of building materials, as source rocks for water and hydrocarbons and as a storage rock for CO2 (Hanshaw and Back, 1979; Izgec et al., 2008; Benavente et al., 2018; Tran et al., 2020).

Many carbonate-based reconstructions rely on analyses of their elemental or isotopic composition, the interpretation of which is anchored by modern growth experiments (Stoll et al., 2002; Sánchez-Román et al., 2008; de Winter et al., 2022a). In such experiments, calcifiers are cultured under controlled or monitored conditions with the aim to precisely study the effect of environmental changes on the composition of the precipitated carbonates. Such experiments require monitoring of the size of carbonate shells or skeletons, either by direct measurements or by a labelling approach. This ensures recognition of the parts that were deposited under specific experimental conditions or at specific times during the experiment, such that these parts can be sampled for chemical analysis. Existing labelling techniques include spiking the growth environment with (radiogenic) nuclides such as 14C (Kuzyakov et al., 2006), 13C (Wilmeth et al., 2018), 44Ca (Nehrke et al., 2013) and 86Sr (Houlbrèque et al., 2009), introducing to the growth environment fluorescent dyes which bind to the calcium carbonate formed during the experiment such as calcein (Markuszewski, 1979; Leips et al., 2001; Zhou et al., 2017; Fox et al., 2018), alizarin red S (Bashey, 2004; Zhou et al., 2017) and others (Day et al., 1995), and spiking the growth environment with elevated concentrations of trace elements (e.g. Mn or Sr; Lartaud et al., 2010; Geerken et al., 2022). The aim of these techniques is to introduce a mark or label that is clear and easy to locate in the carbonate, while avoiding interference with the process of calcification itself. For some of these methods (e.g. calcein dye) it has been demonstrated that they affect the calcification process in some organisms and therefore inadvertently influence the results of biomineralization studies (Magnabosco et al., 2018). Additionally, the differences in practical use, traceability and costs of the above-mentioned labels allow their use to be tailored to the desired experimental outcome.

In this study, we test the use of strontium (Sr) labelling in mollusc growth experiments. Strontium is a useful element for labelling in studies of marine carbonates because it is a highly soluble, conservative element in the ocean (Quinby-Hunt and Turekian, 1983). It is readily incorporated in the calcium carbonate because of its chemical similarity to Ca (Dodd, 1967). Differences in the mineral lattice cause Sr to be more readily taken up in aragonite than in calcite (Day and Henderson, 2013; Wassenburg et al., 2016). Experimental studies show that moderate incorporation of Sr does not significantly inhibit growth or affect the structural properties of calcite and aragonite (Wasylenki et al., 2005; Saito et al., 2020). In addition, the incorporation of Sr into biogenic carbonates is widely studied due to its potential as a proxy for carbonate mineralization rate or temperature (Stoll and Schrag, 2001; Lear et al., 2003; Elliot et al., 2009). It therefore presents a useful alternative to the pre-established Mn labelling technique (Lartaud et al., 2010; Geerken et al., 2022).

The bivalves Cerastoderma edule (common cockle), Mytilus edulis (blue mussel) and Ostrea edulis (European oyster) were selected as subjects in this study for several reasons: Firstly, these species exhibit different shell mineralogies, with the cockle shells consisting of aragonite, oyster shells predominantly of calcite and the mussels have both aragonite (inner) and calcite (outer) shell layers (Feng et al., 2014; Füllenbach et al., 2015; Nikolayev et al., 2019). This allows us to test how administered Sr peaks are taken up in these different shell minerals, which have varying affinity for the element (see above; Day and Henderson, 2013; Wassenburg et al., 2016). Secondly, all three species occur naturally in the area (Wadden Sea and North Sea), limiting risk to the success of growth experiments by ensuring optimal growing conditions as well as to the local ecosystem by not introducing invasive taxa to the Wadden Sea, which is a UNESCO World Heritage site (Beukema et al., 2001; Bennema et al., 2020). Thirdly, the species represent similar taxa from the fossil record which are used for paleoclimate and paleoenvironmental reconstructions, driving the need to better understand shell growth using growth experiments (Obelic et al., 1998; Huyghe et al., 2015; Wichern et al., 2022). Finally, all three species are (historically) commercially important, and growth experiments such as the ones described here may aid in understanding their growth to optimize aquaculture practices (Smaal and Lucas, 2000; Kraan et al., 2011; Colsoul et al., 2021). We thus investigated the potential for spiking the shells of these species with Sr to trace their growth during growth experiments.



2 Methods


2.1 Growth experiments



2.1.1 Description of growth experiments

Three bivalve species (the common cockle Cerastoderma edule, the blue mussel Mytilus edulis and the European oyster Ostrea edulis) were grown under monitored conditions in an outdoor growth setup in the harbour of the Royal Netherlands Institute for Sea Research (NIOZ, Texel, the Netherlands). Juvenile (<1 year old) O. edulis (hereafter: “oysters”) were sampled on March 2nd, 2020, from a brood stock in the Mokbaai (53°00’05.6”N, 4°45’48.5”E). Juvenile M. edulis (hereafter: “mussels”) were collected on February 24th, 2020, from a groin along the North Sea coast of Texel (53°01’17.8”N, 4°42’32.3”E). Juvenile C. edule (hereafter: “cockles”) were collected on March 6th, 2020, from a tidal flat located at the northern tip of the island. (53°09’18.3”N, 4°52’54.0”E). All specimens were individually labelled with Hallprint plastic shellfish tags (Hallprint Fish Tags, Hindmarch Valley, Australia), which were glued on the shell with cyanoacrylate glue. In this way specimens could be followed individually throughout the experiment.

The NIOZ harbour (53°00’19” N, 4°47’46” E) is located at the leeside of the island of Texel with its entrance to the Marsdiep tidal inlet, which connects the Wadden Sea to the North Sea. The harbour experiences the full tidal cycle and closely follows the water properties (temperature, salinity, water contents, etc.) of the Marsdiep (Hippler et al., 2013). At approximately 600-meter distance, these properties are continuously monitored at short (<1 minute) intervals by a neighbouring measurement station operated by the NIOZ (Van Aken, 2003; de Winter et al., 2021). The harbour is shielded from most severe wave action.

Growth experiments took place in a floating setup in which open (meshed), plastic crates (600 x 400 x 400 mm) are attached to glass fibre poles, which are part of a floating mooring (see Figure 1; see also description in Hippler et al., 2013). The crates were covered by a mesh to minimize predation by crabs and birds. The growth experiments took place between February and September 2020 and involved 69 oysters, 77 mussels and 106 cockles. Oysters and mussels were suspended in 100 x 200 mm nets hung on the floating construction inside the crates. The cockles were kept in three shoebox-sized (330 x 180 x 100 mm) plastic containers filled with sand placed on the bottom of the suspended crates. The difference in housing of species allows the animals to exhibit their natural behaviour (e.g. burrowing in sediment) as well as possible within the experiment. In the floating setup, all specimens were continuously submerged roughly 20-30 cm below the water surface during the entirety of the experiment.




Figure 1 | (A) Satellite image of Texel island (52°58’31”N, 4°41’05”E). Modified using Maps Data ©2023 Alphabet Inc., Mountain View, CA, USA. Round symbols indicate the location of named population centers. Stars indicate the origins of juvenile specimens (black; with symbols indicating the species), the location of the culture setup (red) and the location of the monitoring station (blue), ~600 meter away from the culturing locality. (B) Schematic overview of the experimental setup, with the floating jetty in grey, the crates in black and the buoys in yellow. Note that oysters and mussels were grown in nets attached to the side of the crates and not in the sand containers. Water depth is not to scale but was sufficient to keep the crates submerged even during the lowest tides. Purple arrows indicate the transfer of specimens to environments with elevated Sr concentrations during the spiking events.





2.1.2 Shell measurements

Sizes of all individuals were measured four times during the experiments. For cockles, the shell height, length, and width were measured while for mussels only the maximum shell length was measured with a digital calliper which reports precision at the 0.01 mm level (average measurement interval of calliper measurements was 53 days). Considering the irregular shape of oyster shells, especially when growing together, the size of oyster shells was measured by photographing the individuals in a direction perpendicular to the plane of occlusion of the two valves using a Nikon Coolpix (Nikon Corp., Minato, Tokyo, Japan) camera fixed to a stand. The length of the axis of maximum growth (maximum distance of the ventral margin away from the hinge) was determined from these pictures by calibrating distances relative to 10 mm grid paper on which the shells were photographed using ImageJ 1.53 (Schindelin et al., 2012). Measurements were carried out in batches so that within two days all shells were measured while minimizing aerial exposure and associated growth stress.

To estimate the uncertainty on shell size measurements using the digital calliper, repeated measurements of shell size were carried out on selected specimens of each of the three bivalve species. These measurements were carried out by three different persons, each measuring the length of the axis of maximum growth of each shell 10 separate times. This procedure included variability associated with the accuracy of the digital calliper as well as uncertainty associated with the personal choice of the researcher as to where the axis of maximum growth is located on the shell. Results of this test are provided in SI11. The standard deviation on separate shell size measurements using a hand-held digital calliper was 0.18 mm for C. edule shells and 0.21 mm for both M. edulis and O. edulis shells.



2.1.3 Strontium spiking

All individuals were spiked simultaneously with increased concentrations of Sr at multiple time intervals over the period of the experiment (see Table 1). A pre-weighed amount of hydrated strontium chloride (SrCl2·6H2O) was dissolved in a known volume of seawater in the culture setup to obtain elevated Sr concentrations of 0.58 mmol/L, 0.33 mmol/L and 0.21 mmol/L for high, medium, and low dose spikes, respectively. These concentrations amount to an approximately 7.7-fold, 4.4-fold and 2.8-fold increase with respect to the background concentration of dissolved Sr in the environment (0.075 mmol/L when corrected for a mean salinity of 28.5 over the growth period; see de Winter et al., 2021). The concentrations of Sr in the seawater under normal conditions as well as during a high dose Sr spike event were verified using ICP-MS measurements on filtered seawater samples taken during the growth experiments (see section 2.2). All individuals were simultaneously exposed to these doses by placing the nets and containers containing the bivalves in this tank for 24h (Figure 1). The tank was suspended in the floating mooring to facilitate thermal exchange with the ambient sea water and ensure no temperature differences occurred during the Sr spiking period. After 24h, the nets and trays with specimens were taken from the Sr enriched solution and returned to the open crates, returning them to sea water with a normal marine elemental composition. This procedure was repeated every 2-3 weeks with varying Sr concentrations (Table 1).


Table 1 | Overview of dates and concentrations of Sr spikes administered to the cultured molluscs.





2.1.4 Specimen selection and treatment

Three cockles (specimens G003, G511 and G600) were found dead in the experiment on June 4th and were used to test if the Sr spiking led to enriched concentrations which could be traced back in the shell carbonate. These three individuals were exposed to three Sr spikes: a high dose on April 4th and April 22nd and a medium dose on May 14th. Their shell size was measured at the start of the experiment (March 16th), on May 1st and after they were found dead (June 4th). Of the individuals which survived the entire experimental period, three specimens of each species were selected on September 24th and euthanized for further analyses (see Table 2). Over the experimental period, the size of these 9 specimens was measured 4 times and they were exposed to 5 Sr spikes.


Table 2 | Overview of specimens analysed in this study and the types of analyses carried out on their shells.



The soft tissue was removed from all individuals, and the shells were cleaned superficially with a soft brush and left to dry overnight at room temperature. Dried shells were embedded in epoxy resin (THV 500 with THV 155 hardener; Poly-Service BV, Amsterdam, the Netherlands). Shells were sectioned through the axis of maximum growth (the same axis along which shell length was measured with callipers, see section 2.1.2) using a slow rotating (250 rpm) Buehler IsoMet 1000 precision saw (Buehler, Chicago, USA) with a wafering-thin blade. Parallel cuts were subsequently made to produce 7 mm thick sections through the shells, which were polished using a Buehler Metaserv 2000 grinder-polisher machine and finished with a polycrystalline suspension (3μm; following Ballesta-Artero et al., 2018).




2.2 (LA)ICPMS analyses

Laser ablation – inductively coupled plasma mass spectrometry (LAICPMS) was used to analyse Mg/Ca, Mn/Ca, Sr/Ca and Ba/Ca (using the isotopes 25Mg, 43Ca, 55Mn, 88Sr and 138Ba) in all specimens. In addition, Na/Ca (based on 23Na and 43Ca) was analysed in shells of individuals collected at the end of the experiment on September 24th (Table 2). Measurements were carried out using an ESI NWR193UC laser system (Elemental Scientific, Omaha, NE, USA) coupled to an iCap-Q quadrupole ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) at the NIOZ. Only the shell portion mineralized during the growth experiment (easily recognized due to a difference in shell coloration; see Figure SI2) was analysed. Three parallel ablation lines were placed in the outer shell layer of the three cockle test specimens (G003, G511 and G600; found dead on June 4th) to test the repeatability of the results. Once reproducible results were obtained, single profiles were measured on representatives of all three species which survived the entire experiment. All ablation lines were placed within the outer shell layers of cockles and mussels. For the oyster shells, the lenses of chalky calcite (insofar as present) were avoided, and the ablation transects were placed exclusively on the foliated calcite.

Scan lines were ablated with a 100 * 20 µm rectangular laser spot oriented with the short side to the growth direction, resulting in an effective sampling resolution of 20 µm while ablating a large enough surface area to yield sufficient material for ICP-MS analyses (de Winter et al., 2022b). All lines were pre-ablated at high speed (40 µm/s) to remove surface contamination before being ablated a second time at 4 µm/s for final data collection.

Data were calibrated in Matlab using a modified version of the SILLS software (Signal Integration for Laboratory Laser Systems; Guillong et al., 2008), following the same protocol as de Winter et al. (2022b). Intensity ratios were calculated with 43Ca as an internal standard and calibrated against NIST610 (National Institute of Standards and Technologies; Gaithersburg, MD, USA) using preferred values from the GeoReM database (Jochum et al., 2005; Jochum et al., 2011). Drift corrections were applied by measuring NHFS-2-NP (Boer et al., 2022) four times after every fourth sample and standard. The reference materials BAS752 (Bureau of Analyzed Samples, Middlesbrough, UK), RS3, coral Porites JCp-1 and giant clam Tridacna gigas JCt-1 produced by the Japanese Geological Survey (Okai et al., 2002; Inoue et al., 2004), and NHFS-2-NP, were used for quality control. RS3, JCp-1, JCt-1 and NFHS-2 were nano-particulate powder pressed pellets (Garbe-Schönberg and Müller, 2014; Jochum et al., 2019). Details on the accuracy of the LAICPMS trace element results relative to preferred values is provided in SI12. Calibrated and drift corrected elemental to calcium ratio from LAICPMS measurements is provided in the supplementary information (SI3).

The Sr concentration (measured as 88Sr abundance) of filtered seawater samples taken from the culturing setup both under natural conditions and during a high dose Sr spike were analysed on the same iCap-Q quadrupole ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) at the NIOZ. The resulting seawater Sr concentrations are provided in SI3.



2.3 Micro-X-ray fluorescence analyses

As a pilot study, micro-X-ray fluorescence (µXRF) was used to analyse trace element profiles through the outer shell layers of cockle specimens G003, G511 and G600 (found dead halfway during the experiment; see Table 2). These analyses were carried out on a Bruker M4 Tornado micro-X-ray fluorescence scanner in point-by-point line scanning mode (following Vansteenberge et al., 2020), following recommendations in de Winter et al. (2017a) and standardization in Vellekoop et al. (2022). A detailed description of the μXRF setup is provided in de Winter and Claeys (2016) and details on the methodology are provided in SI4. Both the raw and calibrated XRF data for all points along the profiles are provided in the supplementary information (SI3).



2.4 Data processing

To test the utility of the Sr spiking routine to identify certain sections of shells mineralized at known time intervals, peaks in the LAICPMS and XRF Sr profiles through the shells were linked to spiked Sr doses during the experiment. The borders of Sr peaks in the profiles were visually identified as the first and last sample for which Sr concentration exceeded that of the surrounding shell material (the “background” value; see Figure 2B). The background values for Sr and other trace elements with respect to a peak were defined as the average of the 25 points before the first datapoint in the peak and the 25 points after the last datapoint in the peak in direction of measurement. Peak “height” of Sr (“[Srpeak]” and similarly for other elements) was defined as the average of the highest 10 datapoints within the peak, and average peak concentration (“[Srmean]”, and equivalent for other elements) was defined as the average of all datapoints within the peak (Figure 2B). The average position along the profile of the 10 datapoints with the highest Sr concentrations was used to define the position of the peak. Shell size at the time of deposition was calculated from the X and Y coordinates of the scan lines digitized on scans of cross sections through the shells after LAICPMS analyses. For each specimen, a reference point was defined at the umbo in cross section through the shell and the Euclidian distance between this point and the position on the scan line where the highest Sr value in the peak was measured was calculated as a proxy for shell size (Hspike) using Pythagorean Theorem (see Figure 2B):




Figure 2 | (A) Schematic representation of a cross section through a mussel shell and a LAICPMS profile measured through the calcitic outer shell layer (OSL) of this specimen (in red). Dashed lines show the locations of Sr peaks in the shell measured in the transect. Black and grey arrows indicate how shell size could be determined from the location of the Sr peaks (“Hspike”, in grey, calculated from Xspike – Xref and Yspike - Yref) and using calliper measurements of the entire shell (“Hcalliper”, in black). The red star indicates the reference position at the umbo used to determine shell size based on the position of Sr spikes. (B) Insert showing a typical Sr peak, with vertical dashed lines showing beginning (P1) and end (P2) of the peak in growth direction (note that LAICPMS scan direction is from left to right). [Sr]bkg = Background Sr concentration, [Sr]peak = peak Sr concentration (peak “height”), [Sr]mean = mean Sr concentration in the peak. (C) Schematic cross section through a cockle shell, showing aragonitic outer shell layer (OSL) and inner shell layer (ISL). Red arrowed line shows the path of a typical LAICPMS transect through this species. (D) Schematic cross section through oyster shell showing foliated and chalky calcite layers and the location of the hinge. Red arrowed line shows the path of a typical LAICPMS transect through this species, avoiding the chalky segments. cc, calcite, ar, aragonite.



	

To compare shell sizes determined from the position of Sr spikes with shell lengths measured during the experiment, shell lengths from calliper or photography measurements (section 2.1.2) were estimated at the times of administration of the Sr spike by linear interpolation between shell lengths measured before and after the Sr spike. Growth rates, defined as the increase in shell size per unit time, were calculated from the differences between successive shell size measurements and successive Sr spikes and averaged per month and per species to facilitate comparison between growth rates as determined using both methods. Note that this procedure for growth rate determination required extrapolation of growth rates before the first and after the last measurement or Sr spike for months where shell length was measured but individuals were not spiked.




3 Results


3.1 Strontium concentrations in seawater

Trace element measurements in seawater using ICP-MS (see section 2.2) reveal that the Sr concentration in ambient seawater at the culturing location was 86 ± 5 μmol/L (1σ). During a high dose Sr spike, the concentrations increased to 591 ± 36 μmol/L (1σ). These results confirm that the amount of strontium chloride added during a high dose spike indeed raises the Sr concentration by roughly 7 times, and the measured values are in close agreement with the target values for Sr concentration in the growth environment during Sr spiking. Raw ICP-MS results of these water samples are provided in S3.



3.2 Strontium peaks in LAICPMS records

Plots of Sr/Ca ratios measured by LAICPMS (Figure 3) show that most Sr doses are recognizable in the shells of cockles, mussels, and oysters. However, there are clear differences between species. Overall, cockles show the clearest effect of the Sr spiking (Figures 3A, B), especially for the spikes with high doses, which are represented by peaks exceeding 10 mmol/mol Sr/Ca ratios in the aragonite of cockles: A 5-fold increase with respect to background ratios of ~2 mmol/mol. Medium and low dose spikes also result in concentrations exceeding 3-4 mmol/mol, well above the background variability and easily detectable. Parallel scans on specimens G003, G511 and G600 (Figure 3A) demonstrate that Sr peaks are highly reproducible within and between specimens. While the difference between high Sr doses on the one hand and medium or low doses on the other hand is clearly distinguished in the cockle records, the small difference in Sr concentration between peaks associated with medium and low doses makes it hard to distinguish between these doses from the Sr/Ca records alone (Figure 3B).




Figure 3 | LA-ICP-MS Sr/Ca records through all aragonitic cockles (A, B), calcitic outer shell layers of mussels (C) and foliated calcite in oysters (D) considered in this work. Records from subsequent specimens are indicated in different colors and offset by 2 mmol/mol from each other to promote visibility, with the lowest record showing true Sr/Ca values in agreement with axis labels. Parallel profiles within the same specimen (A) are also offset by 2 mmol/mol, with profiles closer to the outside of the shell plotted below profiles farther towards the inside of the outer shell layer. Lines connecting records vertically mark the beginning and end of the experimental period as recorded in the shells and the location of Sr peaks, with numbers at the bottom listing the dates (dd/mm) of the events. Doses of Sr peaks are indicated with different lengths of line dashes (see legend in (A): high dose; 7.7-fold increase in [Sr]w; administered at 03/04 and 22/04; medium dose; 4.4-fold increase in [Sr]w; administered at 13/05; and low dose; 2.8-fold increase in [Sr]w; administered at 03/06 and 13/07). Distance on horizontal axes is measured in scan direction (growth direction from right to left). “dog” = direction of growth.



Records through the calcitic outer shell layer of the mussels (Figure 3C) and the foliated calcite of the oysters (Figure 3D) yield lower Sr/Ca ratios than those in the cockles (see also SI5). Sr peaks associated with high dose spikes (Sr/Ca of 3-5 mmol/mol in M. edulis and Sr/Ca 2-3 mmol/mol in oysters) generally exceed background Sr/Ca ratios of ~1 mmol/mol. In mussels these spikes can be recognized with confidence, but in oysters even some of the high dose spikes fail to yield clearly recognizable peaks in Sr/Ca records. Medium doses are still clearly recognized in mussels, but low dose spikes do not always produce useful peaks in Sr/Ca in this species. Interestingly, the peak height in mussels more closely reflects the size of the spiking dose than in cockles, with medium Sr doses yielding peaks that are recognizably higher than those associated with low doses and lower than those associated with high doses (Figure 3C). In oysters, the response to medium- and low-spike doses is much less predictable. Some low doses appear to produce surprisingly high Sr/Ca peaks (see e.g. the June 3 dose in specimen G372; Figure 3D), while other low doses and even medium or high dose spikes fail to produce recognizable peaks at all.



3.3 Strontium peaks in XRF profiles

X-ray fluorescence Sr/Ca profiles through the same cockle specimens G003, G511 and G600 (Figure 4) show that the high- and medium-dose peaks recorded in these shells are also detectable using μXRF (Figure 4). Background Sr/Ca values (~2 mmol/mol) are similar in μXRF profiles compared to the LAICPMS profiles through the same specimens (Figure 3A), showing that both methods independently reproduce the same Sr/Ca values. High dose spikes are clearly recorded as peaks in Sr/Ca in the μXRF records with values generally exceeding 6 mmol/mol, similar to the values obtained through LAICPMS. The medium dose spike administered on 13/05 is more elusive, partly because the initial part of the G003 record is missing due to technical issues with the measurements. In G511, the medium dose yields a clear spike in Sr/Ca towards maximum values of ~5 mmol/mol, but in G600 the peak barely rises above the background variability. Outside the spike-associated peaks, the Sr/Ca background in μXRF profiles is more variable than in the LA-ICP-MS transects.




Figure 4 | μXRF Sr/Ca records through aragonitic cockle specimens G003, G511 and G600. Records from subsequent specimens are offset by 2 mmol/mol from each other, with the lowest record showing original Sr/Ca values. Lines connecting records vertically mark the beginning of the experimental period as recorded in the shells and the location of Sr peaks, with numbers at the bottom listing the dates (dd/mm) of the events. Doses of Sr peaks are indicated with different lengths of line dashes (see legend in top right corner: high dose; 7.7-fold increase in [Sr]w; administered at 03/04 and 22/04; medium dose; 4.4-fold increase in [Sr]w; administered at 13/05). Distance on horizontal axis is measured in scan direction (growth direction from right to left). Note that due to issues with the cross-section surface, data from the first part of the record through specimen G003 was lost.





3.4 Shape of strontium peaks

LAICPMS data (Figure 3) reveal that the Sr peaks in all specimens exhibit a distinct shape when considered in growth direction: Sr/Ca ratios rise gradually at the onset of the peak (the point farthest away from the ventral margin to the right in Figures 3, 4), before falling sharply, resulting in a wide tail towards older parts of the shell. This asymmetry is clearest when considering the average position of the highest Sr values within the peak relative to the position within the peak, with 0 indicating the onset of the peak and 1 the end (Table 3). Mean symmetry indices, calculated as the distance between Sr/Ca peak value and the onset of the peak divided by the full width of the peak (onset to end), for all species exceed 0.5, confirming the observation that Sr peaks start gradually and end sharply. The asymmetry is largest in mussels and smallest in cockles. The average width of peaks typically increases from cockles (350 ± 190 μm; 1σ) to mussels (580 ± 300 μm; 1σ) to oysters (850 ± 390 μm; 1σ), but variability between peak heights in the same species are generally larger than variability between species (Table 3; SI6). Interestingly, some Sr/Ca peaks in the XRF profiles (Figure 4) seem to show an opposite pattern, with Sr/Ca ratios rising sharply at the onset of some Sr peaks before falling slowly in growth direction (most notably the high-dose peaks administered at 16/03 and 03/04 in specimen G003).


Table 3 | Differences in width and shape of peaks between species. St. dev, standard deviation.





3.5 Behaviour of other trace elements during Sr spikes

Figure 5 highlights the differences between peak and background values for all measured trace elements for all specimens, showing how Sr spikes result in elevated concentrations of other elements (most notably Na and Ba). The occurrence of peaks in Sr/Ca (Figures 3, 4) coincides with peaks in other trace elements in about 70% of the Sr spikes (see Table 4 and SI7-9). This is especially visible in Na and Ba, and prevalent in oysters, where Mn and Mg also often exhibit highly elevated values compared to the background (see Table 4; Figure 5). Cockle records, showing clear Sr peaks (see sections 3.2 and 3.3) show the least covariance of other elements at Sr spiking moments. In general, concentrations of Sr and Ba are comparatively high in cockles, while mussel and oyster shells have higher relative concentrations of Na, Mg and Mn. Peak or mean values of other trace elements below the background during Sr peaks are rare (Figure 5). A summary of trace element concentrations measured in all shells during Sr spiking is provided in SI7. LAICPMS profiles showing details of the variability in other trace elements (Na, Mg, Mn and Ba) are provided in SI8.




Figure 5 | Plot showing trace element concentrations in all peaks in all specimens which lived through the entire growth experiment relative to their background values (dotted line). Lower dots show the average concentration within the peak while the higher dots (connected by a vertical line) show the average of the highest 10 measurements in the peak. Labels with subscripts (e.g. “G003_1”) indicate different profiles within the same specimen. Note that for specimens G003, G511 and G600 no Na concentrations were measured. Colours indicate different species.




Table 4 | Peak trace element ratios, mean trace element ratios within the entire peak, and background ratios of shell material mineralized before and after the peak for all specimens, organized by height of the spiking dose (high = 0.58 mmol/L, medium = 0.33 mmol/L, low = 0.21 mmol/L).





3.6 Effect of spike dose on peak height

There is a positive relationship between applied dose and measured peak concentrations in shell carbonate in all species. (Figure 6). This relationship is approximately linear in mussels, but non-linear in cockles and oysters. The data (Figure 6) also show that there is a large inter- and intra-species variability between the heights of Sr/Ca peaks (see also Figures 3, 4). This variability makes it hard to distinguish between peaks resulting from low and medium doses. However, in many cases the difference between high Sr doses and low or medium doses is large enough to produce significantly different peaks in the shells.




Figure 6 | Plot showing the height of the Sr peak (in Sr/Ca ratio) relative to the background concentration ratio against the size of the elevated Sr dose for all species. Different symbols represent Sr spikes labelled in chronological order (spike 1 = 04/04/2020, spike 5 = 14/07/2020; see Table 1). Note that symbols and error bars of different species are artificially horizontally offset from each other, while the actual Sr dose was equal for all species. Detailed plots of the height of the concentration peak in other trace element plotted against spike dose are provided in SI9.





3.7 Growth curves

Shell length measurements on the outside of the shell and estimates of shell size from the position of Sr spikes were used to construct growth curves for each specimen (Figure 7). These curves demonstrate that the overall pattern of shell size over time based on actual shell size measurements is reproduced by the shell size estimates based on Sr peak positions. However, in cockles shell size based on position of Sr spike (see section 2.4) consistently underestimates shell height measured on the outside of the shell. In oysters, the shell sizes based on Sr spikes are in closer agreement with those measured on the shell pictures. In Figure 8F, shell sizes interpolated from measurements on the outside of the shell are directly compared to the shell sizes obtained from Sr peak position. In the mussels, the Sr spiking method underestimates shell size in smaller individuals, but the positive slope of the regression shows that estimates become better as the individuals grow (Figure 8F).




Figure 7 | Plot showing measured shell size over time (in blue) and shell size over time inferred from the location of Sr spikes (in red) for all specimens. Vertical scales are constant between specimens of the same species, but different between species. Note that three parallel LAICPMS line scans were measured on cockle specimens G003, G511 and G600, resulting in multiple Sr spiking shell growth estimates at the same time of growth.






Figure 8 | Comparison between shell sizes and growth rates calculated based on Sr spikes and shell length measurements. (A) Number of shell size measurements per month per species. (B) Number of Sr spikes per month per species. (C) Mean monthly growth rates calculated from shell size measurements per species. (D) Mean monthly growth rates calculated from positions of Sr spikes per species. (E) Cross plot showing growth rates calculated from shell size measurements against growth rates for the same month and the same species as calculated from the position of Sr peaks. The bold dashed line indicates equal growth rates between the two methods. (F) Cross plots showing measured shell size against shell size at the same time as determined from the position of Sr peaks. The bold dashed line indicates equal shell size estimates between the two methods.



Monthly growth rate estimates based on limited Sr peak positions are not a good predictor of growth rates in mussels and oysters based on measurements on the outside of the shell, while the technique performs better in cockles (Figures 8C–E). Figure 7 shows that this lack of agreement might be caused by the high variability in growth between specimens and through time.




4 Discussion


4.1 Reproducibility of Sr/Ca peaks



4.1.1 Within-specimen reproducibility

The similarity between parallel Sr/Ca profiles within the same cockle specimens (Figure 3A) demonstrate that peaks in Sr/Ca resulting from Sr spiking are reproducible within the shell. Peaks in profiles recorded farther away from the outside of the shell are generally lower (SI10). This pattern is robust when the mean Sr/Ca value within the peak is considered instead of the peak value (see Figure 2). As a result of the differences in peak shape (Figure 3A), mean Sr/Ca values belonging to the same Sr spike dose measured at different locations within the same specimen show less variability (<20% relative SD) than peak “height” values (typically >20% relative SD). Peak shape variability is more pronounced in high dose Sr spikes than medium or low dose spikes, likely because the effect of high dose spikes is detectible over a larger portion of the shells (i.e. the peaks are wider, see Figure 3). This observation places some uncertainty on the detection of the peak in labelled specimens, as the highest Sr value may be recorded at different places within the affected shell area within the same specimen. With the typical peak width of ~400 μm recorded in cockles (SI10) and a typical growth rate of 50-100 μm/d (Figure 8D) recorded in cockles in this experiment, the effect of these changes in peak shape could amount to an uncertainty of a few days in the identification of Sr peaks assuming the true peak Sr concentration can be found randomly within the affected shell area.



4.1.2 Method comparison

Our pilot measurements using µXRF scanning show that Sr/Ca peaks in cockles are detectable with this analytical method as well. The observation that peak height concentrations recorded by µXRF are similar to those measured by LAICPMS shows that these features can be retrieved from spiked shells using both methods. This is an advantage, since µXRF scanning is less destructive to the polished shell surface and would allow subsequent re-sampling or microscopic observation of the same surface without the need for repolishing (de Winter and Claeys, 2016). A disadvantage of the µXRF method is that it is sensitive to topographical differences of the scanned surface, and that the X-rays penetrate the sample further than LAICPMS ablation, causing smoothing of the peak signal (compare Figures 3, 4 and see discussion in section 4.3). Since the µXRF pilot measurements in this study were done after LAICPMS profiles were ablated on the samples, the resulting topographical features could not be avoided, and they visibly affect the Sr/Ca background in Figure 4 (see section 3.3). If µXRF scanning is used to locate trace element peaks in spiked specimens, we recommend carrying out this analysis before applying more destructive sampling methods to the shell surface.



4.1.3 Variability between species

The ease with which Sr peaks can be recognized in LAICPMS profiles decreases from cockles to mussels and oysters (Figure 3). Peaks in Sr/Ca induced by Sr spiking are much higher in cockles than in mussels and oysters, likely due to the mineralogical difference between the aragonitic outer shell layer of cockles and the calcitic layers targeted in mussels and oysters. Due to the difference in mineral structure, the partition coefficient of elements with a high ionic radius (e.g. Sr and Ba) into aragonite is higher than into calcite, explaining higher Sr concentrations in aragonitic cockle outer shell layers than in calcitic mussel and oyster shells grown under the same environmental conditions (Day and Henderson, 2013; Wassenburg et al., 2016). This effect of different partition coefficients between aragonite and calcite is also evident from the uptake of other trace elements during the Sr peak: elements with a relatively small ionic radius (Na, Mg, Mn) show stronger enrichments relative to the background value in calcitic mussel and oyster shells while larger elements (e.g. Ba) are more enriched in the aragonite of cockle shells (Figures 5; SI5).

The increase in concentration of other elements during Sr spiking could be a result of the “closed-sum effect”, which occurs because elevated Sr concentrations reduce Ca concentrations in the same shell section, thereby increasing the ratios of other trace elements to Ca (Van der Weijden, 2002). However, considering that the highest Sr/Ca peaks feature Sr/Ca ratios of at most 8 mmol/mol above a background ratio of ~2 mmol/mol in cockles (10 mmol/mol peak height, with lower peaks in mussels and oysters; Figure 3), the resulting decease in Ca concentration relative to the nominal Ca concentration in CaCO3 (1 mol/mol for pure aragonite) can only explain an increase of at most 0.8% (0.008/1.0 mol/mol) relative to the background value in other elemental ratios. Figure 5 shows that peaks in elemental ratios other than Sr/Ca is too large to be fully explained by the closed-sum effect.

This suggests that the uptake of different trace elements into the shells of all species studied here is linked by a common process. Differences between elemental concentrations are mainly driven by differences in the partitioning into different minerals, and increased element uptake happens simultaneously for all elements under study. This supports the hypothesis that processes affecting the concentration of trace elements in the extrapallial fluid of molluscs (e.g. through Ca-channels Hagiwara and Byerly, 1981) dominate over more element-specific processes that control the degree by which (trace) elements are built into the mineral structure (e.g. through an organic template for shell formation Gillikin et al., 2005). Our results therefore argue in favour of the biomineralization model put forward by (Carré et al., 2006).

While most Sr peaks are identified in oysters, Sr labelling produces much more easily identifiable peaks in mussels and cockles (Figure 3). This suggests that the success of Sr labelling does not depend only on shell mineralogy, but that the mode of shell growth and the location of measurement plays an important role. In contrast to cockles and mussels, oysters show highly irregular growth patterns with frequent changes in growth rate and direction (Carriker et al., 1980; Banker and Sumner, 2020). Furthermore, oysters may resorb parts of their shell to maintain pH within the extrapallial fluid during anaerobic respiration, which may affect the timeline recorded in their outer shell layers (Kent, 1992). This causes variability in growth rate along the ventral margin through cross sections of the shells (e.g. along LAICPMS; Figure 3). As a result, Sr/Ca peak height in oysters is expected to vary significantly within the shell depending on the orientation of the measured section because of these differences in local growth rate. Peak height is therefore not an ideal metric for comparing trace element compositions between shells and shell segments in oysters. For this reason, growth rates in oysters are often studied in the hinge area, which is less affected by these irregularities (e.g. Surge et al., 2001; Mouchi et al., 2013; Ullmann et al., 2013; Huyghe et al., 2019). However, the small width of oyster hinge plates, especially in young specimens, limits the temporal resolution of chemical profiles sampled in this area of the shell and therefore on the precision with which short-lived peaks in Sr concentration can be detected there. Alternative labels which can be detected at smaller scale, such as the use of fluorescent dyes or Mn labelling combined with cathodoluminescence microscopy (Huyghe et al., 2019) might be better suited for analyses in the hinge areas of oyster shells. In addition, administrating elevated concentrations of isotopically enriched strontium (e.g. 87Sr or 86Sr) could produce peaks with distinct isotopic signatures which would be simple to trace within the shell, albeit requiring multi-cup ICPMS or nanoSIMS techniques to detect (e.g. Houlbrèque et al., 2009). Note that a difference in the time lag of the incorporation of Sr (and other trace elements) into the shell may exist between species, or between individuals as a consequence of differences in individual growth rate or activity, which might explain part of the differences in the way Sr/Ca peaks are expressed in the shells of cockles, mussels and oysters.



4.1.4 Variability with spike timing or health

Another factor to consider when comparing the shape and height of Sr/Ca peaks is the timing of the peak relative to the growing season. Like most poikilothermic organisms, cockles, mussels, and oysters growing in temperate regions all show distinct seasonal patterns in growth rate related to changes in temperature and food availability (Bayne and Worrall, 1980; Hilbish, 1986; Richardson et al., 1993; Milano et al., 2017). Since growth rate during labelling is likely an important factor for determining the shape and height of Sr peaks (see sections 4.1.1 and 4.1.3), the timing of labelling relative to the growth season might determine whether Sr peaks can be successfully recognized, especially if growth is episodic instead of continuous. Connected to this, the health of individuals of these species is known to vary significantly over the growing season (Bayne and Worrall, 1980; Hilbish, 1986), which may affect how trace elements are taken up into the extrapallial fluid and therefore Sr concentrations in the shell (Carré et al., 2006). Comparing different Sr/Ca peaks in the same specimen associated with the same spiking dose shows that there is no clear relationship between the timing of the peak and peak height or shape (see Figures 3, 4). However, it must be noted that the period between consecutive spikes of the same dose is not very high, and experiments administering the same Sr dose at multiple different times during the growing season would be needed to fully constrain the effect of growth rate on the shape and height of Sr peaks recorded in the shells. In cockles and especially in mussels, peak height is a good indicator for Sr spiking dose (Figure 6), and Sr/Ca peaks belonging to the same dose but timed later in the growth season (e.g. high dose peaks on April 3rd and April 22nd; Figure 3) are similar in shape and size.

In addition, Sr peak shape and height in cockle specimens G003, G511 and G600 which did not survive through the full experimental period (Figure 3A) do not seem consistently different from those in cockles that lived through the full growing season (Figure 3B). From this it seems that the decreased health (as evident from their early death) of these three specimens did not affect how Sr labels are recorded in their shells. Therefore, we do not directly observe an effect of either health or spike timing relative to the growing season on the detection of Sr spiking peaks in our specimens. The caveat of this observation is that highly dosed Sr spikes were administered early in this experiment while lower doses were used later in the season, making it hard to disentangle the effect of seasonal variability in growth rate or health from our dataset. To more thoroughly check whether seasonal variability in these conditions affects Sr labelling, an experiment could be conducted in which Sr spikes of the same doses are administered further apart in time such that the evolution of Sr peak shape and size through the season can be observed independent of the dose.




4.2 Uncertainties related to Sr peak location

Variations in peak location between different profiles through the same cockle specimen reflect the uncertainty when estimating growth rates from Sr labelling. The distance in growth direction between two Sr peaks does not scale monotonously with the position of the profiles relative to the outer margin of the shell (Figure 3A), as would be expected due to the curvature of the shells (Milano et al., 2017). Differences in growth rate reconstructed from the locations of these Sr peaks can thus not be fully explained by the shape of the shell. The location where the Sr spikes are measured in the shell matters for the estimate of the growth rate and including estimates from different places within the shell causes greater uncertainty on shell size reconstructions (Figure 6). In addition, differences in the rate or timing of trace element uptake, or (sub-)daily variations in shell growth rate, between species cannot be excluded based on our experiment (see section 4.1.3). Such differences may place additional uncertainty on the shell growth rates reconstructed from Sr spikes.

The observation that trace element profiles measured at different locations within the same specimen (Figure 3A) differ in both height and (subtly) in location in the shell cross section shows that an environmental signal (in this case an increase in Sr concentration) is not recorded uniformly within new shell material precipitated by cockles. This corroborates the results of previous studies showing that local changes in shell extension rates or differences in shell microstructure and morphology can influence the uptake of trace elements into mollusc shell carbonate (Freitas et al., 2009; Marali et al., 2017). By extension, differences in Sr peak location and height between specimens of cockles, mussels and oysters grown under the same conditions (Figure 3) demonstrate that these variations contribute to uncertainty in trace element records when comparing multiple specimens from the same environment, as hypothesized in previous studies (Schöne et al., 2006; Freitas et al., 2008). These results place additional uncertainty on paleo-environmental reconstructions from trace element profiles through (fossil) mollusc shells, even when employing a multi-specimen approach (de Winter et al., 2017b; Fröhlich et al., 2022).



4.3 Peak shape

The asymmetry in Sr peaks is consistent between species but differs between methods (Figures 3, 4). Tails in Sr/Ca peaks are hundreds of micrometers long, an order of magnitude larger than the spot sizes of LAICPMS (20 µm) and XRF (25 µm). However, while LAICPMS measurements are based on ablation of a minimum amount of surface material from the cross sections through the shells (crater depth is typically less than spot size; Holá et al., 2011; Fehrenbacher et al., 2015), while X-ray fluorescence scanning produces a depth-integrated signal of which the reach depends on the excitation energy of the X-ray photons (Jablonski and Powell, 2020). Since strontium concentrations are analysed based on the Kα1 (14.16 keV) and Kβ1 (15.82 keV), the attenuation length of Sr in calcium carbonate measured by XRF is in the order of 400-500 μm, causing the XRF Sr/Ca profiles with this method to integrate over roughly 1 mm in depth (Henke et al., 1993). Considering that the X-ray beam in the Bruker M4 setup describes an angle of 39° with respect to the true perpendicular to the sample surface (de Winter and Claeys, 2016), this attenuation length in beam direction could easily translate to an averaging of the XRF signal over a few 100 μm in lateral direction. We therefore conclude that the observation of differences in Sr/Ca peak shape between LAICPMS and XRF profiles on the scale of 100s of μm likely results from the difference in depth signal integration between the methods. This caveat of the XRF method should be considered when using the method for detecting trace element peaks in mollusk shells, since it has the potential to place significant added uncertainty on the recognition of true peak location. The observed asymmetry in LAICPMS peak shape is not a methodological artefact (depending on either spot size or the washout during LAICPMS analysis), but instead a true expression of the Sr concentration in the shells.

The fact that mussels and oysters have broader peaks with more strongly tailed Sr distributions than cockles (Table 3) is perhaps counterintuitive, given the higher total amount of Sr being taken up by cockles due to a comparatively large affinity for Sr in aragonite (see above), which could cause peak area to increase. The difference in peak width in growth direction also suggests that there is a difference in the rate or timing by which the different species record elevated Sr concentrations in their shells. However, when controlled for mean growth rate, which varies between 50-100 μm/d in cockles, 120-180 μm/d in mussels and 100-200 μm/d in oysters (Figure 8D), the estimated amount of time contained within peaks remains relatively constant between species (4 - 5.5 days; SI6), suggesting that the difference in peak width is likely caused by differences in growth rates, not by differences in response or retention time of Sr within the organisms. However, as mentioned above, delays in the incorporation of Sr in response to elevated environmental Sr concentrations may still be different between species, especially considering the differences in body mass, gill and mantle surface between the three taxa (Richardson et al., 1980; Hilbish, 1986; Richardson et al., 1993). Moreover, the asymmetric shape of Sr peaks with a slow build-up of Sr concentration and a fast drop in Sr/Ca (see section 3.4) suggests that the incorporation of Sr into the shell is somehow buffered or delayed relative to the onset of the spiking event in all species. This suggests that the portion of the shell containing the peak Sr concentration might have mineralized later than the onset of the spiking event, or even after the end of the Sr spike. Unfortunately, changes in shell growth rates within the peaks cannot be reconstructed in this study, so this hypothesis cannot be tested with our dataset. Therefore, we cannot exclude the possibility that different behaviour of Sr incorporation into the shell as a function of species, shell mineralogy, physiological state or as a function of the size of the Sr dose might play a role in determining how Sr peaks are recorded in the shells and whether peak positions accurately mark the spiking event.



4.4 Estimating shell size from labelled individuals

Shell sizes determined from the umbo to the location of Sr peaks in cross sections through the shells consistently underestimate shell size measurements as taken from the outside of living individuals (Figures 7, 8). This is not surprising, because Sr spike-based distances in cross section are only measured from the umbo (reference point) to the location of the spike on the LAICPMS profile within the outer shell layer, while calliper measurements are taken along the outside of the shell (Figure 2). This effect is clear from the difference in shell size estimates based on Sr spikes for different LAICPMS transects through the same specimen, with profiles closer to the outer shell margin yielding larger shell sizes than the profile farther towards the inside of the shell (Figure 7). In addition, the curvature of the shell increases the width between the flat ends of the measurement calliper, which must move farther apart to accommodate a more curved shell. This effect of curvature is stronger in cockles than in mussels and oysters which show less curvature. Curvature also has a higher relative effect on smaller shells, explaining the trend towards closer agreement between Sr spike-based shell size estimates and calliper measurements in larger specimens (Figure 8F). Furthermore, the outside of cockle shells are ribs and grooves, causing measurements on the outside with callipers to always include the thicker ribs into the shell measurements, while cross sections may cut through grooves, reducing the measurement result. Finally, even though shell cross sections and calliper measurements were made through the axis of maximum growth, it is possible that the cross section is laterally offset from the exact direction in which the calliper measurement took place. This adds an additional offset between the measurements which should be consistent within shells of individuals.

There is also systematic uncertainty to consider in both methods of measurement: Uncertainty related to the position of Sr peaks within areas of shell affected by higher Sr concentrations is typically in the order of 0.3 mm (see sections 4.1.1 and 4.1.3). Calliper measurements are prone to human error (e.g. small variations in the way the calliper is positioned) which result in an uncertainty of ~0.2 mm (1σ; see section 2.1.2 and SI11), roughly on the same order of magnitude as variability in Sr spiking-based estimates. Together, these sources of uncertainty seem sufficient to explain most of the variability in shell size measurement within specimens, but they cannot explain the consistent offset between the two methods. Therefore, when combining labelling techniques and live measurements in growth experiments, we advise to calibrate the results of both techniques using spikes and live measurements performed at the same time during the growth experiment on the same individuals. Specimens exposed to the tidal cycle (intertidal specimens; as opposed to our subtidal setup; see Figure 1) could provide additional control on the timing of Sr spikes using tidal increment-based chronologies, removing some uncertainty related to peak width and growth rates.



4.5 Estimating growth rate from labelled individuals

Despite the offsets and uncertainties considered above, both Sr spiking and calliper measurements yield similar sigmoid-shaped shell size profiles through the growth season (Figure 7). This suggests that meaningful and reproducible information about the growth rate seasonality can be recovered from these measurements, since any consistent offsets between the methods should not affect the increase in shell size between two time intervals. However, Figures 8C–E shows that monthly averaged patterns in growth rate over time differ significantly between Sr spiking and calliper measurements. The reason for this difference is that both methods rely on a maximum of 4 or 5 datapoints per specimen which are offset from each other in time, making direct comparison of growth periods impossible. The attempt to circumvent this issue by linearly inter- and extrapolating based on shell size datapoints and aggregating results in monthly time bins did not successfully reconcile growth rate results between the methods (Figure 8E). The sparsity of shell measurements and Sr spikes (Figures 8A, B) necessitates much intra- and extrapolation to estimate average monthly growth rates. The latter likely explains deviating growth rate reconstructions, given that the growth rates calculated for cockles, for which twice the number of specimens and Sr spikes were measured, show better agreement between the methods than those of the other species.

In absence of a direct agreement between shell size estimates from the two methods, records based on our Sr spiking or calliper measurements alone clearly lack the resolution to characterize growth rate seasonality in the three species beyond a first order estimate of the months in which growth is fastest (May/June) and a reasonably accurate estimate of mean growth rates through the experimental period (see section 4.1.3). The overall timing of growth, shell size and growth rate found through our Sr spiking results are in good agreement with previous studies on the same species of cockles (e.g. Hilbish, 1986; Milano et al., 2017; Castrillejo et al., 2020), mussels (Page and Hubbard, 1987; Riisgaord et al., 2012) and oysters (Wilson, 1987; Richardson et al., 1993). Therefore, our data shows that detailed (monthly-scale) measurements of growth rate and shell size are possible based on Sr spiking if spikes are administered more frequently.



4.6 Outlook and recommendations

In this study, we show that, much like Mn (Mouchi et al., 2013), Sr can be used as a trace metal for spiking the shells of molluscs during growth experiments. However, our spiking experiments have varying success depending on the spike done and species. Since these issues are not fully explained by differences in mineralogy (and the resulting Sr partition coefficients Day and Henderson, 2013; Wassenburg et al., 2016) and growth rate variability, variations between species and specimens may be related to the way molluscs take up and store elements like Sr before they end up in their shells, or to short-term changes in shell growth rate within the spiking event (~24h). To control for these, more knowledge is needed of these processes, which can be obtained by specific growth experiments with populations of a species and in which the Sr concentrations in soft tissue and new shell material as well as shell growth is traced during and after a spiking event (pulse experiment). Culturing populations with and without spiking and changing spike durations while keeping the concentrations fixed could be useful for tracing growth and concentration of the spiking agent (e.g. Sr) during spikes and the effect of spike duration, especially when shells can be internally dated and sampled on timescales beyond the pulse length (e.g. through smaller LAICPMS spots or SIMS measurements or tidal growth laminae in cockles; Evans, 1972; Sano et al., 2012). Repeating experiments like the one described here on bivalve species with very different growth characteristics, such as symbiont-bearing tridacnids, fast-growing pectinids and long-lived species like Arctica islandica would be very useful to gauge the response of these taxa to spiking events. Finally, experimenting with varying dose heights (concentrations of Sr in the water) could be useful. However, very high trace element concentrations must be applied with care in growth experiments, as they may inhibit the formation of carbonate by calcifying organisms (de Nooijer et al., 2009).




Conclusion and outlook

Spiking water in mollusc growth experiments with elevated concentrations of strontium of 3-8 times the background concentration produces recognizable peaks in Sr/Ca ratio in the shells of cockles, mussels, and oysters. Overall, this technique presents a simple and cost-efficient means to label mollusc shells in growth experiments with minimal disturbance of the animals. Our dataset shows that higher Sr doses (7-8 times background value; ~0.6 mmol/L) ensure the formation of clearly recognizable peaks in cockles and mussels. Spiking of oyster shells is generally less reliable due to their irregular growth and potential shell resorption. The width of Sr peaks recovered in this study’s specimens (~400 µm) adds uncertainty on the exact placement of the peak which is equivalent to 3-5 days of growth if the full peak width is considered as opposed to the highest Sr values within the peak. In addition, multiple spiking events per month are necessary to accurately trace changes in growth rate through a growing season. Therefore, it seems fruitful to experiment with exposing specimens to high doses of elevated Sr concentrations frequently and for shorter time intervals (< 24 h) in an attempt to produce sharper, more easily recognizable peaks which can be used to trace shell growth in detail during experiments.
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Specimen # Start experiment (dd/mm/yyyy) End experiment (dd/mm/yyyy) pe of analys|
G003 C. edule 16/03/2020 04/06/2020 LAICPMS (3 profiles)
XRF (1 profile)
G511 C. edule 16/03/2020 04/06/2020 LAICPMS (3 profiles)
XREF (1 profile)
G600 C. edule 16/03/2020 04/06/2020 LAICPMS (3 profiles)
XRE (1 profile)
G457 C. edule 16/03/2020 24/09/2020 LAICPMS (1 profile)
G472 C. edule 16/03/2020 24/09/2020 LAICPMS (1 profile)
G555 C. edule 16/03/2020 24/09/2020 LAICPMS (1 profile)
G177 M. edulis 16/03/2020 24/09/2020 LAICPMS (1 profile)
G191 M. edulis 16/03/2020 24/09/2020 LAICPMS (1 profile)
G259 M. edulis 16/03/2020 24/09/2020 LAICPMS (1 profile)
G271 0. edulis 16/03/2020 24/09/2020 LAICPMS (1 profile)
G282 0. edulis 16/03/2020 24/09/2020 LAICPMS (1 profile)
G372 0. edulis 16/03/2020 24/09/2020 LAICPMS (1 profile)
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(mmol/ (mmol/ (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol)  (mmol/mol) (mmol/mol)
mol) mol)
High M. edulis 102 £043 045 016 041 £009 527 £159 306 085 299 £070 249 £245 104 | 084 083 £028
0. edulis 081 086 023 +009 023 £008 14505 29104 1040 £1338 1611 £2035 2830 4084 | 337 | 346 414 610
C. edule 157 £081 081 026 056 +031 026 £246 | 688 190 683 £195 | 043 £023 | 030 | xodl 029 011
N 36 36 36 18 18 18 36 36 36
mean 136 081 065 £032 048 £028 | 5356 17135 678 797 864 £1693 | 542 1864 094 | 176 102 1272
Medium | M. edulis 062  £004 033 £002 030 004 692 £083 406  +043 400 £042 145 £006 | 090 | 003 092 012
0. edulis 033 £008 020 £002 020 £003 658 | £036 401  £020 397 £026 | 276 £006 | 135 | +0.7 136 +019
C.edule 062 024 046 +008 042 +007 975 | £245 | 666 +143 676 119 | 070 £027 048 | 012 041 £0.10
N 15 15 15 9 9 9 15 15 15
mean 056  £022 038 013 035 son 775 | £200 491 151 491 2153 126 085 | 074 | 038 070 041
Low M. edulis 052 £002 029 £001 026 +002 653 £043 369 £029 359 +021 21 x042 126 032 109 +021
0. edulis 036  £017 020 +006 019 £005 | 1376 £1695 504 219 426 £080 | 415 £293 | 194 | 085 157 +044
C. edule 082 £026 053 +008 044 £006 915 | £186 | 662 140 664 £135 | 062  £026 043 | 009 044 011
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High M. edulis 2449 £2019 926 +274 1432 +1403 0.96 =051 041 +0.18 044 £024
0. edulis 1295 +2043 87 2135 116 +262 216 +343 7 +1004 417 +977
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0. edulis 3847 +4883 765 472 504 015 078 =078 011 006 010 003
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Errors are presented as one standard deviation between different peaks and specimens of the same species. Values in rectangular boxes represent means and standard deviations of all peaks ofal specimens for that element at that spiking dose. Definitions of peak and mean
trace element ratios are explained in section 2.4 and Figure 2B.
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P (m) width (um) symmetry
C. edule 350 190 0.58
M. edulis 580 300 0.73

O. edulis 850 390 0.63
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Date (dd/mm/yyyy) Sr concentration

(mmol/L)
Spike 1 04/04/2020 ‘ 058
Spike 2 22/04/2020 ‘ 058
7 Spike 3 14/05/2020 ‘ 033
Spike 4 04/06/2020 ‘ 021
Spike 5 14/07/2020 ‘ 021

Detailed data on the concentration and timing of Sr doses is also provided in SI1.
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