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Editorial on the Research Topic 


Development and novel applications of geochemical proxies in marine and terrestrial carbonate records


Many marine and terrestrial carbonate deposits contain records of past climate and oceanographic conditions that span annual cycles to millions of years. Consisting of aragonite or (magnesian) calcite of biogenic or authigenic origin, they must accrete in regular increments to allow accurate dating of individual horizons. Advances in (micro)analytical and sampling techniques are unlocking records in new types of deposits, using novel geochemical proxies encompassing an ever-widening range of environmental variables, and going further back in time. We therefore felt that this Research Topic (RT) would be timely and informative.

In two papers, known proxies were retrieved from challenging, slow-growing organisms. Hetzinger et al. investigated specimens of high-Mg calcite coralline algae Neogoniolithon hauckii from the temperate Mediterranean Sea, associated with long in situ temperature records. High-resolution laser ablation (LA-)ICP-MS revealed Mg/Ca and Li/Ca cycles in distinctive annual banding with growth rates of 1.1–1.2 mm/y. Both display significant positive linear correlations with temperature. Hughes et al. report a 24-year isotope record from the bivalve Astarte borealis, a long-lived species that is difficult to drill with seasonal resolution. Secondary ion mass spectrometry (SIMS) yielded δ18Oshell with sub-monthly resolution showing marked correlations with sea surface temperature (SST) and, after appropriate smoothing of the data, with in situ salinity and the North Atlantic Oscillation (NAO) index. The authors propose that regional influences of the NAO on the Baltic temperature–δ18OSW correlation may render δ18Oshell particularly sensitive to NAO variations and that SIMS analysis of long-lived bivalves may uncover such variations across the Holocene.

Four papers describe laboratory or field cultures to develop new proxies. Pacho et al. studied shell Na/Ca and K/Ca, potential proxies for seawater Ca content on geologic time scales, in laboratory cultures of benthic foraminifera Amphistegina lessonii, as a function of seawater K/Ca and temperature. The results suggest that K/Ca in the calcite increases with increasing [K]SW and does not depend on (K/Ca)SW at constant [K]SW. However, due to a contrasting increase of Na/Ca in the calcite with (Na/Ca)SW, constraining paleoceanic [K]SW and [Ca]SW may require both ratios. de Winter et al. exposed aragonitic cockles (Cerastoderma edule), calcitic oysters (Ostrea edulis), and polycrystalline mussels (Mytilus edulis) to a timed series of five dissolved Sr spikes in an outdoor mesocosm over a period of ~3 months. Shells were analyzed by LA-ICP-MS, to ascertain the presence of concomitant Sr/Ca peaks that could serve as recognizable time markers for use in extended growth rate experiments. All three species recorded Sr/Ca peaks that generally matched the applied spikes in dose size and timing, yielding Sr-derived growth records that were broadly consistent with growth curves based on direct size measurements. Brosset et al. analyzed Sr/Ca in the outer shell layer of Arctica islandica bivalves from two lab-based temperature studies (1.1–15°C) by LA-ICP-MS. The data show complicated relations between temperature, growth, and the area and elongation of biomineral units. Comparison with an earlier field-based study indicates that the Sr/Ca thermometer in lab-grown specimens is much more sensitive and that neither the calibration nor corrections for vital effects are transferable between the two. Sakata et al. grew many non-clonal colonies of Pacific massive (Porites australiensis) and branching (Acropora digitifera) corals in aquarium culture for 77 days at different temperatures (18, 21, 24, 27, 30°C). Calcification rates and photosynthetic efficiency were monitored and newly grown aragonite was analyzed for Mg/Ca, Sr/Ca, Ba/Ca, U/Ca, δ18O and δ13C, using standard techniques. Moderate to strong negative linear correlations were found between temperature and Sr/Ca and δ18O in both corals, and Ba/Ca in A. digitifera only, none showing a correlation with calcification rate. The authors conclude that both corals are promising targets for paleotemperature studies. Conversely, U/Ca showed a negative linear correlation with calcification rate in A. digitifera, but no consistent dependence on temperature. No correlation with either temperature or calcification was found for Mg/Ca and δ13C.

In two papers, existing proxies are applied to samples from the distant past. Ichimura et al. obtained δ18O records of well-preserved fossil aragonite bivalves from the mid-latitude paleo-Pacific to investigate SST seasonality during the middle Cretaceous “supergreenhouse” climate. Assuming an invariant Cretaceous δ18OSW value of –1‰ (vs. VSMOW), the δ18Oshell records of two species reflect temperatures of 28–35°C with a seasonal range of 7°C. These are higher than in modern mid-latitudes (e.g., 4.8–22.1°C) but with smaller seasonality, more similar to modern subtropical conditions and consistent with an ice-free Arctic and the existence of the Bering Land Bridge at that time. Jacobi et al. reconstructed SST from shallow and deeper dwelling species of planktonic foraminifera in a unique core from a North Pacific seamount above the carbonate compensation depth, to derive the position of the subarctic front (SAF) into the Pleistocene (600 ka BP). Calcite δ18O and Mg/Ca reveal a sudden shift to colder SST around 280 ka BP, suggesting a southward SAF displacement that appears to be driven by a transition from sustained La Niña to El Niño-like conditions in the Pacific. Productivity, on the other hand, represented by sediment Ba/Ti ratios and by sediment Fe constraining dust input, appears to be driven by variations related to glacial–interglacial cycles.

Finally, Saenger et al. use a pseudo-proxy modeling approach, based on a large ensemble of linear inverse models, to determine whether SST distributions derived from Individual Foraminifera Analysis (IFA) is a potential proxy for Marine Heat Wave (MHW) events. With a bootstrapping algorithm, the model evaluates which MHW metric appears the most promising and then assesses what IFA sample size would be necessary to achieve a specific level of uncertainty for the MHW reconstruction, given the sedimentation rate. A case study for the Northeast Pacific indicates that cumulative MHW metrics with a 1σ threshold and 1-month duration yield the strongest transfer functions, independent of species, but that only sites with extremely high sedimentation rates allow MHW events to be predicted with uncertainties <20% for typical IFA sample sizes of 100–200 foraminifera.

We hope that readers of this RT will enjoy these papers and find inspiration for equally innovative research.
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The subarctic front (SAF) in the pelagic North Pacific is the northernmost front of the Kuroshio-Oyashio transition zone separating the subpolar and subtropical gyres and is marked by a strong sea surface temperature gradient. A complex interplay of e.g. variations of currents, the wind system and other forcing mechanisms causes shifts of the SAF’s position on timescales from orbital to interannual. In this study, we present proxy data from the Emperor Seamount chain, which reveal a link between long-term ENSO (El Niño/Southern Oscillation) dynamics in the tropics and shifts of the SAF. Based on sediment core SO264-45-2 from Jimmu Seamount (46°33.792’N, 169°36.072’E) located close to the modern position of the SAF, we reconstruct changes in (sub)surface temperature ((sub)SSTMg/Ca) and δ18Osw-ivc (approximating salinities) via combined Mg/Ca and δ18O analyses of the shallow-dwelling foraminifera Globigerina bulloides and the near-thermocline-dwelling Neogloboquadrina pachyderma, biological productivity (XRF-based Ba/Ti ratios), and terrigenous input via dust (XRF-based Fe). From ~600 to ~280 ka BP we observe significantly higher SSTMg/Ca than after an abrupt change at 280 ka BP. We assume that during this time warmer water from the Kuroshio-Oyashio transition zone reached the core site, reflecting a shift of the SAF from a position at or even north of our study site prior to 280 ka BP to a position south of our study site after 280 ka BP. We propose that such a northward displacement of the SAF between 600-280 ka BP was induced by sustained La Niña-like conditions, which led to increased transport of tropical ocean heat into the Kuroshio-Oyashio transition zone via the Kuroshio Current. After ~280 ka BP, the change to more El Niño-like conditions led to less heat transfer via the Kuroshio Current with the SAF remaining south of the core location. In contrast, our productivity record shows a clear glacial-interglacial pattern that is common in the North Pacific. We assume that this pattern is connected to changes in nutrient supply or utilization, which are not primarily driven by changes of the Kuroshio and Oyashio Currents or the SAF.
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1 Introduction

The Kuroshio Current, as the northern boundary of the subtropical gyre, and the Oyashio Current, as the southern boundary of the subpolar gyre, are of significant importance for the midlatitude pelagic North Pacific (Qiu, 2019). The area between the two Currents is named the Kuroshio-Oyashio transition zone and is marked by several fronts (Figure 1). For example, the subarctic front (SAF), located close to our study site, is the northernmost front in the Kuroshio-Oyashio transition zone. Shifts of the Kuroshio and Oyashio Currents and their mixing zones have significantly affected oceanographic conditions in the North Pacific on various time scales and influence the global climate as the Kuroshio-Oyashio transition zone acts as a sink for atmospheric CO2 (Thompson and Shackleton, 1980; Hovan et al., 1991; Kawahata et al., 2000; Yamane, 2003; Ogawa et al., 2006; Takahashi et al., 2009; Ayers and Lozier, 2012; Chiyonobu et al., 2012). Yet the timing and the causes of such shifts in the frontal system are still a matter of debate.




Figure 1 | Sea surface and subsurface hydrology of the North West Pacific. (A) Bathymetric map indicating the locations of the study site SO264-45 and reference cores ODP Site 882 (Jaccard et al., 2010), SO202-39 (Korff et al., 2016), ODP Site 1210A (Chiyonobu et al., 2012), S-2 (Yamane, 2003), and C9001C (Matsuzaki et al., 2014). The surface current and water-mass structure in the Kuroshio-Oyashio transition area is schematically illustrated: EKC, East Kamchatka Current; KC, Kuroshio Current; KE, Kuroshio Extension; NPC, North Pacific Current; OC, Oyashio Current; SAC, Subarctic Current; KBF, Kuroshio Bifurcation Front; SAB, Subarctic Boundary; SAF, Subarctic Front. (B) Potential sea surface temperature of the North West Pacific from early summer 2021. The Oyashio-Kuroshio transition zone is characterized by large eddies. This figure was generated using EU Copernicus Marine Service Information with data from GLOBAL_ANALYSIS_FORECAST_PHY_001_024 (Zammit-Mangion and Wikle, 2020). (C, D) North-south-oriented annual temperature and salinity transects along 170°E illustrated with Ocean Data View (Schlitzer, 2019) based on data from the World Ocean Atlas 2018 (Locarnini et al., 2018; Zweng et al., 2019). The position of fronts are marked by white dotted lines; the core position by a red dotted line and depth habitats of G. bulloides and N. pachyderma by white arrows.



Some authors suggest a connection between shifts of the oceanic fronts in the North Pacific and climate changes related to glacial-interglacial cycles (Thompson and Shackleton, 1980; Kawahata and Ohshima, 2002; Harada et al., 2004; Yasudomi et al., 2014; Gallagher et al., 2015), others hypothesize a connection between El Niño-Southern Oscillation (ENSO), the Kuroshio strength and the positioning of the front system (Yamane, 2003; Chen et al., 2007). While ENSO is commonly known as the interannual oscillation between “El Niño” and “La Niña” phases, several authors suggest that there are also changes from more La Niña-like to more El Niño-like conditions on longer time scales (de Garidel-Thoron et al., 2005; Wara et al., 2005; Zheng et al., 2016; Jia et al., 2018). These authors use the paleotemperature gradient between the West Pacific Warm Pool (WPWP) and the Eastern Equatorial Pacific (EEP) (ΔTWPWP-EEP) as an indicator for ENSO on geological time scales. During more El Niño-like phases, there is a weak temperature gradient, whereas, during more La Niña-like phases, there is an amplified ΔTWPWP-EEP (de Garidel-Thoron et al., 2005; Wara et al., 2005; Zheng et al., 2016; Jia et al., 2018). Further, the path and strength of both the Kuroshio and Oyashio Currents are affected by changes in the wind system, e.g., the westerlies or the East Asian Monsoon (Yatsu et al., 2013).

The investigation of upper ocean hydrography, particularly sea surface temperature (SST), is promising for gaining further insights into shifts of the Kuroshio-Oyashio transition zone and its frontal systems. However, in the pelagic North Pacific, variations of SSTs have little been studied beyond the availability of observational data mainly because proxy records are sparse, especially over longer time scales, beyond the last glacial (Lohmann et al., 2019; Zhong et al., 2023). One of the main causes is the limited availability of carbonate-bearing sediment records. These are restricted to, e.g., seamount areas, where the water depth does not exceed the depth of the calcite compensation depth, which lies at about ~4000 m in the open North Pacific (Chen et al., 2021). This constrains the use of foraminiferal calcite as signal carrier for paleo proxies. Our study site, however, is located on Jimmu Seamount (water depth< 2500 m) right beneath the modern position of the SAF (Figure 1) and thus provides the rare opportunity to use foraminiferal calcite as a proxy for the reconstruction of changes in SST and δ18O of seawater.

The SST variability in the mid-latitude North Pacific is dominated by the Pacific Decadal Oscillation (PDO; Mantua et al., 1997). It describes the variability between periods of warm or cool surface waters and is a highly complex system combining various forcing factors. According to Newman et al. (2016), these include: (1) changes in ocean surface heat fluxes and Ekman (wind-driven) transport related to the Aleutian low due to both local, rapidly decorrelating, unpredictable weather noise and to remote forcing from interannual to decadal tropical variability (largely El Nino) via the “atmospheric bridge”; (2) ocean memory, or processes determining oceanic thermal inertia including “re-emergence” and oceanic Rossby waves, that act to integrate this forcing and thus generate added PDO variability on decadal time scales; and (3) decadal changes in the Kuroshio-Oyashio current system forced by the multi-year history of basin-wide Ekman pumping, manifested as SST anomalies along the subarctic front at about 40°N in the western Pacific ocean. The whole complexity of the PDO is not yet entirely understood. Thus, it is heavily discussed in ongoing research within the meteorological and climate dynamics communities, and attempts for paleo studies on the PDO reaching back further than 500 years are rare (e.g., MacDonald and Case, 2005; Yu et al., 2015; Johnson et al., 2020; Li et al., 2020; Choi and Son, 2022). Since much of the PDO represents the oceanic response to atmospheric forcing, it is difficult to consider the PDO as a forcing function itself (Newman et al., 2016).

To further identify the influence of shifts in the frontal system on primary productivity, we also consider representative XRF-based proxy data. In the North Pacific, primary productivity is mainly described to be linked to glacial-interglacial cycles, with higher productivity during interglacials and lower productivity during glacials (Narita et al., 2002; Gorbarenko et al., 2004; Kienast et al., 2004; Jaccard et al., 2005; Brunelle et al., 2007; Shigemitsu et al., 2007; Galbraith et al., 2008; Gebhardt et al., 2008; Jaccard et al., 2010; Riethdorf et al., 2013). However, the driving mechanisms for changes in productivity over longer time scales are not yet entirely understood. For example, to what extent the productivity was influenced by the complex interplay of atmosphere and ocean and their respective circulation patterns dependent on, e.g., sea ice formation, light limitation, wind strength, nutrient supply, and stratification (Haug and Sigman, 2009; Jaccard et al., 2010; Sigman et al., 2010; Sigman et al., 2021); Kawahata et al., 2000; Matsumoto et al., 2002; Brunelle et al., 2007; Shigemitsu et al., 2007; Jaccard et al., 2010; Nishioka et al., 2011; Costa et al., 2018; Sigman et al., 2021).

Thus, our new dataset on upper ocean temperatures (based on foraminiferal Mg/Ca), marine productivity (XRF-based Ba/Ti), and terrigenous input via wind (XRF-based Fe) from the pelagic North Pacific provide a unique opportunity to gain further insights into upper ocean dynamics, primarily spatial and temporal shifts of the Kuroshio-Oyashio frontal systems and a possible link to productivity over the past 650 ka.



1.1 Oceanographic setting

The North Pacific is characterized by two large-scale wind-driven gyre systems: the cyclonic Subarctic Gyre in the north and the anticyclonic Subtropical Gyre in the south (Huang, 2015). The Subarctic Gyre has a strong western boundary current. The Oyashio Current originates from the East Kamchatka Current and is further fed by cold, low saline nutrient-rich water from the Okhotsk Sea. Close to the coast of northern Japan the Oyashio Current has an annual mean temperature of ~5°C and a salinity of ~33 (Locarnini et al., 2018; Zweng et al., 2019). At ~42°N the Oyashio Current splits and one path continues as the northeastward flowing Subarctic Current (SAC) (Qiu, 2019). The western limb of the North Pacific Subtropical Gyre is also formed by a strong western boundary current. The Kuroshio Current originates from the warm, saline North Equatorial Current (NEC) and transports oceanic heat from the WPWP to the northern regions (Figure 1). The location where the North Equatorial Current (NEC) bifurcates into the Kuroshio Current and the Mindanao Current (Metzger and Hurlburt, 1996; Qiu and Lukas, 1996; Ujiié et al., 2003) is located at ~15.5°N for the annual average, but varies with time and depth. The meridional migration of the NEC bifurcation is strongly influenced by ENSO (Kim et al., 2004), which is the main driver of upper ocean circulation in the tropical Pacific, (Hu et al., 2015; Joh and Di Lorenzo, 2019). In El Niño years the NEC’s bifurcation point migrates to the north and the Kuroshio velocity and volume transport decrease. During La Niña years, in contrast, the NEC’s bifurcation migrates to the south and the Kuroshio velocity and volume transport increase (Qiu and Lukas, 1996; Yuan et al., 2001; Kim et al., 2004). Close to the coast of southern Japan, the Kuroshio Current has an annual mean temperature of ~19°C and a salinity of ~35 (Locarnini et al., 2018; Zweng et al., 2019). After separating from the Japanese coast at ~35°N, the Kuroshio Current enters the open basin of the North Pacific and continues as Kuroshio Extension (Qiu, 2002). At Shatsky Rise (~159°E), the Kuroshio Extension bifurcates, where the main body of the Kuroshio Extension continues eastward. A secondary branch, the Kuroshio Bifurcation Front (KBF), extends northwards (Qiu, 2002).

Along the northern boundary of the Kuroshio Extension/Kuroshio Bifurcation Front, numerous meanders and mesoscale eddies occur (Figure 1) due to the dia- and isopycnal mixing between Kuroshio and Oyashio water with vertically different temperature, salinity and velocity structures (Yasuda et al., 1996; Shimizu et al., 2001; Yasuda et al., 2002; Isoguchi et al., 2006; Mitnik et al., 2020). This mixing zone of water originating from the Kuroshio and Oyashio currents is termed the Kuroshio-Oyashio transition zone or mixed water region and is characterized by a pronounced latitudinal sea surface temperature, salinity, and nutrient gradient (Yasuda, 2003; Garcia et al., 2018; Locarnini et al., 2018; Zweng et al., 2019) (Figure 1). The northern end of the transitional zone is marked by the Subarctic Front (SAF) or Oyashio Front, which is defined as the 4°C isotherm at 100 m depth (Favorite, 1976). Subarctic surface water may drift southward across the SAF, and may cover the surface in the transition zone between the SAF and the Subarctic Boundary (SAB). The SAB is a near surface salinity front south of the SAF (Yasuda, 2003). East of 180°W/E the distinction between the Kuroshio Extension and the Subarctic Current is no longer clear and together they form the broad eastward-moving North Pacific Current (Qiu, 2019). It has been suggested, that there is a linkage between the latitudinal displacement of the Kuroshio-Oyashio transition zone and the climatic conditions of the tropical Pacific e.g. long term ENSO-like variability (Yamamoto et al., 2005).

Intermediate water masses (~400-900 m) are dominated by North Pacific Intermediate Water (NPIW) in the Subtropical Gyre and the mixed water region (Talley, 1993), and by Pacific Subpolar Intermediate Water (PSIW) in the subarctic Gyre (Emery, 2001; Fuhr et al., 2021).





2 Material and methods

The 8.35 m long gravity core SO264-45-2 was recovered from Jimmu Seamount at 46°33.792’N and 169°36.072’E from a water depth of 2425 m during R/V SONNE cruise SO264 (SONNE-EMPEROR) in August 2018 (Nürnberg, 2018). Additionally, the sediment surface was sampled with a Multi Corer (MUC: SO264-45-1, core length: 0.15 m; 46°33.795’N and 169°36.072’E). The core site selection was based on a systematic bathymetric survey, as well as sediment echosounder profiling. The upper 4.7 m of the core presented in this study consist of foraminifera-bearing sandy silt to foraminifera-bearing calcareous ooze, in some parts containing IRD (Nürnberg, 2018) and intercalated by five tephra layers of 2-6 cm width (Figure 2).




Figure 2 | Chronostratigraphy of core SO264-45 from Jimmu Seamount (Emperor Seamount Chain). (A) Top: Benthic d18O stack of core SO264-45 (green line = gravity core; yellow line = multicorer) in comparison to the global benthic LR04 d18O reference stack from Lisiecki and Raymo (2005). White triangles = tie lines used for tuning the core SO264-45 d18O to LR04. Black triangle = AMS14C dating. Bottom: The filtered 41 kyr component of the benthic d18O stack of SO264-45 (red) in comparison to the orbital obliquity. Gray shadings and numbers mark Marine Isotope Stages (MIS 1-17). Tephra layers identified in core SO264-45 are indicated as blue vertical lines. (B) The first 20 ka of A as a close up to better indicate the MUCs d18O in correlation with the gravity core and LR04. (C) The frequency spectrum of the benthic d18O stack (green = 95% significance line) indicates dominant cyclicities of 100, 41 and 23 kyr as a response to cyclic fluctuations in the Earth’s orbital parameters eccentricity, obliquity and precession. (D) Age-depth diagram for core SO264-45; the sedimentation rate is given by the curve’s slope.





2.1 XRF scanning

To determine the sedimentary elemental composition, the archive half of each core segment was scanned using an Avaatech X-ray Fluorescence (XRF) core scanner at the Alfred‐Wegener‐Institute (AWI) Bremerhaven. For preparation, the uppermost sediment layer was removed to provide a fresh and undisturbed surface, which was then covered with SPEXCerti Prep Ultralene foil. Each core segment was triple scanned at a one-centimeter resolution with a current of 0.15, 0.175 and 1 mA, tube voltages of 10, 30, and 50 kV, and acquisition times of 10, 15, and 20 sec, respectively. Element intensities were determined with the proprietory Aavatech WinAxil (Batch) software covering elements from aluminum to barium and are reported as counts per second (cps). As proxy for changes in paleoproductivity we use the barium/titanium ratio (Ba/Ti) (biogenic barium reflecting diatom productivity; e.g. Nürnberg et al., 1997). Based on the assumption that the covariance between aluminum (Al) and Ti content of terrigenous material remained constant in space and time (Galbraith et al., 2007), the XRF-derived barium counts normalized against terrigenous background elements like Al or Ti are well-established paleoproductivity proxies in the North Pacific area (Nürnberg et al., 2004; Jaccard et al., 2010; Korff et al., 2016). Al and Ti are both exclusively of detrital origin and correlate well at our study site (Supplementary Figure 6). Yet the detection of light elements like Al during XRF scanning shows a higher risk to be influenced by water trapped between the sediment and the scanning foil than heavier elements (Tjallingii et al., 2007). Thus, we use Ti for normalizing our Ba record.

Fe has been widely used to document variations in terrigenous sediment delivery and often relates to aeolian dust flux and thus wind strength (Jahn et al., 2003; Nürnberg et al., 2004; Jahn et al., 2005; Mohtadi et al., 2007; Helmke et al., 2008; Kaiser et al., 2008; Lamy et al., 2014; Abell et al., 2021). Therefore, we use the iron (Fe) record derived via XRF scanning as proxy for relative changes in terrigenous Fe input. Because the use of raw intensities or peak integrals of single element counts cannot be interpreted in terms of sediment composition we report our Fe-record as log-values (Weltje et al., 2008). The very good correlation of our Ti and Fe records (R²=0.98) (Supplementary Figure 6) implies that a potential diagenetic imprint on Fe is negligible (Croudace and Rothwell, 2015).




2.2 Foraminiferal geochemistry

For geochemical studies, we use the most abundant planktic foraminiferal species foraminifera Globigerina bulloides (G. bulloides) and Neogloboquadrina pachyderma (N. pachyderma) (sinistral-coiling, Darling et al., 2006). In the Northwest Pacific, G. bulloides is a near-surface dweller and mainly found above the thermocline (Iwasaki et al., 2017; Schiebel et al., 2017; Taylor et al., 2018), which occurs at ~40-50 m at the study site (Locarnini et al., 2018) (Figure 1 and Supplementary Figure 1). In the study region, G. bulloides calcifies throughout the year (Kuroyanagi et al., 2008; Sagawa et al., 2013; Taylor et al., 2018). In the North Pacific, N. pachyderma is mainly found at thermocline depth (Sarnthein et al., 2004; Riethdorf, 2013; Taylor et al., 2018), thus, we assume a depth habitat of 50-130 m for our study site (Locarnini et al., 2018). N. pachyderma is a subpolar species and prefers water temperatures below 7°C (Reynolds and Thunell, 1986), thus in modern settings it mainly occurs from autumn to spring at our study site, which is shown by sediment trap studies from the North Pacific (Kuroyanagi et al., 2008; Sagawa et al., 2013; Taylor et al., 2018). For a detailed discussion about seasonality and habitat depth, see Supplement 1.



2.2.1 Magnesium and calcium element ratios

Mostly, ~50 visually well-preserved specimens of G. bulloides and ~120 of N. pachyderma were selected from core SO264-45-2 at 2 cm sample spacing. Due to insufficient sample material in most of the samples, specimens were selected from a rather wide size range (G. bulloides: 250 – 400 µm; N. pachyderma: 125-315 µm; potential side effects on Mg/Ca ratios are discussed in the Supplement 1). Tests were gently crushed between cleaned glass plates to open the test chambers for efficient cleaning. Chamber fillings e.g. sediment or pyrite particles were removed. The fragmented and homogenized samples were divided into one-third for stable isotope analyses and two-thirds for trace element measurements.

Cleaning of foraminiferal fragments prior to trace element analyses followed the procedures of Boyle and Keigwin (1985) and Boyle and Rosenthal (1996). These include oxidative and reductive (with hydrazine) cleaning steps to e.g. remove oxide-rich coatings which may influence the Mg/Ca values (see Supplement 3). Samples were measured at GEOMAR - Helmholtz Centre for Ocean Research, on a VARIAN 720 ES axial ICP-OES coupled with a VARIAN SPS3 sample preparation system. The measurement strategy included regular analyses of standards and blanks to ensure analytical quality control. The data was drift-corrected and standardized to the internal consistency standard BCS-DRM 393 (ECRM 752-1) with an Mg/Ca reference value of 3.761 mmol/mol (Greaves et al., 2008). The long-term external reproducibility for the ECRM standard for Mg/Ca is ± 0.1 mmol/mol (2σ).

To monitor contamination and insufficient removal of siliciclastic material during the cleaning procedure, Al/Ca, Mn/Ca and Fe/Ca ratios were measured alongside the Mg/Ca. By assessing this data, we could not find any evidence of an influence of contamination on our Mg/Ca ratios. A detailed discussion can be found in the supporting information (Supplement 3). In addition, statistical Mg/Ca outliers were identified by applying the 1.5 interquartile method after Tukey (1977) (Supplement 3) and the two identified samples were remeasured.




2.2.2 Stable oxygen isotopes

In addition to the planktic foraminiferal species (G. bulloides: 250 – 400 µm; N. pachyderma: 125-315 µm), 3-5 tests of the benthic foraminiferal species Uvigerina spp. and Cibicidoides wuellerstorfi were selected from the size fraction 315-400 µm for oxygen isotope measurements. Planktic and benthic specimen were measured on a Thermo Fischer Scientific MAT 253 mass spectrometer equipped with an automated Kiel IV carbonate preparation device. Isotope values were calibrated to NBS‐19 (National Bureau of Standards) and reported relative to the Vienna Pee Dee Belemnite (VPDB) standard. The long‐term external reproducibility (n =<3,000) was monitored by the in-house Bremen standard (Solnhofen Limestone) with an analytic precision of 0.06 ‰ for δ18O. Applying the 1.5 interquartile method after Tukey (1977) the δ18O records of both the planktic and benthic foraminifera were checked for outliers (Supplement 3).

In order to combine the δ18O-values of both benthic species, we follow the conventional assumption that Uvigerina spp. calcifies in equilibrium with surrounding seawater δ18O (Shackleton, 1974; Shackleton and Hall, 1984; Labeyrie et al., 1999; Fontanier et al., 2006) and that C. wuellerstorfi deviates by ~0.64 ‰ from Uvigerina values (Shackleton and Opdyke, 1973; Labeyrie et al., 1999; Waddell et al., 2009). We hence corrected δ18OC. wuellerstorfi by adding 0.64 ‰.





2.3 Upper ocean temperature and ice volume corrected δ18O seawater assessment based on foraminiferal Mg/Ca and δ18O

For converting Mg/Ca of foraminiferal calcite into water temperature we used well-established species-specific equations from Elderfield and Ganssen (2000) for G. bulloides (Mg/Ca=0.56e(0.10*T)) and from Kozdon et al. (2009) for N. pachyderma (Mg/Ca=0.13*T+0.35) (Supplement 2). The temperature derived from G. bulloides is referred to as annual sea surface temperature (SSTMg/Ca: ~20-60 m) and the temperature from N. pachyderma as subsurface temperature (subSSTMg/Ca: ~50-130 m). Late Holocene temperatures of both species match the modern annual mean temperatures in the defined depth habitats (Locarnini et al., 2018; Supplementary Figure 1). For our interpretations, we assume that the foraminiferal species did not significantly change their habitat depth over time.

We are aware that changes in pH and salinity of the surrounding seawater, calcite dissolution and diagenetic effects can influence foraminiferal Mg/Ca, and hence the reconstructed absolute temperature values. Yet, we assume that these effects are either neglectable for our interpretation or lie within the assigned error range. A detailed discussion can be found in the Supplement 2–4.

Via the combined δ18O and Mg/Ca measurement of the foraminiferal calcite, we calculate the δ18O of seawater (δ18Osw) by removing the temperature effect from the initial foraminiferal δ18O signal. For G. bulloides we use the equation from Shackleton (1974) (T=16.9-4.38*(δ18Ocalcite-δ18Osw)+0.1*(δ18Ocalcite-δ18Osw)²) and for N. pachyderma the species-specific equation from Mulitza et al. (2003) (T=3.55*(δ18Ocalcite-δ18Osw)+12.69). The δ18Osw data is further corrected for changes in global ice volume (δ18Osw-ivc reported in ‰ versus SMOW; ivc = ice-volume corrected) by using a data set from De Boer et al. (2014). This was calculated based on the global LR04 stack (Lisiecki and Raymo, 2005) and simulations of continental ice sheets (De Boer et al., 2014). Modern δ18Osw is positively correlated to salinity (e.g. δ18Osw = 0.44*S-15.13; LeGrande and Schmidt, 2006), yet previous studies have shown that this relationship can vary over time e.g. through changes in regional freshwater budgets, ocean circulation, and sea ice regimes (Caley and Roche, 2015; Holloway et al., 2016). Therefore, we refrain from converting the calculated δ18Osw-ivc into absolute salinity units. However, we interpret high values in terms of relative high saline conditions and low values in terms of relative freshening. We present δ18Osw-ivc as relative changes deviating from the calculated modern value.




2.4 Chronostratigraphy

Accelerated mass spectrometer radiocarbon (AMS14C) dating provides an age estimation for the sediment surface (0–1 cm) from station SO264-45-1 (MUC). We chose the undisturbed surface sample of the MUC for this measurement, because the surface of gravity cores is often disturbed during core recovery. Approximately 90 µg C of the planktic species G. bulloides and the benthic species Uvigerina peregrina were measured at the MICADAS (Mini Carbon Dating System) facility at the AWI in Bremerhaven, Germany (AWI sample nr. 3976.1.1 and 3976.2.1). The raw 14C age was converted into calendar age, using the Calib8.20 software (Stuiver et al., 2020) along with the marine calibration dataset MARINE20 (Heaton et al., 2020) and a regional reservoir age correction of ΔR = 273 +- 70 years. In this case, ΔR is the mean reservoir age of six sites from the North Pacific published by Kuzmin et al. (2001; 2007) and Yoneda et al. (2007). The generated AMS14C age range (2 sigma) for U. peregrina is 263-745 years BP and 1871-1301 years BP for G. bulloides. This age difference lies within the age range for one sample (~1500 years/sample) as discussed below.

As benthic foraminiferal δ18O values from the MUC SO264-45-1 fit rather well to those of the uppermost centimeters of the gravity core SO264-45-2 (Figure 2), it is likely that both have similar surface ages. Thus, based on the 14C ages from the MUC’s surface we assume that the gravity core top sediments are of late Holocene age.

The stacked benthic δ18O isotope record of SO264-45-2 was visually correlated to the global benthic isotope stack LR04 (Lisiecki and Raymo, 2005) by using QAnalySeries v1.5.0 (Kotov et al., 2018). Our benthic record shows smaller amplitudes than LR04, which is most likely caused by low sedimentation rates, which mute extreme values. By applying 21 tie lines and linear interpolation between the tie lines, a correlation coefficient of r = 0.82 was achieved. Further support for the age model is provided by the spectral analysis of the benthic δ18O stack that reveals dominant cyclicities with a frequency of 0.01 and 0.025 as a response to the cyclic fluctuations in the Earth’s orbital parameters eccentricity and obliquity (Figure 2). The spectral analysis reveals that all obliquity cycles of the past 650 ka are reflected in our benthic δ18O stack. The calculated sedimentation rates are rather low with an average of 0.66 cm/ka for the discussed interval, thus one sample of 1 cm width reflects on average ~1500 years. Yet due to the observed bioturbation of the sediment (Nürnberg, 2018), the absolute age range of foraminifera in one sample might even be higher.

The ages of five tephra layers mentioned in the core description (Nürnberg, 2018) are shown in Figure 2. We assume that T4 might be the prominent Pauzhetka ash found in several records from the Northwest Pacific and Okhotsk Sea and dated to 421.2 ± 6.6 ka BP (Ponomareva et al., 2018). Yet according to our age model, the depth of T4 refers to an age of ~390 ka BP, which is likely within the range of dating uncertainty.





3 Results



3.1 Reconstruction (sub)SSTMg/Ca and δ18Osw-ivc

Over the last ~650 ka BP, δ18O values of G. bulloides fluctuate between 1.5 and 4 ‰, and those of N. pachyderma between 2.4 and 3.8 ‰ (Figure 3). With only few exceptions in MIS 6-8 the δ18O of N. pachyderma are consistently heavier than those of G. bulloides. The δ18O fluctuations of both species follow the glacial-interglacial pattern of the LR04 reference record (Lisiecki and Raymo, 2005) with heavy δ18O values during glacials and light δ18O values during interglacials (Figure 3). In MIS 11, however, G. bulloides shows lighter δ18O values than in the adjacent interglacials. In MIS 7, the δ18O are not light throughout the entire interglacial, yet decrease steadily. δ18O of G. bulloides is lightest in MIS 15 and 13 compared to the other interglacials in our record, while the δ18O of LR04 is heavier in MIS 15 and 13 compared to the other interglacials.




Figure 3 | Foraminiferal sea surface (red = G. bulloides, all data (thin line) overlain by a 10 ka unweighted smooth (thick line)) and sub sea surface (dark blue = N. pachyderma) proxy data of core SO264-45 versus age. (A) global benthic LR04 d18O climate record (Lisiecki and Raymo, 2005) for reference. (B) foraminiferal d18O; (C) foraminiferal Mg/Ca; (D) reconstructed sea surface (SSTMg/Ca) and subsurface (subSSTMg/Ca) temperatures; dashed blue lines = modern annual mean water temperatures at the defined living depths of G. bulloides (~30 m) and N. pachyderma (~70 m) (Locarnini et al., 2018). (E) Relative changes in Ice-volume corrected d18Osw deviating from the calculated modern value (gray line). Gray shadings and numbers mark Marine Isotope Stages (MIS 1-17). Error bars mark the 95% standard deviation (2s). Phase A (0-270 ka) and B (270-600 ka) are indicated by gray boxes.



Mg/Ca ratios from G. bulloides vary between 0.82 and 2 mmol/mol, which leads to SSTMg/Ca estimates between 3.8 and 12.7°C. The SSTMg/Ca development of G. bulloides can be divided into two phases (Figures 3, 4). Between ~600 and 280 ka BP (phase B), the surface ocean temporally reached SSTMg/Ca of up to ~12°C (with a mean of 8.7°C), thereby being up to ~6.5°C warmer than modern annual mean SST at 30 m (Figure 3). Within this time interval, the SSTMg/Ca broadly follow glacial-interglacial cycles except for MIS 10, during which the SSTMg/Ca is high (~10°C) throughout the glacial and MIS 11, where temperatures are ~2°C lower than in the adjacent glacials. In contrast to the cold MIS 16 (min ~ 7°C), MIS 14 remains rather warm with minimum temperatures of ~9.5°C. At 480 ka BP, the SSTMg/Ca abruptly decreases by ~4°C (calculated as the temperature difference between three data points prior and after the decrease; the decrease itself occurs between two data points) coming close to the modern-day SST value (Figure 3). This decrease is followed by an overall increasing SSTMg/Ca trend for the next 200 kyrs. Phase B ends at ~ 280 ka BP after a second abrupt SSTMg/Ca decrease of ~3.5°C (calculated as the temperature difference between three data points prior and after the decrease; the decrease itself occurs between two data points). From here on (phase A) the SSTMg/Ca remain rather low with an average of ~ 6.1°C and show only minor variations (max ±2°C) around the modern annual mean temperature at 30 m of ~5.5°C (Locarnini et al., 2018). The warmest SSTMg/Ca occur at the beginning and end of MIS 5 and in MIS 2, while in the middle of MIS 7 and 6 the SSTMg/Ca are coldest.




Figure 4 | Marine productivity and eolian flux in comparison to the SSTMg/Ca development: (A) LR04 d18O benthic isotope stack from Lisiecki and Raymo (2005). (B–D) XRF-based productivity records from the North Pacific; high Ba/Al and Ba/Ti values point to a high marine productivity. (B) Ba/Ti record of SO202-39-3 (Korff et al., 2016). (C) Ba/Al record of ODP 882 (Jaccard et al., 2010). (D) Ba/Ti record SO264-45 (this study). (E) XRF-based normalized Fe record as indicator for eolian dust supply to core SO264-45 (this study); note the descending y-axis. (F) SSTMg/Ca record SO264-45 (thin line = raw data; thick line = 10 ka unweighted smooth). Gray shadings and numbers mark Marine Isotope Stages (MIS1-17).



N. pachyderma shows consistently lower Mg/Ca ratios than G. bulloides, which vary between 0.41 and 1.14 mmol/mol with subSSTMg/Ca estimates between 0.5 and 6.1°C (Figure 3). Throughout the entire record, the subSSTMg/Ca show amplitude variations of ±3°C around an average of ~2.9°C. This average matches the modern annual temperature at thermocline depth of ~3°C (Locarnini et al., 2018). The highest subSSTMg/Ca of up to ~6°C is reached at the transition to the Holocene and the lowest with ~0.5°C during MIS 12. In contrast to the SSTMg/Ca the subSSTMg/Ca do not show a shift towards warmer temperatures prior to 280 ka BP, yet rather cold subsurface conditions between MIS 13 and MIS 10. From MIS 5 to MIS 1 subSSTMg/Ca and SSTMg/Ca follow a similar low-amplitude pattern.

The δ18Osw-ivc records reveal a different pattern than the SSTMg/Ca and subSSTMg/Ca records (Figure 3). Both, the seasurface and subsurface δ18Osw-ivc records have rather similar amplitudes and fluctuations. Between ~650 and 350 ka BP G. bulloides shows constantly higher δ18Osw-ivc values than N. pachyderma. Between 0 and ~350 ka BP, however, both records lie within error range of each other and alternately show higher values. Prior to 280 ka BP the δ18Osw-ivc records of both species tend to be higher in interglacials and lower in glacials.




3.2 Productivity and terrigenous input

The XRF-based Ba/Ti record and thus the reflection of marine productivity shows a clear glacial-interglacial cyclicity. Ba/Ti values start to increase during the deglaciations and reach their maxima during the early interglacials (Figure 4). During the late interglacials and the subsequent early glacials low Ba/Ti values predominate. This pattern even holds for the period MIS 15-14, although the Ba/Ti ratios remain on an exceptionally high level during glacial MIS 14, which even exceeds typical deglacial to early interglacial values. The deglaciation towards MIS 13 is again characterized by a continuous increase in Ba/Ti. In the late interglacial MIS 13 (~500-480 ka BP), we observe a rapid and significant decrease in Ba/Ti to typical glacial values, synchronous to significant changes in Fe and SSTMg/Ca (Figure 4).

The XRF-based normalized log Fe record, which is used as a proxy for terrigenous input commonly increases at the transitions from late interglacials to early glacials and decreases during the glacials. Prior to MIS 12, no distinct glacial-interglacial pattern is recognizable. Between ~560 and ~500 ka BP, Fe values are exceptionally low, which is followed by a sudden increase from ~500-480 ka BP (Figure 4). Ba/Ti and Fe appear to be anticorrelated with low Fe values in times of high Ba/Ti and vice versa. Thus, between MIS 13 and 5 Ba/Ti maxima occur on average ~30 ka earlier than Fe maxima.





4 Discussion



4.1 Influence of changes in the Kuroshio/Oyashio current system on upper ocean temperatures at Jimmu Seamount

At the study site, glacial-interglacial changes are well documented in the benthic and planktic δ18O records of all species with high δ18O values during glacials and low δ18O values during interglacials. This indicates that climate variations did have an effect on both the upper and deep ocean. Yet in our SSTMg/Ca and subSSTMg/Ca records changes between glacial and interglacial periods are neither particularly dominant nor continuously reflected. Thus, the observed temperature variations and especially the mode shift between phases A and B, recorded in the SSTMg/Ca record must have been caused by different forcing mechanisms. A shift from higher SSTMg/Ca prior to 280 ka BP to colder SSTMg/Ca in more recent times, as reflected in our proxy data, does occur in few records from certain areas in the North Pacific (cf. 4.1.1) but it is neither a global phenomenon nor significant in the entire Pacific region (Morley and Heusser, 1997; Herbert et al., 2001; Lang and Wolff, 2011; Bordiga et al., 2013). Thus, our observed SSTMg/Ca shift cannot be explained by a general cooling of the (North) Pacific climate after 280 ka BP yet must be linked to changes in local hydrography, most likely the complex interplay of the Kuroshio and Oyashio Current.



4.1.1 Influences of changes in the tropical Pacific on the study region

Today the volume transport of the Kuroshio Current is linked to ENSO and the induced changes of the location of the NEC’s bifurcation point (cf. 1.1). This way the Kuroshio velocity and volume transport is increased during La Niña years and reduced during El Niño years (Qiu and Lukas, 1996; Yuan et al., 2001; Kim et al., 2004). It is likely that such changes do not only appear on decadal timescales, but also over longer time periods. This is indicated by a study from the Ryukyu Arc region (north of the NECs bifurcation point) based on planktic foraminiferal assemblages. It shows that during the last 21 ka BP lower rates of surface transport in the Kuroshio Current occurred when more El Niño-like conditions prevailed in the Equatorial Pacific (Ujiié et al., 2003). Assuming that these mechanisms did not significantly change over the past 650 ka BP, they would also have affected the upper ocean dynamic at our study site.

To test this hypothesis, we compare our SSTMg/Ca record to proxy records from de Garidel-Thoron et al. (2005) and Jia et al. (2018) (Figure 5). Both studies reconstructed mean states of more La Niña-like and more El Niño-like conditions in the WPWP on millennial timescales. de Garidel-Thoron et al. (2005) used records from the WPWP (MD97-2140: SSTs generated via Mg/Ca from planktic foraminifera) and the EEP (ODP846: SSTs generated from alkenones) to calculate the temperature difference between the WPWP and the EEP (ΔTWPWP-EEP). Jia et al. (2018) calculated the ΔTWPWP-EEP by using four Mg/Ca-based SST records from the WPWP as well as three SST records from the EEP generated from Mg/Ca and  . The records from Jia et al. (2018) and de Garidel-Thoron et al. (2005) are not entirely concordant (Figure 5). This is likely a result of different seasonality of the proxies, regional differences, local influences on the temperature development besides ENSO, which reflects the highly dynamic development of the WPWP and EEP, and uncertainties in age models. Yet, the general trends of both records are rather similar and thus, reliably reflect major changes of ENSO dynamics on long time scales. By comparing our SSTMg/Ca record to these paleo-ENSO records, we focus on the long-term development and identify threshold-like events.




Figure 5 | ENSO effect on the N Pacific oceanography. (A) SSTMg/Ca record (thin line = raw data overlain by a 10 ka unweighted smooth (thick line) at core location SO264-45. Maximum SSTMg/Ca divided into different time periods are marked as dotted lines. (B) Mg/Ca based SST from the East China Sea (ECS; light blue) and the North Pacific Subtropical Gyre (NPSG; dark blue) (Ujiié et al., 2016). (C, D) Proxy records of ENSO variability from de Garidel-Thoron et al. (2005); thin green line = complete record overlain by a 10 ka unweighted smooth = thick green line; (B) and Jia et al. (2018; green; C). High DSSTWPWP-EEP values point to more La Niña-like conditions in the tropical W Pacific. (E) Relative abundance of cold water species (blue) and absolute abundances of warm water species (red) reflecting a significant change in Kuroshio influence at Shatsky Rise (Chiyonobu et al., 2012). (F) d13C gradient between shallow- and deepdwelling planktonic foraminifera revealing Kuroshio Current strength variations at Shatsky Rise (Yamane, 2003). (G) Oyashio Current strength off the Japanese coast approximated from the abundance of radiolarian fauna typical for the OC (Matsuzaki et al., 2014). Curve fillings (B, C, E, F) mark the upper 25% of the data. Phase A and B denote two phases of different ocean settings characterized by a mode shift between a phase of extreme La Niña-like conditions (~240-650 ka) to a phase of less strong La Niña-like and more El Niño-like like conditions (~260 ka - present). Marine Isotope Stages (MIS1-17) are marked. Black arrows mark prominent transitions between phases. Phase A (0-270 ka) and B (270-600 ka) are indicated by gray boxes.



In phase B (~650-280 ka BP) we observe up to 6.5°C higher SSTMg/Ca than modern values. During this phase, the records from Jia et al. (2018) and de Garidel-Thoron et al. (2005) show several intervals of very large temperature gradients between the WPWP and the EEP pointing to prevailing La Niña-like conditions (Figure 5). From MIS 16 to MIS 15 we observe a strong increase of SSTMg/Ca from ~7.5 to >11°C, while both ENSO records indicate a shift from El Niño-like to ‘extreme’ La Niña-like conditions. This coherent shift to higher SSTs and predominant La Niña-like conditions implies an increased Kuroshio Current and thus a northward shift of the SAF through the increased amount of Kuroshio water in the Kuroshio-Oyashio transition zone. Compared to the modern SST distribution, we hypothesize that the SAF shifted at least 5° latitude northwards, so that it reached a position north of our study site (Figures 1, 6). This way surface water from the mixed water region would have reached the study site, thereby causing SSTs that were significantly higher than during times where the SAF is located south of the study site and the surface water is dominated by water from the Subarctic Current (Figures 1, 6).




Figure 6 | Schematic scenarios to explain the SST development and SAF positioning in the study region in terms of more La Niña-like (B) and more El Niño-like (A) climate conditions. The heat distribution and flux between the Western Pacific Warm Pool (WPWP) and the Eastern equatorial Pacific (EEP) are indicated by arrows and color shading in. Thicker (thinner) arrows indicate stronger (weaker) currents. ECC, Equatorial Counter Current; KC, Kuroshio Current; KE, Kuroshio Extension; MC, Mindanao Current; NEC, North Equatorial Current; OC, Oyashio Current; SAC, Subarctic Current; SAF, Subarctic Front. Gray boxes display thermocline variations in the tropical region.



At ~480 ka BP we observe an abrupt SSTMg/Ca decrease of ~4°C, which is accompanied by an abrupt and pronounced change from very strong La Niña-like to the strongest El Niño-like phase in the record from Jia et al. (2018). This change is also reflected in the record from de Garidel-Thoron et al. (2005) yet less pronounced (Figure 5). This change has most likely reduced the volume and velocity transport of the Kuroshio Current so immensely that it induced the southward displacement of the SAF to a position south of our study site (Figure 6). Between ~470-440 ka BP both tropical ENSO records show a further increase of ΔTWPWP-EEP and thus La Niña-like conditions (Figure 5). Similar to before, this change likely increased the Kuroshio Current’s volume and velocity transport and thus, caused another significant northward shift of the SAF. From here until ~280 ka BP La Niña-like conditions prevailed, particularly reflected in the record from de Garidel-Thoron et al. (2005). Minor decreases of the ΔTWPWP-EEP between ~600-480 ka BP and ~440-280 ka BP do not seem to have had major impact on the Kuroshio Current strength to induce a shift of the SAF to a position south of the study site. We hypothesize that there might be a tipping point in Kuroshio Current strength that needs to be reached in order to induce a shift of the SAF to a position north of the study site.

At ~280 ka BP we observe a second abrupt SSTMg/Ca decline by ~3.5°C (Figure 5), while the ENSO records from de Garidel-Thoron et al. (2005) and Jia et al. (2018) indicate a change from extreme La Niña-like to more El Niño-like conditions. Thus, we assume that there was another southward displacement of the SAF to a position south of our study site. From here on (phase A: 280-0 ka BP) the SSTMg/Ca is on average 3.6°C lower than in phase B and shows minor variations (~ ± 2°C) around the modern annual mean seasurface temperature (~5.5°C at ~30 m) (Figure 5). During this period both ENSO records indicate that El Niño-like conditions prevailed in the tropical Pacific, with almost no strong La Niña-like phases (except for ~20-5 ka BP in the Jia et al. (2018) record. Variations between El Niño-like and La Niña-like conditions within phase A are not corresponding to SSTMg/Ca changes, which further implies that tropical surface water entering the Kuroshio-Oyashio transition zone via the Kuroshio Current/Kuroshio Extension did no longer have an influence on the SSTMg/Ca development at the study site. The SAF likely remained south of the study site between 280-0 ka BP.

The assumption of the intensification and northward migration of the Kuroshio Current/Extension in times of more La Niña-like conditions in the tropics is supported by a study from Shatsky Rise (Yamane, 2003; core S-2; Figure 1). Shatsky Rise is located ~13° south of our core location, were the surface water is dominated by the Kuroshio Current. Yamane (2003) compared δ13C values of shallow and deep-dwelling planktonic foraminifera and interpreted small Δδ13C gradients as sustained influence of Kuroshio (Extension) water (Figure 5). This record implies that in phase B, where we observe high SSTMg/Ca there was a greater influence of the subtropical Kuroshio water at Shatsky Rise than in phase A or modern days, where we observe lower SSTMg/Ca (Figure 5). Moreover, the abrupt SSTMg/Ca decrease at ~280 ka BP (this study) goes along with Yamane’s observation of a reduced influence of the Kuroshio Current at Shatsky Rise. Another study from the Shatsky Rise (ODP 1210A) by Chiyonobu et al. (2012) indicates a decrease of warm-water species of calcareous nannofossils from 5x109 specimens/m²/kyr to 2x109 specimens/m²/kyr at ~300 ka BP, while the relative abundance of the cold-water species Coccolithus pelagicus increased. Notably, the time difference between the abundance change and our SSTMg/Ca decrease could be a feature of the different resolution of age models in the study of Chiyonobu et al. (2012) and our own study and is not necessarily an indicator of a different timing between Shatsky Rise and our core location.

A similar change has also been described by Bordiga et al. (2014). They observe higher primary productivity at Shatsky Rise prior to MIS 8 and lower primary productivity in younger periods. Moreover, they detected a significant change in the faunal composition between MIS 8 and 7: While the nannofossil abundance decreases, the productivity associated with biogenic opal and foraminifera increases. Similar to our assumptions, Bordiga et al. (2014) link this change to an ‘elongated state configuration’ of the Kuroshio Extension with larger meanders prior to MIS 8 in connection to more La Niña-like conditions in the equatorial Pacific (Beaufort et al., 2001; Bordiga et al., 2014; Qiu, 2019). Additionally, both Bordiga et al. (2014) and Chiyonobu et al. (2012) discuss a change in the input of eolian Asian dust connected to an intensification of the East Asian Monsoon from MIS 7 onward that might have strengthened seasonality and thus, increased alternation between intensely stratified and vertically mixed surface waters that could have contributed to the change in the productivity regime.

These simultaneous changes of the Monsoon system as well as the tropical east-west temperature gradient were likely caused by physical processes (Chiyonobu et al., 2012; Bordiga et al., 2014) as this threshold-like behavior can neither be explained by orbital variations nor modulations in ice volume (Lisiecki and Raymo, 2005).

Thus, we assume that during very strong La Niña-like conditions in the tropical Pacific, as observed temporally in phase B, the high velocity transport of the Kuroshio Current and thus, the enhanced amount of tropical water in the Kuroshio-Oyashio transition zone caused a northward shift of the SAF. During times of more El Niño-like conditions, like in phase A, the SAF stayed south of the core location, which is reflected by the temporally cooler SSTMg/Ca. Yet the temperature variations within phase A and B cannot exclusively be explained by variations in the SAF position but must have had additional influencing factors (cf. 4.1.2). It is likely that the connection between the observed changes in SSTMg/Ca at our study site and the long-term ENSO development in the tropical Pacific is not straightforward yet that it is further connected to long-term variation in the PDO and its forcing mechanisms. The PDO is connected to the tropical ENSO on shorter timescales in modern days (Newman et al., 2016); thus, changes in the long-term development could have affected these systems, which in return could have influenced the SST at our study site. Due to the high complexity of this system and missing paleo studies of the PDO, we cannot finally clarify this and instead consider a simplified model of enhanced heat transport via the Kuroshio Extension to our study site in times of very strong La Niña-like conditions.




4.1.2 Variations of the Oyashio/Subarctic current

Aside from changes of the Kuroshio Current/Extension, changes of the Oyashio/Subarctic Current are of major importance for the surface temperature development at our study site. Changes in the strength of the Oyashio Current are not necessarily linked to variations in the Kuroshio Current yet can have the same forcing mechanisms, e.g., changes in the intensity of the Aleutian low, mid latitude westerlies (Qiu, 2019) or glacial/interglacial climate variations (e.g. Ujiié et al., 2003; Matsuzaki et al., 2014). Therefore, a strengthening of the Kuroshio Current does neither imply that also the Oyashio Current becomes stronger nor weaker at the same time. The importance of variations in the Oyashio current for our study site becomes apparent when comparing our SSTMg/Ca record to the proxy record of Matsuzaki et al. (2014) (Figure 5). They investigated the radiolarian fauna east of Japan, where the Oyashio Current deviates from the coast and enters the open Pacific as Subarctic Current (core C9001C) (Figures 1, 6). Although there is no peak-to-peak correlation between increased abundances of species typical for the Oyashio Current and thus an intensification of the Oyashio and lower SSTMg/Ca at our study site, some parallels are apparent.

Between 600 and 480 ka BP, there are events of strong La Niña-like conditions in the tropics, and our SSTMg/Ca record shows its highest values while Matsuzaki et al. (2014) observes a weak Oyashio Current. At ~480 ka BP, where we observe a sudden temperature decrease at our study site there is not only a change from strong La Niña-like to strong El Niño-like conditions yet also an intensified Oyashio Current. Thus, the combination of an intensified Oyashio Current in line with the change towards strong El Niño-like conditions (and thus a weak Kuroshio Current) could have caused the a southward displacement of the SAF. Through such a southward shift of the SAF more cold subarctic water would reach our study site and could cause the observed sudden temperature decrease at ~480 ka BP.

After 480 ka BP, SSTMg/Ca increases again, which we link to several phases of strong La Niña-like conditions. Yet, even though the La Niña-like phases are similarly pronounced and long, as before 480 ka BP, the maximum SSTMg/Ca remains lower (Figure 5). We assume that this observed SSTMg/Ca difference is linked to the Oyashio Current. Between 480-390 ka BP and 360-340 ka BP the Oyashio Current is transiently enhanced (Figure 5; Matsuzaki et al., 2014). As both Currents contribute to the water of the Kuroshio-Oyashio transition zone it is likely that this enhanced influence of the Oyashio Current caused an overall lowered SST-level in the Kuroshio-Oyashio transition zone. Thus, the enhancement of the Oyashio/Subarctic Current system after 480 ka BP muted the SST-effect of the La Niña-like induced enhancement of the Kuroshio Current at our study site.

Between ~20-5 ka BP the record of Jia et al. (2018) shows another phase of very strong La Niña-like conditions in the tropical Pacific. Similar ΔTWPWP-EEP values have caused a shift of the SAF in phase B. Yet, between ~20-5 ka BP our SSTMg/Ca record does not show any significant rise (Figure 5). In contrast to previous northward migrations of the SAF in phase B, the Oyashio Current is very strong between ~20-5 ka. We hence assume that the strong Oyashio/Subarctic Current prevented a significant northwards shift of the SAF between ~20-5 ka BP.




4.1.3 Glacial-interglacial shifts of the SAF

Several studies suggest that the frontal zones in the Kuroshio-Oyashio transition area migrated northwards during interglacials and southwards during glacials at least during the last two glacial-interglacial cycles (Thompson and Shackleton, 1980; Kawahata and Ohshima, 2002; Harada et al., 2004; Yasudomi et al., 2014; Gallagher et al., 2015). Assuming that the described changes occurred throughout our entire studied time interval, such shifts could have further contributed to changes in SSTMg/Ca and δ18Osw-ivc at our study site. However, during phase A were our study site was located north of the SAF and thus dominated by subarctic water, our SSTMg/Ca record does not show changes that would fit to glacial-interglacial variations (Figures 3, 6). Therefore, we assume that if there had been a northward migration of the SAF during interglacials it can only have migrated to a position still south of our study site. In phase B, were we consider our study site to be located south of the SAF (Figure 6), the SSTMg/Ca and δ18Osw-ivc broadly follow glacial-interglacial cycles except for MIS 11-10. So if the SAF migrated further north during interglacials it could have caused warmer, more saline water from the Kuroshio-Oyashio transition to reach the study site, whereas southwards shift during glacials could have brought the SAF closer to the core location and thereby caused an increase of colder, less saline water from the Subarctic Current. Thus it is likely that glacial/interglacial induced shifts of the SAF contributed to our observed SSTMg/Ca pattern.




4.1.4 The subSSTMg/Ca record from N. pachyderma

The subSSTMg/Ca record derived from N. pachyderma is consistently lower than the SSTMg/Ca record derived from G. bulloides (Figure 3). This difference reflects firstly the deeper habitat depth of N. pachyderma in comparison to G. bulloides, where the latter inhabits water depths above the thermocline, whereas the former occurs at and below the thermocline. Thus the temperature difference between the two species indicates a stable and pronounced thermocline stratification. Secondly the seasonal bias is expressed, as G. bulloides reflects annual SSTMg/Ca, whereas N. pachyderma reflects subSSTMg/Ca, derived from the colder seasons from autumn to spring. In phase A (280-0 ka BP) our SSTMg/Ca and subSSTMg/Ca records show similar variations in amplitude in MIS 7 and 5-1, yet with an average offset of 3.5°C, while in MIS 6 the SSTMg/Ca and subSSTMg/Ca records show opposing trends.

In phase B (600-280 ka BP) the SSTMg/Ca record yields significantly (up to ~6.5°C) higher values than in phase A, while the subSSTMg/Ca record does not reflect this trend. This indicates that the dispersal of Kuroshio-Oyashio transition water in phase B was either a pure surface phenomenon, or was linked to the different temperature tolerance of both species. In the first case, water from the Kuroshio-Oyashio transition would have migrated northwards in form of a warm surface water lens, while the subsurface would have still been dominated by water from the Subarctic Current. Thus, there would have been a very pronounced shallow thermocline, as indicated in Supplementary Figure 7. However, we consider it more likely that the different temperature trends of N. pachyderma and G. bulloides are not only a phenomenon of significantly different surface and subsurface temperature evolution, but an ecological phenomenon. N. pachyderma is less tolerant to warmer temperatures and prefers values below 7°C (cf. 2.2 and Supplement 1). Therefore, it occurs less during warmer seasons than G. bulloides. We assume that in phase B, with an increased influence of Kuroshio-Oyashio transition water at the study site, temperatures in the preferred depth habitat of N. pachyderma exceeded optimal temperatures even in spring and autumn. Thus, in times of a northward displacement of the SAF N. pachyderma would most likely reflect a pure winter signal, which is significantly colder than the annual signal from G. bulloides. This change in seasonality is in accordance with plankton tow studies from the North Pacific that suggest that in modern days, N. pachyderma occurs from autumn to spring at colder sites (~50°N, ~165°E) while their abundance stays low until December at warmer sites (~40°N, ~165°E) (Taylor et al., 2018; Supplement 1).





4.2 Marine productivity changes

Higher marine productivity during deglaciations and interglacials and lower productivity during glacials as observed in our Ba/Ti record is common in the North Pacific and its marginal seas (Narita et al., 2002; Gorbarenko et al., 2004; Kienast et al., 2004; Nürnberg and Tiedemann, 2004; Jaccard et al., 2005; Brunelle et al., 2007; Shigemitsu et al., 2007; Galbraith et al., 2008; Gebhardt et al., 2008; Jaccard et al., 2010; Riethdorf et al., 2013). In our record we further observe, that the productivity already starts to increase during the deglaciations and decreases during the late interglacials. This is similar to observations at ODP Site 882 (Jaccard et al., 2010) located north of our site (Figure 1) which also shows productivity increases during deglaciations and its highest values in the early interglacials (Figure 4). A similar feature is observed for site SO202-39-3 (Korff et al., 2016) located south of our study site in the area of the Kuroshio Extension (Figures 1, 4). The forcing mechanisms for these productivity patterns, however, are still a matter of debate (Jaccard et al., 2010; Knudson and Ravelo, 2015; Korff et al., 2016). For the North Pacific, most authors suggest a change of nutrient supply, and in the subarctic marginal seas light limitation through sea ice cover and changes in stratification as main drivers for productivity changes (Narita et al., 2002; Gorbarenko et al., 2004; Kienast et al., 2004; Jaccard et al., 2005; Brunelle et al., 2007; Shigemitsu et al., 2007; Galbraith et al., 2008; Gebhardt et al., 2008; Jaccard et al., 2010; Riethdorf et al., 2013; Davis et al., 2020). As our site is located south of the area where sea ice would have a direct influence on productivity and the average winter SST exceeds 3°C, we exclude it as a forcing mechanism (Supplementary Figure 1). Therefore we conclude that the availability of nutrients or their utilization causes the observed glacial-interglacial productivity pattern.

Iron fertilization has been invoked as an important driver for nutrient sequestration efficiency and thus, an enhanced supply of the micronutrient Fe could increase productivity (Boyd et al., 2004; Harrison et al., 2004; Tsuda et al., 2003). One of the sources of Fe is aeolian transport (Hovan et al., 1991; Kawahata et al., 2000; Boyd et al., 2007; Shigemitsu et al., 2007). To test whether the Fe input via dust caused our observed productivity pattern, we compared our XRF-Fe record of core SO264-45, used as a proxy for terrigenous input via wind to our Ba/Ti record (Figure 4). The proxy records are apparently anticorrelated suggesting that Fe fertilization via dust is not the (principal) driver of marine productivity at our study site, although, we cannot say to what extent it still contributed to the observed pattern.

The amount of nutrient transport via water masses could have contributed to changes in productivity (Jaccard et al., 2005; Galbraith et al., 2007; Nishioka et al., 2011; Costa et al., 2018; Gray et al., 2018). Today, nutrient-rich water from the Oyashio/Subarctic Current dominates the upper ocean at our study site. The transported nutrients reach the mixed layer through vertical wintertime mixing (Nishioka et al., 2011). Our SSTMg/Ca record, which is linked to changes in the Kuroshio-Oyashio transition zone does not show the same fluctuations as our productivity record. Thus, although it could have contributed to changes in productivity we assume that the interplay of the Kuroshio and Oyashio Current is not the main driver for the observed productivity pattern at our study site. We do, however, consider that the amount of transported nutrients might have changed on glacial-interglacial timescales. Lembke-Jene et al. (2017) show that the export of nutrients from the Okhotsk Sea increased at the beginning of the deglacial warm phases Allerød and Preboreal, because of an enhanced input of iron and nutrient-rich terrestrial material from the Siberian hinterland via the Amur River caused by melting processes. They argue that such an increased export of nutrients from the Okhotsk Sea could have caused temporary nutrient-replete conditions in the Subarctic North Pacific. Riethdorf et al. (2013) also observe an enhanced input of terrestrial-derived organic matter from flooded shelf areas during early deglacial phases. As water from the Bering and Okhotsk Sea feeds the Oyashio/Subarctic Current, these nutrients could have reached the study site and caused an increase in productivity. Assuming that an enhanced terrestrial sourced nutrient supply from marginal seas like the Okhotsk Sea and the Bering Sea via subsurface water did not only occur on millennial- but also on glacial-interglacial timescales, this could contribute to our observed productivity pattern. Yet to further clarify on this additional proxy records on longer time scales and in the open North Pacific would be needed.

Further it has been proposed for subarctic and Antarctic sites that strong stratification during glacials limits nutrient availability at the surface while weak stratification in interglacials enables upwelling of nutrients-rich deep water thereby enhancing productivity (Jaccard et al., 2005; Brunelle et al., 2007; Galbraith et al., 2008). Yet this topic alongside the efficiency of nutrient uptake is still a matter of debate (e.g. Knudson and Ravelo, 2015) for which further studies with detailed nutrient records and very reliable control would be needed.





5 Conclusion

Through the reconstruction of Mg/Ca and δ18O based (sub)surface temperature and δ18Osw-ivc in the open Northwest Pacific and a comparison of XRF-based Ba/Ti and iron records we draw the following conclusions regarding the hydrological and productivity variations at the northern boundary of the Kuroshio-Oyashio transition zone:

	-The SSTMg/Ca development at our study site is strongly related to changes in heat transport of the tropical Kuroshio Current induced by ENSO. In phases of very strong La Niña-like conditions in the tropics, the NEC bifurcation point migrates southward which enhances the velocity transport of the Kuroshio Current/Extension. This way more tropical water enters the transition zone, which causes a northward displacement of the SAF to a position north of our study site, thus a relocation of at least 5°. This way more transition water reaches our core position, which we observe as higher SSTMg/Ca in the time interval 280-600 ka BP. Further, we show that shifts of the SAF cause very abrupt strong temperature changes at our core position e.g. at 480 and 280 ka BP. Such shifts of the SAF have been proposed on shorter timescales and for areas closer to the coast, yet our SSTMg/Ca record makes it possible to track these shifts on longer time scales and into the open Pacific.

	-The SSTMg/Ca development at our study site is further influenced by changes in the strength of the Oyashio/Subarctic Current. Both, the Kuroshio Current/Extension and the Oyashio/Subarctic Current contribute to the water in the Kuroshio-Oyashio transition zone so that an enhancement of the Oyashio Current can mute the effect of an enhancement of Kuroshio Current. We observe such an effect a) between 480-280 ka BP, where the enhanced influence of the Subarctic Current at our study site causes temperatures to stay lower than in the time interval 480-600 ka BP, even though there are similarly strong and long La Niña-like phases in both intervals and b) between ~20-5 ka BP, where a strong Oyashio Current seems to prevent a shift of the SAF up to a position north of our study site.

	-Glacial-interglacial variations in the Kuroshio-Oyashio transition zone also influence the SSTMg/Ca development at our study site, yet they are less pronounced in our data than the mode shift between phases A and B. In phase B, where the SAF is located north of our study we observe an increase of warmer, more saline water in interglacials and colder, less saline water during glacials. We link these shifts to general glacial-interglacial variations of the Kuroshio-Oyashio transition zone and the front system.

	-The productivity at our study site follows glacial-interglacial patterns with high values during the deglaciations/early interglacials and low values during glacials. Thus, we conclude that productivity is not primarily linked to the changing influences of Kuroshio/Oyashio water at our study site.

	-Our Fe and Ba/Ti records are anticorrelated, thus we conclude that Fe fertilization via dust is not the (principal) driver of marine productivity at our study site. We further hypothesize that the observed productivity pattern might be linked to (a) glacial/interglacial variations in the subpolar marginal seas and the induced nutrient supply via the subarctic water masses in deglaciations because of melting processes and (b) changes in stratification that have an influence on nitrate availability and utilization.
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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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Coralline algae play important ecological roles throughout the photic zone of the world’s oceans. Recent studies have shown that attached-living coralline algae can contain records of past climate variability. So far, algal-based paleo-reconstructions are mainly available from mid- to high-latitudes, while in low latitude and temperate regions only few examples exist. Here, we investigate samples from the attached-living encrusting coralline algal species Neogoniolithon hauckii (Rothpletz) R.A Townsend & Huisman [= Neogoniolithon mamillosum (Hauck) Setchell & L.R. Mason, nom illeg.] from a temperate site in the Mediterranean Sea to assess its potential as an environmental recorder. The specimens were collected at different water depths (20 and 40 m) in the Columbretes Islands (Spain). Sclerochronological analysis of sectioned samples revealed seasonal growth patterns. Mg/Ca, Li/Ca, and Ba/Ca ratios were measured in the algal skeletons using laser ablation inductively coupled mass spectrometry (LA-ICP-MS) in ultra-high resolution. We report a mean vertical extension rate of 1.1 to 1.2 mm/year (based on analysis of Mg/Ca cycles in 40 m and 20 m samples), representing the first growth rate measurement for this species. In addition, subannual banding patterns were mapped, measured, and could be linked to high frequency variability in laser-analyzed Mg/Ca ratios. Elemental ratios analyzed in Neogoniolithon hauckii were compared to in situ water temperatures measured at the water depth of sample collection. Our results show significant positive relationships between algal Mg/Ca (R=0.55) as well as Li/Ca ratios (R=0.46) and in situ measured temperature data (40 m specimen). Ba/Ca ratios show no significant correlation to temperature and may be influenced by other factors. These data suggest potential of this species for climate reconstructions in warm-temperate regions as Neogoniolithon hauckii is not only widely distributed in the Mediterranean, but also one of the few species that may be used as a temperature archive for mesophotic coralligenous assemblages that are strongly affected by the recent anthropogenic temperature rise. Further calibration studies are needed to test the element-temperature relationships on samples with longer growth records and in different settings and water depths.
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1 Introduction

Coralline algae (Corallinophycidae, Rhodophyta) can be found worldwide in coastal ecosystems from the intertidal to mesophotic zones (Adey and Macintyre, 1973). Encrusting coralline algae build important settlement substrates for invertebrates and act as substrate binders from tropical oceans to the Arctic (Adey and Macintyre, 1973; Steneck, 1983; Steneck, 1986; Tebben et al., 2015) and are key ecosystem engineers (Schubert et al., 2020). They form rhodolith beds (free-living forms of coralline algae) in warm-temperate to Arctic regions (Foster, 2001; Hetzinger et al., 2006; Halfar et al., 2012; Teichert et al., 2014) and play an important role in coral reef growth by stabilizing and cementing reef structures in tropical oceans in modern times and on geological time scales (Kiessling, 2009; Rindi et al., 2019; Teichert et al., 2020). Coralline algae precipitate CaCO3 within their cell walls (Adey et al., 2013) and are thus major carbonate producers in marine ecosystems (Canals and Ballesteros, 1997). Due to their abundance in all oceans, they are an important part of the oceanic carbon cycle (Perry et al., 2008). Corallines are well represented in the fossil record, for example in the Mediterranean region, where they have occurred for at least 140 Myr (Rindi et al., 2019), and more than 60 species of corallines have been reported from this region alone (Coll et al., 2010; Rindi et al., 2019).

Similar to tree rings and bivalve mollusks (Cook et al., 2004; Mette et al., 2016), many species of coralline algae form seasonal banding patterns during growth (Halfar et al., 2000; Kamenos et al., 2008; Halfar et al., 2011a; Williams et al., 2011). However, whether the observed growth patterns in the high-Mg calcite skeletons form annually or subannually is not clear in all species. For example, in the crustose coralline algae Clathromorphum sp., the calcification rate declines during seasonal decreases in temperature and light in winter periods. This translates to changes of skeletal anatomy, where a shift from narrow and elongate cells with dense walls takes place to wider and shorter cells with thinner walls, resulting in growth increment demarcations in the fall to early winter (Adey et al., 2013). These incremental growth patterns allow a clear discrimination of individual growth years. In some specimens of Clathromorphum sp. the yearly layering of sporangial conceptacles, i.e. cavities in which the reproductive structures develop, form in fall and early winter (Adey, 1966) and can provide an additional secondary marker for annual growth. In situ field monitoring experiments (Halfar et al., 2008) have confirmed that the attached-living genus Clathromorphum forms annual banding patterns with fastest growth during summer and reduced growth during fall and winter. This is in line with physiological considerations, which suggest that calcification and growth may slow down dramatically at reduced light intensities and temperatures (Adey, 1970). However, in some coralline algal species subseasonal growth banding patterns can make the identification of seasonal growth cycles difficult. In free-living (non-attached rhodoliths) coralline algae the episodical movement by waves, currents (Marrack, 1999), and grazing animals may lead to differences in growth rates depending on the orientation. As rhodoliths are often found on soft substrate, the bottom side of individual rhodoliths may be episodically buried in the sediment. This may influence the growth patterns in different parts of a specimen, even leading to a halt of growth in some area, while growth continues in another, potentially complicating the sclerochronological interpretation (Sletten et al., 2017b).

Coralline algae also incorporate changes in their ambient environment into the geochemistry of their skeletons (Chave and Wheeler, 1965; Moberly, 1968; Williams et al., 2011; Chan et al., 2017). Seasonality seen in trace elements in algal skeletal calcite can help to better identify annual growth banding patterns. Field calibration experiments have confirmed that algal geochemistry provides a reliable indication of ocean temperatures (Halfar et al., 2008). Comparisons between algal proxies and measured surface ocean data have shown that algal Mg/Ca ratios are temperature-dependent (Kamenos et al., 2008; Nash and Adey, 2017; Hetzinger et al., 2018). The substitution of magnesium in calcite is endothermic, favored at higher temperatures, and builds the basis for magnesium paleothermometry in different marine organisms (e.g. Lea, 2003). The direct matching of highly-resolved Mg/Ca time series measured in skeletal calcite along transects parallel to the direction of algal growth, visible in high-resolution microscope photomosaic images, can provide a valuable tool to distinguish subseasonal cyclicity from seasonal cycles and is routinely used as a method to calibrate and refine age models (e.g. Hetzinger et al., 2019). Due to the well-developed regular annual growth banding and the potential of long-lived specimens, crustose coralline algae have been established as biogenic climate archives in recent years (Svendsen et al., 2014; Hetzinger et al., 2021; Siebert et al., 2021). A number of studies have examined various aspects of the chemical and physical structure of attached-living coralline algae in order to reconstruct past changes in large-scale climate variability (Halfar et al., 2007; Gamboa et al., 2010; Williams et al., 2014; Williams et al., 2018a; Williams et al., 2018b; Leclerc et al., 2022).

Even though coralline algae are distributed worldwide the majority of algal-based paleo-reconstructions are based on cold-water species from mid- to high-latitudes, such as Clathromorphum sp. and Lithothamnion glaciale. So far, the longest algal-based climate records have been developed from species that live attached to rocky substrate and form thick crusts with mound-like structures [e.g. Clathromorphum compactum, up to 650 years of continuous growth (Halfar et al., 2013)]. These records from high latitudes stem from colder waters using specimens with relatively slow growth rates (Hetzinger et al., 2019).

Tropical and subtropical coralline algal species have been less used as potential archives of climate and environmental variability [e.g. Lithothamnion spp. (Halfar et al., 2000; Sletten et al., 2017a); Lithophyllum spp. (Caragnano et al., 2014; Nash et al., 2016; Caragnano et al., 2017); Sporolithon durum (Darrenougue et al., 2014; Darrenougue et al., 2018)], mainly due to a lack of long-lived species. Not all coralline algal genera have the potential to be used as climate archives if their vertical growth is limited [e.g. Phymatolithon (Adey et al., 2018)]. In warmer tropical environments growth forms are more common to expand horizontally with only moderate thickening of the thallus, making the identification of annual growth patterns and the establishment of age chronologies difficult. Additionally, overgrowth by different algal species and by other organisms (e.g. bryozoans) is more commonly seen in tropical environments and crustal extension rates can be up to a magnitude higher than in subarctic coralline algae (e.g. Adey and Vassar, 1975). Crustose coralline algal species from warm-temperate settings have received even less attention as potential paleo-proxy archives for the reconstruction of past climate variability. Nevertheless, free-living growth forms in temperate settings have been used as paleo-sea level indicators (Aguirre et al., 2020) and for paleoecological studies (Basso, 1998; Martinuš et al., 2013).

Finding new coralline algal species potentially suitable for paleoclimate reconstructions is important in order to gain insights into past seasonal-resolution climate variability. As measured instrumental climate data, such as surface ocean temperatures, are not available before the mid-20th century for most ocean regions, it is crucial to be able to reconstruct seasonal variability before the impact of anthropogenic warming on marine ecosystems. In the Mediterranean, coralligenous assemblages and other bioconstructed habitats, like reefs and beds of the coral Cladocora caespitosa, are strongly affected by water temperature increase in recent decades with mass mortalities and temperature-dependent diseases occurring more frequently (Garrabou et al., 2009; Kersting et al., 2013; Hereu and Kersting, 2016; Kersting and Linares, 2019; Garrabou et al., 2022). During the past three decades the Mediterranean Sea has warmed up with a trend of 0.041 ± 0.006°C/year (Pisano et al., 2020).

Here, we have analyzed for the first time encrusting coralline alga Neogoniolithon hauckii (Rothpletz) R.A. Townsend & Huisman (Corallinales: Rhodophyta) samples from a temperate site in the Mediterranean Sea using high-resolution LA-ICP-MS and growth banding analysis. In this study, we assess whether this species has the potential to hold records of past environmental variability. First, we examine seasonal growth patterns and measure annual mean extension rates. Second, Mg/Ca, Li/Ca, and Ba/Ca ratios are analyzed in ultra-high resolution and elemental ratios are compared to in situ water temperatures in order to test their potential as paleotemperature proxies. The selection of N. hauckii for this study is specially suitable as it is a species whose distribution includes most of the Mediterranean Sea (Babbini and Bressan, 1997). Moreover, Neogoniolithon hauckii has a wide depth distribution range, that covers most of the shaded Mediterranean habitats, from 1 to 90 m depth. Although it is occasionally found in the shallows and in maërl beds (Bressan and Babbini, 2003), it is more abundant in coralligenous outcrops (Feldmann, 1937), where it is a major component of the coralline algal matrix (Ballesteros, 2006), together with Lithophyllum stictiforme and Mesophyllum spp.



2 Materials and methods



2.1 Study site and regional setting

The Columbretes Islands (NW Mediterranean Sea) are located 30 nautical miles off the nearest coast (Castelló, Spain, NW Mediterranean; Figure 1A). A marine reserve encircles the archipelago, covering an area of 5500 hectares. Illa Grossa (39°53.825′N, 0°41.214′E), the largest of the islets in the Columbretes, is a C-shaped, drowned Quaternary volcanic caldera. A detailed description of the geographic area, including environmental and oceanographic features is available in Kersting et al. (2013).




Figure 1 | Study site and coralline algal sample. (A) Map of study site Columbretes Islands (Spain) in Mediterranean Sea. Inset shows crescent-shaped Illa Grossa Bay (39°53.825′N, 0°41.214′E), where coralline algae were sampled in October 2017 (by DK) and where water temperature monitoring sensors are installed (*). (B) Attached-living specimen of Neogoniolithon hauckii. Map (A) modified after Kersting et al. (2013).





2.1.1 Temperature measurements

High-resolution (hourly) water temperature data is provided for water depths from 5 to 40 m (in 5 m steps) at the western part of Illa Grossa (Figure 1A) by ONSET HOBO Water Temperature Pro V2 data loggers since 2007. According to the manufacturer the accuracy of the temperature loggers is ±0.2°C. The measured data is available via the international observation network on climate change effects in the Mediterranean marine coastal ecosystems T-MEDnet (https://t-mednet.org). Temperature data downsampled to monthly resolution are shown in Supplementary Figure 1 for water depths 5, 20, and 40 m (data in Supplementary Table 1).



2.1.2 Coralline algae collection

Attached-living crustose coralline algal samples (fruticose Neogoniolithon hauckii, Figure 1B) were collected alive from hard substrate at the western part of Illa Grossa Bay (Figure 1A), exactly where the temperature sensors are located, by SCUBA diving in October 2017 at 20 and 40 m water depth. Identification of the specimens collected agreed with description in Rodriguez-Prieto et al. (2013) under the name Neogoniolithon mamillosum (Hauck) Setchell & L.R.Masson, that according to Algaebase (https://www.algaebase.org/search/species/detail/?species_id=169942) is a heterotypic synonym of N. hauckii. Vouchers have been deposited in HGI Herbarium.




2.2 Sample preparation and LA-ICP-MS analysis

Air-dried coralline specimens were sectioned parallel to the direction of growth using a low speed saw with diamond blades (Figure 2). Thick sections (2 mm) were cut from the slabs. Due to the delicate and fragile skeletal structure of branching growth forms and the tiny size (individual nodules often comprise only few millimeters in length/diameter), it is often difficult to section single branches/nodules exactly parallel to the growth direction. This is further complicated by the mound-like growth structure of individual nodules. In preparation for microscopic scanning, sample surfaces were polished using diamond-polishing suspensions with grit sizes of 9, 3, and 1 μm on a Struers Labopol polishing disk for 45 min per step. High-resolution digital images of the polished surface were produced using an Olympus reflected light microscope (VS-BX) attached to an automated sampling stage/imaging system equipped with the software geo.TS (Olympus Soft Imaging Systems). This setup allows two-dimensional mapping of the surfaces of polished specimens at various magnifications. The resultant high-resolution photomosaics enable the identification and lateral mapping of growth-increment patterns over the entire sample.




Figure 2 | Sectioned and analyzed samples of Neogoniolithon hauckii. (A) Sectioned sample neo40, enlarged inset (B) shows longitudinal section of analyzed protuberance. (B) Magnification of sectioned protuberance with measurement transects after LA-ICP-MS analysis. Samples neo20 (C) and neo40 (D) after LA-ICP-MS analysis. Mg/Ca ratios plotted over measurement transects. Approximate year markers based on Mg/Ca age model (see Supplementary Figure 2) are placed above laser transects in order to illustrate seasonal cycles. (D) Two separate transects on sample neo40. Right inset shows enlarged area marked by stippled line rectangle. Mapped subannual growth lines indicated by stippled lines. White lines link minimum values of subannual cycles in Mg/Ca ratios to mapped subannual banding. Smaller inset (yellow stippled line) shows portion of the annual band 2014 where subannual band thickness was measured directly on photomosaic (8 layers marked with black bold line, total length of 0.53 mm, 66 µm per subannual layer on average, respectively). Mg/Ca ratios in (C, D) in (mol/mol).



Polished thick sections of samples were analyzed by laser ablation inductively coupled plasma - mass spectrometry (ICP-MS) at GEOMAR Helmholtz-Centre for Ocean Research Kiel following methodology described in detail in Hetzinger et al. (2018). Li/Ca, Mg/Ca, and Ba/Ca ratios were measured using a Teledyne Photon Machines Analyte Excite 193nm ArF excimer laser ablation system coupled to a Thermo ElementXR sector field ICP-MS. Individual line transects were analyzed with a scan speed of 5 µm/s (preablation transect with 10 µm/s), a laser spot rectangular mask of 10x155 µm and a 10 Hz pulse rate. Time resolved data were blank subtracted and normalized to Ca using the iolite v3 software and calibrated using repeated analysis of NIST SRM610 and 612 glasses. As the Mg content of the coralline calcite is high and variable, the data were worked up as element/Ca ratios and calibrated with the measured element/Ca ratio of the NIST glasses. Data quality was assessed by analyses of powder pellets of the carbonate reference material JCp-1 during the same session as samples. A pellet of the original JCp-1 reference material powder was used to assess accuracy and values were the same within uncertainties to consensus values determined by solution methods in many laboratories (Hathorne et al., 2013). The exception is Li/Ca for which values are higher for the laser ablation analyses which vaporize and analyze some detrital material in the coral powder as evident in elevated Al contents compared to solution analyses. As the original powder is heterogenous for some trace metals at the small length scales of laser ablation analyses, a nano particulate pellet of the JCp-1 reference material was made (Garbe-Schönberg and Müller, 2014) and used to assess the reproducibility of the analyses. The relative standard deviation (1 sigma) of two 120 s line scans across the JCp-1 nano pellet in the same session and with the same laser conditions as the sample analyses was 41, 10 and 18% for Li/Ca, Mg/Ca and Ba/Ca, respectively. For the 10 point running average which is comparable to the smoothed data shown for the samples, the RSD was 10, 6 and 8% for Li/Ca, Mg/Ca and Ba/Ca, respectively. Detection limits defined as 3.3 times the standard deviation of the gas background intensity during the session were 0.7, 6.7, 96, and 0.04 ug/g for Li, Mg, Ca, and Ba, respectively. Sample concentrations were >>10 times detection limits except for Li which was 2-4 times the detection limit in the samples and mostly above quantification limits.

In order to test and improve the robustness of our data, we analyzed two laser transects on each specimen. We selected two samples (sampled at 20 and 40 m water depth, neo20 and neo40), which show regular banding patterns, for LA-ICP-MS measurements (Figure 2). Laser line transects were placed perpendicular to the growth lines (Figure 2B).



2.3 Age model development

Age models were generated by counting annual growth increments on the mapped and digitized image of the specimens in combination with seasonal algal Mg/Ca cycles. Our samples were collected alive; hence the top layer was assigned to the year of collection. Although yearly growth banding is clearly visible, the samples exhibit 2nd order sub-annual growth cyclicity (Figures 2C, D), which cannot always be clearly separated from annual bands. For example, sample neo20 annual cycles in Mg/Ca ratios were difficult to identify and did not consistently match the banding observed in the microscope image. Thus, the main focus of this study is the analysis of sample neo40, which exhibits clear increments and Mg/Ca ratio cyclicity. Two closely spaced laser line transects on the same protuberance of neo40 allow to test for reproducibility and enhanced matching of cycles in Mg/Ca ratios and growth increments. Sample neo20 is presented as well, although especially in the younger part (growth years 2015 and 2016) the identification of seasonal cycles in Mg/Ca ratios is difficult and cyclicity less clear in both transects (see Supplementary Figure 2, data in Supplementary Table 2), making the presumed age model less reliable than in sample neo40. High Mg values within the skeletons of high-Mg calcite coralline algae are interpreted to correspond to summer periods of growth (Chave and Wheeler, 1965; Halfar et al., 2000). Age models were established based on a combination of the pronounced seasonal cycle in algal Mg/Ca and the annual growth banding. Maximum (minimum) Mg/Ca values were tied to October (April), which is on average the warmest (coolest) month at the study site.




3 Results



3.1 Intra-sample variability

Individual transects on sample neo40, which were analyzed on the same protuberance in close proximity, were cross-matched prior to establishing an age model to check for intra-sample variability and facilitate identification of annual cycles (Figure 2D). For this purpose, a cross-correlation function (ccf) in the software R was used. Time series independent of actual age chronology of both transects on sample neo40 were generated (raw data as well as 10 point running means) and cross-correlations were performed to calculate the best fit with associated lag (Figure 3A).




Figure 3 | Cross-correlation of Mg/Ca transects (from left to right: 2017-2012). (A) Cross-correlation of Mg/Ca time series neo40.1 and neo40.2; left graph shows full resolution data, right graph 10 point running mean. (B) Best fit of Mg/Ca curve of neo40.2 (black curve) and Mg/Ca curve of neo40.1 (red curve) already corrected for calculated lag; left graph raw data, right graph 10 point running mean. ACF in (A) stands for “auto-correlation function”, which displays coefficients of correlation between time series and its lagged values.



The most dominant cross correlation between neo40.1 and neo40.2 occurs at a lag of -8 for the raw data and -9 for the 10-point-running mean data (Figure 3A). The results of this analysis indicate a significant similarity/overlap of both Mg/Ca ratio transects on sample neo40, when corrected for the calculated lag, and help to identify corresponding maxima and minima (Figure 3B). Mg/Ca, Li/Ca, and Ba/Ca age models for transects samples neo20 and neo40 neo40.1 and neo40.2 transects were created using the time series software AnalySeries (Paillard et al., 1996) to obtain an equidistant proxy time series with a resolution of 12 samples/year (i.e. monthly resolution) and 52 samples/year (i.e. weekly resolution). The developed chronologies were refined and cross-checked for possible errors in the age model by comparing annual extreme values in the Mg/Ca ratios to mapped growth increment patterns for each individual year of algal growth. Sample neo40 displays a record of five years (2012-2017), sample neo20 extends to 2011 (monthly data in Supplementary Table 3).



3.2 Neogoniolithon hauckii annual extension rate

Annual mean extension rates (summer to summer) for the attached-living encrusting specimens of Neogoniolithon hauckii were calculated based on the Mg/Ca ratio age models, where maximum Mg/Ca values were tied to October, representing seasonal maximum temperatures. The distance between maxima was calculated from laser data yielding annual mean extension rates. The mean extension rates are 1.1 mm/year for sample neo40 (transect neo40.1: mean 1.08 mm, minimum 0.83 mm, maximum 1.26 mm per year; tran4ect neo40.2: mean 1.13 mm, minimum 0.97 mm, maximum 1.43 mm per year, Figure 4). In sample neo20 transects were not averaged, since they were measured on separate protuberances (transect neo20.1: mean 1.28 mm, minimum 1.0 mm, maximum 1.42 mm per year; transect neo20.2: mean 1.2 mm, minimum 0.65 mm, maximum 1.74 mm per year). Note that the measured extension rates are based on only four annual cycles (five in transect neo20.1). Extension rates are highly variable in different parts of the specimens (Figure 2A; Supplementary Table 4).




Figure 4 | Annual extension rates of samples neo20 (black, open squares) and neo40 (red, filled circles). Sample neo20 - solid line: transect neo20.1; stippled line: transect neo20.2; sample neo40 - solid line: transect neo40.1; stippled line: transect neo40.2, bold line: average of neo40 transects.





3.3 Subannual growth banding

Subannual growth bands were mapped in a portion of sample neo40 in order to study the frequency of banding patterns and measure the banding width (Figure 2D). Approximately thirteen 2nd order bands were successfully linked to cycles in Mg/Ca ratios for the year 2014, indicating that high frequency variability in laser-measured Mg/Ca ratios can be tied to subannual growth patterns. Based on this comparison, an average thickness of 0.066 mm/year was directly measured from eight pronounced subannual growth bands from within one growth year on the microscope photomosaic (see inlets in Figure 2D). However, identification of a complete set of 2nd order subannual banding was only possible in some parts of sample neo40, i.e. in growth years 2014 (Figure 2D) and 2013 (not shown in detail).



3.4 Reproducibility of element/Ca ratio transects

Two laser-ablation transects (Figure 2B) on neo40 were investigated separately for each element/Ca ratio. We found a high reproducibility for Mg/Ca (R=0.62) signals and Li/Ca (R=0.47) when using ordinary least squares (OLS) regression with zero lag (Figure 5; p<0.01). Reproducibility is poor between individual transects for Ba/Ca (R=0.01). Reproducibility for sample neo20 is much lower for Mg/Ca (R=0.34) than in sample neo40, reproducibility is poor for Ba/Ca (R=0.1) and Li/Ca (R=0.1). In a second step, data from both transects on sample neo40 (neo40.1 and neo40.2) were averaged to calculate a sample mean (Figure 5) for each element/Ca ratio, respectively. This decreases noise caused by high intra-sample variability and establishes better comparability (Hetzinger et al., 2018). This step was not undertaken in sample neo20 due to large differences in cycles, especially in years 2015 and 2016 and the poor correlation. Variability between individual transects might also be influenced by the positioning of transects, which have been measured in close proximity to each other (Figure 2B), however, variations between different parts of the sample are expected due to microstructural differences. While transects on sample neo40 were measured in close proximity to each other (Figure 2), transects in sample neo20 were analyzed on different protuberances.




Figure 5 | Age models for element/Ca ratios and intraspecimen variability. Changes in the Mg/Ca, Li/Ca, and Ba/Ca ratios (monthly resolution) shown over time; (A) sample neo40 - solid lines: transect neo40.1; stippled lines: transect neo40.2; bold lines: mean of both transects. (B) sample neo20 - solid lines: transect neo20.1; stippled lines: transect neo20.2. Note that due to low correlation and placement of transects on separate protuberances no means were calculated for sample neo20. Correlation coefficients are shown for comparisons between transects for each element/Ca ratio, respectively (p<0.01).





3.5 Comparison between element/Ca ratios

Mg/Ca and Li/Ca ratios display similar variability (Figure 5) and are significantly correlated in both samples (sample neo40: R=0.84, for sample mean; sample neo20: R=0.82 for transect neo20.1, R=0.79 for transect neo20.2; monthly means). Both, Mg/Ca and Li/Ca ratios show a cyclical seasonal pattern (Figure 6) with highest values observed during the Northern Hemisphere summer months, and vice versa. To better illustrate the cyclical variability in Mg/Ca and Li/Ca ratios, higher-resolved weekly data are plotted in comparison to local in situ water temperature (Figure 6). These elemental ratios have been shown to act as temperature proxies in other species of encrusting coralline algae (e.g. Darrenougue et al., 2014). Ba/Ca ratios do not exhibit a similar seasonal variability; Ba/Ca variability stays fairly constant until 2016, thereafter higher values are registered in the sample mean. However, this increase is mainly observed in transect neo40.2 (Figure 5), while Ba/Ca ratios in transect neo40.1 show no deviation. Ba/Ca has previously been used in coralline algae as a proxy for terrestrial input and changes in the upwelling-induced nutrient availability (Chan et al., 2011; Hetzinger et al., 2021). However, as reproducibility between transects is poor, this study concentrates on Mg/Ca and Li/Ca ratios as potential temperature proxies in further analyses.




Figure 6 | Cyclicity in element/Ca ratios in comparison to temperature (52 samples/annual cycle resolution). Changes in Mg/Ca (red) and Li/Ca (blue) ratios and in situ measured temperature data (black). (A) 40 m water depth, (B) 20 m water depth. Values shown are standardized by removing mean and dividing by standard deviation (STD).





3.6 Relationship to in situ temperature data

In order to study a potential link between the element/Ca ratios and water temperature, element/Ca ratios were tested against in situ temperature (20 and 40 m depth) using OLS regression analysis. For the April 2012 to April 2017 time period, which is covered by the coralline algal records, monthly minimum (maximum) logger-derived temperatures are on average 12.5° (25.8°C) in April (October) at 20 m depth and on average 12.6°C (22.6°C) in April (October) at 40 m. Average annual temperature is 18.1°C at 20 m and 15.9°C at 40 m depth. Note that seasonal maximum temperature peaks may occur 1-2 months earlier at 20 m depth. All monthly element/Ca ratios, except for Ba/Ca, show a significant positive correlation to in situ measured temperature from the study site. Mg/Ca from sample neo40 exhibits the highest correlation with temperature (Figure 7A; R=0.55 for monthly sample mean; R=0.50 for transect neo40.1; R=0.49 for transect neo40.2) followed by Li/Ca (Figure 7B; R=0.46 for monthly sample mean; R=0.47 for transect neo40.1; R=0.34 for transect neo40.2). P-values for all linear regressions are smaller than 0.01. Correlations of Mg/Ca and Li/Ca ratios from sample neo20 to 20 m temperature are lower (Figure 8A, Mg/Ca: R=0.40 for transect neo20.2, R=0.24 for transect neo20.1; Figure 8B, Li/Ca: R=0.33 for transect neo20.2, R=0.29 for transect neo20.1).




Figure 7 | Comparison of (A) Mg/Ca and (B) Li/Ca ratios to in situ temperature (2012-17) for sample neo40. Linear regressions for monthly data are significant (p<0.01), with regression line shown in bold (sample mean), solid (transect neo40.1), and stippled (transect neo40.2). Equations and correlation coefficients (R) are shown for each regression. Both ratios are positively correlated to temperature.






Figure 8 | Comparison of (A) Mg/Ca and (B) Li/Ca ratios to in situ temperature (2011-17) for sample neo20. Linear regressions for monthly data are significant (p<0.01), with regression line shown in solid (transect neo20.1) and stippled (transect neo20.2). Equations and correlation coefficients (R) are shown for each regression. Both ratios are positively correlated to temperature.






4 Discussion

A main goal in this study was to assess whether the coralline alga Neogoniolithon hauckii holds any information on past environmental variability in its skeleton. We addressed this question by first making seasonal growth patterns visible using high-resolution photomosaics, and secondly by using ultra-high-resolution laser ablation ICP-MS to analyze trace elemental composition.

In both algal specimens 2nd order subannual cyclicity in growth banding is apparent (Figure 2). This complicates the interpretation of seasonal cycles in growth and elemental ratios. Subannual growth patterns are often difficult to discern from annual banding patterns; also changes in the life history of certain coralline algal species that have been reported from the Mediterranean (Ragazzola et al., 2020). For example, the feasibility of extracting climate records from attached-living encrusting Mediterranean coralline algae was recently tested using different species, such as Lithothamnion minervae, Lithophyllum stictaeforme, and Mesophyllum philippii. Ragazzola et al. (2020) found that L. minervae may be used as a recorder of temperature and its seasonality using Mg/Ca cyclicity, while irregular growth variations were observed when comparing the oldest and youngest parts of a M. philippii specimen, making this species less useful for climate analysis. Hence, it was noted that growth patterns need to be better understood prior to geochemical analysis as they might influence the reliability of certain species as a temperature recorder.

In our specimens, subannual growth banding is clearly visible (Figure 2) and could even be mapped and directly measured in portions of sample neo40 (Figure 2D). In addition to unclear banding patterns on sample neo20, annual cycles in Mg/Ca ratios were more difficult to identify than in sample neo40 and did not consistently match with the banding observed in the microscope image. This was observed for both measured laser transects (Figure 2C) analyzed on separate protuberances of neo20. The poor match, especially in the uppermost years of neo20, among the two adjacent protuberances may reside in different growth rates, lateral pinging-out of layers and/or the occurrence of a hiatus (Schlüter et al., 2021). However, we did not find evidence for a hiatus in sample neo20. In addition, the optimal placement of sectioning angles during sample preparation is a prerequisite for successful age model development in algal specimens, in particular in branching growth morphologies. We speculate that one reason for the deviations in sample neo20 could be that the angle of sectioning may have been chosen in a suboptimal way. The plane of sectioning crosses the inner part of both protuberances (Figure 2C), which is displayed as concentric rings in growth bands. This is not the case in sample neo40, where successful matching between well-defined seasonal cyclicity in Mg/Ca ratios and annual growth patterns was much easier in the microscope photomosaics, although subannual banding was clearly visible, too (Figure 2D). Previous studies on coralline algae have shown secondary growth banding periodicities corresponding to a monthly cycle, e.g. in Porolithon gardineri (Foslie) from Northwestern Hawaii (Agegian, 1981), where a link to lunar periodicity has been suggested. A lunar influence in short-term skeletal density variations has also been seen in hermatypic corals (Buddemeier, 1974). In bivalve mollusk shells a range of periodic growth patterns have been recognized, such as lunar-monthly, fortnightly, solar-daily, lunar-daily, diurnal, and semidiurnal cycles (Hallmann et al., 2009; Schöne and Surge, 2012). In free-living coralline algae (rhodoliths), subannual growth bands have been linked to growth cessations, monthly/lunar rhythms potentially superimposed on annual cycles (Freiwald and Henrich, 1994; Blake and Maggs, 2003), and second order cycles within the annual cycles (Agegian, 1981; Halfar et al., 2000; Sletten et al., 2017a). Hence, subannual banding may limit the potential for long-term climate reconstructions as these may distort or falsify age models.

In future analysis of samples from this species, optimal sample preparation and placement of laser transects will be key to allow a reliable interpretation of algal sclerochronology and geochemistry. Successful paleoclimate reconstructions can only be achieved after proper identification of annual banding patterns to allow the development of accurate age models for geochemical measurements. Eventually, only specimens which have been stained in controlled field experiments and are collected later will deliver reliable growth rates and allow a proper distinction of subannual from annual banding patterns. For example, this was shown for Clathromorphum compactum in a monitoring experiment in the Gulf of Maine using Alizarin-stained samples, which allowed a direct comparison between growth increments, geochemistry and in situ measured water temperatures in ultra-high resolution (Halfar et al., 2008). This study yielded important information on the timing of vertical growth in this species, with highest growth (= calcification) occurring between June and September at this site, when the combined influence of temperature and solar insolation is the highest. Using stained thalli from free-living Lithothamnion glaciale, Kamenos and Law (2010) found an effect of temperature on calcite density, but no consistent relationship with band width. However, similar to our study, they also noted the possible influence of sectioning angles in sample preparation, as individual branches in L. glaciale do not grow in straight lines. Thus, it is impossible to ensure that each growth band is observed parallel to its maximum axis of growth.

Using encrusting Clathromorphum nereostratum samples from Alaska, Halfar et al. (2011b) have shown declining growth rates with increasing water depth as the availability of light decreases with water depth. In the temperate setting of the Columbretes Islands the observed growth rates might be influenced by reduced light intensity at higher water depths (sample collected at 40 m). Neogoniolithon hauckii (as Neogoniolithon mamillosum) has been described to be growing mainly in coralligenous outcrops, where it is a major carbonate framework builder (Ballesteros, 2006). Coralligenous outcrops develop in a wide range of depths across the Mediterranean Sea (20 to 120 m) (Ballesteros, 2006) and the 40 m sample was collected in the normal distribution range for this species in Columbretes Islands (see Kersting et al., 2021). Sea surface temperature at the study site ranges from 29.6°C in summer to 12.0°C in winter (Kersting et al., 2013). However, at 40 m depth, where sample neo40 was collected, water temperatures and seasonal variability are lower, ranging from 22.6°C maximum in summer to 12.6°C minimum in winter. This dampened seasonal cycle at greater depth, when compared to surface temperature seasonality, might potentially influence growth rates, as well as seasonal cyclicity in elemental ratios, which are related to water temperature (in particular Mg/Ca and Li/Ca).

There is no annual growth data available so far for Neogoniolithon sp. We report mean extension rate in specimen neo40 of 1.1 mm/year (two averaged laser measurement transects) and similar growth rates for sample neo20 at lesser depth (transect neo20.1: 1,28 mm/year; transect neo20.2: 1.2 mm/year). Hence, the difference in sampling depth may not have a significant effect on growth rates, albeit more samples are needed to investigate potential differences. The presented annual growth rates fall within the range of published annual extension rate data for other encrusting coralline algal species. Published vertical extension rates of coralline algae have a wide range, for example from around 0.1 mm/year for rhodoliths (Lithothamnion corallioides) from a temperate setting at the Italian coast (Piazza et al., 2022) to mean extension rates measured in rhodoliths from the NW-Indian Ocean (Lithophyllum kotschyanum f. affine, Gulf of Aden, temperatures between 24 and 30°C) of ca. 0.7-1.5 mm/year (Caragnano et al., 2014). Much higher growth rates of 7-20 mm/year were reported for Porolithon gardineri (Foslie) from NW-Hawaii (Agegian, 1981). Growth rates in rhodolith-forming coralline algae can be highly variable over time and in different parts of individual specimens, a large range between approximately 0.015-2.5 mm/year has been reported (Adey and McKibbin, 1970; Adey and Vassar, 1975; Bosence, 1983; Frantz et al., 2000; Halfar et al., 2000; Blake and Maggs, 2003; Kamenos et al., 2008; Schäfer et al., 2011; Darrenougue et al., 2013; Sletten et al., 2017a). When considering the problems in identification of banding patterns and in the differentiation of annual from subannual growth increments, the vastly different growth rates reported in the literature might in some cases be the result of a misidentification of 1st and 2nd order cycles.

In general, previous studies have reported higher annual extension rates in temperate and tropical coralline algae than in samples from colder water temperatures. Slower growth rates (< 1 mm/year) have been observed in encrusting coralline algae in high-latitude settings, where algal growth is limited by low temperatures and available light (e.g. Leclerc et al., 2022). For example, for the long-lived coralline algae C. compactum in the northwestern Atlantic ocean, annual growth rates range between around 100-400 µm/year with decreasing growth rates latitudinally, suggesting a direct relationship to water temperature (Adey et al., 2013). A recent study has suggested that Mg/Ca ratios from massive encrusting growth forms can yield higher correlations to temperature than transects measured on branching morphologies (i.e. individual rhodoliths) of the same species, which often only allow the generation of short uninterrupted time series due to frequent growth irregularities (Williams et al., 2018a).

Here, we report significant positive relationships between ultra-high-resolution Mg/Ca and Li/Ca ratios and water temperature. For the first time, in situ temperature data measured exactly at the same water depth directly at the specimen collection site allowed a temperature calibration of elemental ratios for this temperate algal species (samples were collected in distances of less than 10 meters from the sensors). Results from linear regression indicate that Mg/Ca and Li/Ca are potentially suited as a temperature proxy in the examined coralline samples. Highest correlations are found in sample neo40, correlations are lower for sample neo20, probably due to the difficulties in establishing an age model for this sample as a result of less clear seasonal Mg/Ca cycles (compare Supplementary Figure 2; Figures 7, 8). Mg/Ca shows the best fit, with around 30% of its variance explained by temperature, while 21% of variance of Li/Ca is explained by temperature in sample neo40. Similar to previous studies on other calcifying coralline algal species, we have shown for Neogoniolithon hauckii that Mg incorporation into the skeleton increases with temperature (Moberly, 1968; Kamenos et al., 2008; Williams et al., 2014), yielding similar relationships as shown for other coralline algal species (e.g. Caragnano et al., 2017, their table 2). Significant relationships between temperature and coralline algal Li/Ca and other element/Ca-ratios have been observed in different species (Hetzinger et al., 2011; Caragnano et al., 2014; Darrenougue et al., 2014; Darrenougue et al., 2018). The relationships to temperature may improve when using an intersample average from a larger number of sample specimens in future studies, as has previously been shown for other coralline algal species (Hetzinger et al., 2018). For a more comprehensive study the collection of a larger number of samples from different water depths is a prerequisite that will also allow quality screening to select optimally-grown and longest-lived specimens of N. hauckii for analysis. Ba/Ca ratios may be influenced by other factors, such as the input of sediments from land sources into the coastal ocean (Gillikin et al., 2006), upwelling processes (Lea et al., 1989), or salinity changes (Hetzinger et al., 2013). However, the open-ocean location of Columbretes Islands makes land-based influence very unlikely. Wind-driven upwelling has been observed in the Mediterranean (Bakun and Agostini, 2001), but reproducibility is poor between individual Ba/Ca transects in our sample and the time series is too short for the identification of such events.



5 Conclusion

This study represents the first assessment of Neogoniolithon hauckii as a potential climate archive and may function as a starting point for more detailed analyses. Our results, which suggest that Mg/Ca and Li/Ca are suited as a temperature proxy in the examined species, indicate that N. hauckii may be used as a new temperature archive for mesophotic coralligenous assemblages in the Mediterranean that are strongly affected by the recent anthropogenic temperature rise. However, a better understanding of intra-annual growth patterns is critical, as well as optimal sample preparation, in order to precisely determine periods of growth and calcification in this coralline red algal species. For this task, more samples of this temperate alga from different water depths and environmental settings need to be analyzed in the future.
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Sr/Ca in shells of laboratory-grown bivalves (Arctica islandica) serves as a proxy for water temperature – implications for (paleo)environmental research?
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Seawater temperature is an essential quantity for paleoclimatological and paleoecological studies. A potential archive that can provide century-long, temporally well-constrained and high-resolution temperature proxy data is available in the form of bivalve shells. However, the number of well-accepted and robust temperature proxies contained in shells is limited to stable oxygen isotopes and carbonate clumped isotopes. Many studies have therefore investigated the possibility to reconstruct temperature from element/Ca properties, specifically Sr/Ca ratios in case of aragonitic shells. As demonstrated here, in agreement with thermodynamic expectations and the lattice strain model, shell Sr/Ca of laboratory-grown Arctica islandica specimens is strongly positively coupled to water temperature. If ultrastructure-related bias is mathematically eliminated, up to 75% of the variability in shell Sr/Ca data can be explained by water temperature. However, in field-grown specimens, this relationship is superimposed by other environmental variables that can hardly be quantified and mathematically eliminated. The explained variability of Sr/Ca is reduced to merely 26% and the prediction uncertainty too large for reliable temperature estimates. Most likely, the equable, less biased conditions in the laboratory resulted in the production of a more uniform shell ultrastructure (with larger and more elongated biomineral units) which in turn was associated with less variable Sr/Ca values and a stronger link to water temperature. Without a detailed understanding and quantification of the factors controlling ultrastructural variations in field-grown bivalves, it remains impossible to employ shell Sr/Ca of wild A. islandica specimens for precise temperature estimates, merely a qualitative temperature reconstruction seems feasible.
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1 Introduction

Ocean temperature is a crucial quantity in paleoclimatological and paleoecological research. Amongst other aspects, seasonally to annually resolved and temporally well-constrained temperature data are needed to verify and refine numerical climate models (Schmidt et al., 2014; Cauquoin et al., 2019), understand biogeographic distribution patterns (Adey and Steneck, 2001; Zacherl et al., 2003; Belanger et al., 2012) and assess the impact of short-term temperature changes on biota, specifically in coastal nearshore environments (Goberville et al., 2010; Węsławski et al., 2011). Potential archives that provide such data include shells of bivalve mollusks (Wanamaker et al., 2012; Butler et al., 2013; Lohmann and Schöne, 2013; Black et al., 2016). Bivalves are often abundant and sometimes well-preserved in the fossil record, extending their potential use back in time. They are widely distributed globally and some species such as the ocean quahog, Arctica islandica, can live for several hundred years (Schöne et al., 2005; Wanamaker et al., 2008a; Butler et al., 2013). More importantly, they record changes of ambient environmental conditions in their shells in precise chronological order (Jones, 1981; Witbaard et al., 1994; Schöne et al., 2005; Wanamaker et al., 2012; Wanamaker et al., 2019; Schöne et al., 2023). This environmental record is also spatially well-constrained, because bivalves are sessile organisms, compared to data extracted from mobile or migrating animals, e.g., fish (Schöne and Krause, 2016). However, extracting quantitative temperature data from bivalve shells remains a challenging task for a variety of reasons.

Due to known limitations of δ18O and Δ47-based temperature estimates (Witbaard et al., 1994; Eiler, 2011; De Winter et al., 2022), repeated attempts have been undertaken to explore the potential use of element/Ca ratios as paleothermometers, especially Sr/Ca values in aragonitic shells (Surge and Walker, 2006; Foster et al., 2009; Schöne et al., 2011; Schöne et al., 2013; Schöne et al., 2023) and Mg/Ca in calcitic shells (e.g., Wanamaker et al., 2008b; Tynan et al., 2017). Unlike δ18O, these element/Ca values are assumed to be fairly stable in marine waters (above a salinity of approx. 10; Dodd and Crisp, 1982) through time and space and can thus be assumed constant in paleothermometry equations. Furthermore, with in-situ analytical techniques (e.g., LA-ICP-MS), element/Ca data can be measured quickly, precisely and at very high spatial resolution. While Sr/Ca and Mg/Ca values are routinely used in many non-molluscan biogenic carbonates to reconstruct temperature histories (Beck et al., 1992; Rosenheim et al., 2004; Corrège, 2006), their use in bivalve shells (Dodd, 1965; Stecher et al., 1996; Zhao et al., 2017) is controversially debated, even in the same species. Reports on A. islandica range from positive (Hart and Blusztajn, 1998; Toland et al., 2000; Brosset et al., 2022) to negative (Schöne et al., 2013; Yan et al., 2013) to no correlation (Wanamaker and Gillikin, 2019) between shell Sr/Ca or Mg/Ca and temperature. Partly, these controversial findings are related to the experimental design, e.g., averaging Sr/Ca data from very slow and fast-growing shell portions, growth lines and growth increments, respectively (Schöne et al., 2013). Even if there was a relationship between shell Sr/Ca and temperature, the correlation remained low (ca. R² < 0.30). Only a single study explored this relationship in laboratory-grown A. islandica specimens, but merely at two different temperature regimes and without studying the underlying shell ultrastructure (Wanamaker and Gillikin, 2019).

As with most other trace and minor elements, the incorporation of Sr and Mg into bivalve shells is reported to be strongly controlled by vital and/or kinetic effects (e.g., Foster et al., 2009), possibly to maintain certain mechanical properties of the shell. As a result, their concentration typically remains well below values observed in abiogenic aragonite and scleractinian corals (Gaetani and Cohen, 2006), and their temperature sensitivity (= the slope of the regression curve between shell Sr/Ca or Mg/Ca and temperature) often deviates from that of abiogenic aragonite (compare, e.g., Gaetani and Cohen, 2006 with Schöne et al., 2013). Furthermore, a strong coupling with growth rate (Stecher et al., 1996; Gillikin et al., 2005), ontogenetic age (Freitas et al., 2005; Schöne et al., 2011; Schöne et al., 2023) and shell ultrastructure (Shirai et al., 2008; Foster et al., 2009; Schöne et al., 2013; Füllenbach et al., 2017; Roger et al., 2017) has been reported. For example, in annual growth lines of Arctica islandica which consist of irregular simple/spherulitic prismatic (ISP) ultrastructure (Ropes, 1984), the Sr concentration is much higher than in the annual increments, i.e., the fast-growing portions between adjacent growth lines (Schöne et al., 2013). In the outer portion of the outer shell layer (oOSL), annual growth increments consist predominantly of homogeneous (HOM) ultrastructure, whereas in the inner portion of the outer shell layer (iOSL) crossed-acicular (CA) and fine-complex crossed-lamellar ultrastructures prevail (Ropes, 1984). As recently demonstrated (Brosset et al., 2022), the shell Sr/Ca values in annual increments (reflecting the main growing season) of juvenile field-grown A. islandica specimens from NE Iceland are weakly positively correlated to water temperature. After mathematical elimination of growth rate and/or ultrastructure-related bias, only a slightly stronger positive correlation was observed implying that other environmental variables exert a strong control on shell Sr/Ca (Brosset et al., 2022). Notably, the positive relationship between Sr/Ca and temperature differs from such found in synthetic aragonite and scleractinian corals (negative correlation) but agrees with thermodynamic expectations and the lattice strain model (Gaetani and Cohen, 2006).

The present study explores whether juvenile A. islandica specimens record water temperature in shell Sr/Ca values if grown in laboratory tanks under controlled conditions, largely devoid of environmental disturbances. Furthermore, by comparison to data of conspecific specimens grown in the field, the potential use of shell Sr/Ca as a paleothermometer is evaluated. The following hypotheses were tested. (i) After mathematical correction for shell growth rate and ultrastructural biases, shell Sr/Ca values of specimens raised under controlled conditions in laboratory tanks are more strongly correlated to water temperature and show a stronger temperature sensitivity than specimens grown in the field. (ii) The uniformity of shell ultrastructure in tank-grown specimens is expected to facilitate the analysis of the Sr/Ca-temperature relationship. Results of this study have implications for future paleotemperature estimates based on molar Sr/Ca ratios of bivalve shells.




2 Materials and methods



2.1 Sample collection and experimental conditions

For the present work, shells of twenty-one juvenile specimens of Arctica islandica of two laboratory growth experiments were used (Witbaard et al., 1997; Beirne et al., 2012) (Table 1). All bivalves were raised in tanks under controlled temperature regimes. Some of the material of Beirne et al. (2012) was also analyzed by Wanamaker and Gillikin (2019) for element chemical properties and growth rate, whereas specimens of Witbaard et al. (1997) were used by Höche et al. (2021) largely for the ultrastructure analysis in the hinge portion of the shells (which differs from such in the ventral margin).


Table 1 | Overview of laboratory-grown specimens of Arctica islandica used in the present study.



Fifteen specimens employed in the studies by Witbaard et al. (1997) and Höche et al. (2021) were collected at 20 m water depth in the western Baltic Sea, Germany (Table 1). After a one-month acclimatization to fully marine conditions in laboratory tanks at Texel, The Netherlands, bivalves were allowed to grow for 95 days in a total of six tanks under stable temperatures, with aerated and filtered seawater regularly replaced. The six stable temperature regimes used for culturing were 1.1, 3.2, 6.2, 9.2, 12°C and 15°C (for details on the experimental conditions, see Witbaard et al., 1997; note that the experiment conducted at 15°C was not reported in their study, but culturing conditions were identical). Two to three bivalves were selected for this study from the nine specimens cultured in each tank with ad libitum food composed of a phytoplankton mixture of Isochrysis galbana and Dunaliella marina.

Six additional specimens came from 82 m water depth in the Gulf of Maine (Beirne et al., 2012). Bivalves were then transported to the Darling Marine Center (University of Maine, Orono) in Walpole, Maine and exposed to ambient temperature, food, and salinity (Beirne et al., 2012). After ca. 1.5 years, the specimens were raised in a muddy estuarine sediment with ambient seawater under stable temperature conditions of 10.3 ± 0.2°C for 47 days, followed by another 69 days at 15 ± 0.3°C (for details, see Beirne et al., 2012 and Wanamaker and Gillikin, 2019).




2.2 Sample preparation

After the experiments, all specimens were shucked, and their shells rinsed with tap water. The right valves of the Baltic Sea (BS) specimens and the left valves of the Gulf of Maine (GOM) shells were mounted on acrylic glass cubes using a plastic welder (WIKO Multi Power 3). The subsequent preparation was done in accordance with methods described in Höche et al. (2022). Briefly, a protective layer of metal epoxy resin (WIKO 05) was applied to the shell surfaces along the planned cutting axis. From each valve, two approx. 2.5 mm thick sections were cut along the maximum growth using a low-speed saw (Buehler IsoMet 1000) operated at 200 rpm. The saw was equipped with a 0.4 mm diamond-coated blade. As shells from the Baltic Sea specimens were very thin (approx. 0.5 mm), the cross-sectioned slabs were embedded in epoxy resin (Araldite 2020) to avoid damage during the cutting process. Furthermore, the epoxy was mixed with a conductive filler (Buehler 20–8500) for subsequent scanning electron microscopic (SEM) analysis. All sections were then ground with F800 and F1200 SiC suspensions on glass plates, and polished using Al2O3 suspension (1 µm grain size) on a Buehler MasterTex cloth. Between each grinding and polishing step specimens were ultrasonically cleaned in tap water. Once dried from air, one slab of each specimen was attached with a carbon sticker to a one-inch sample holder for SEM analysis. The mirroring section was glued to a glass slide used for in-situ trace element analysis by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).




2.3 In-situ chemical analysis (LA-ICP-MS)

The trace element analysis of the shells of the laboratory-grown specimens was done by LA-ICP-MS at the Institute of Geosciences, University of Mainz, following the same method and settings used in Brosset et al. (2022) for field-grown specimens. Briefly, the system consisted of a 193 nm ArF Eximer laser (ESI NWR 193; repetition rate = 10 Hz; energy density = approx. 3 J/cm²) equipped with a TwoVol2 ablation cell, coupled to a quadrupole inductively coupled plasma mass spectrometer (Agilent 7500ce). The laser spots (n = 1,409; 60 µm diameter) were placed 90 µm apart (center to center). In each of the two sublayers (outer, inner) of the outer shell layer (oOSL, iOSL) of the ventral margin, one transect of LA spots was placed parallel to the main growth axis (Figure 1). Strontium concentration in the shells was monitored using the 88Sr intensity. Data were reduced using an in-house software program following the calculations of Longerich et al. (1996) and Jochum et al. (2011). NIST SRM 610 and NIST SRM 612 were used for calibration, and USGS MACS-3, BCR-2G, JCp-1 and JCt-1 as quality control materials, with the preferred values given in the GeoReM database (available at http://georem.mpch-mainz.gwdg.de, ver. 34, last access: 16 Dec. 2022; Jochum et al., 2005; Jochum et al., 2012; Table S1). The element concentrations determined for the quality control materials were in the range of published values, and average detection limit (3σbackground, Jochum et al., 2012) and element-specific Relative Standard Deviation (RSD%) values are shown in Table S1. Data from the reference materials and bivalve shells were normalized using 43Ca as internal standard, and molar Sr/Ca ratios were calculated from Sr concentrations using a shell calcium content of 380,000 µg/g (Marali et al., 2017).




Figure 1 | Overview of the sampling positions for ultrastructural and in-situ element chemical analyses in shells of Arctica islandica specimens cultured at 1.1, 3.2, 6.2, 9.2, 10.3, 12 and 15°C. (A) Depiction of a left valve from a cultured specimen illustrating the cutting axes of the studied shell. (B) Schematic representation of a shell slab. The shell is divided into an inner and outer shell layer (ISL, OSL), separated by the myostracum. The outer portion of the OSL (oOSL) primarily consists of homogeneous ultrastructure (blue), while crossed-acicular ultrastructure (orange) dominates in the inner portion of the OSL (iOSL). The portion of the shell grown during the experimental interval is indicated by the red bracket. (C) Enlargement of panel (B) showing the sampling positions for LA-ICP-MS and SEM for the two shell sections analyzed for every specimen. (D) Enlarged schematic representation of the SEM images (35 µm²) compared to the laser spots (60 µm diameter, 90 µm between LA centers) depicted in panel (C). (E) Example of SEM image obtained in the oOSL and the iOSL. The scale applies to both images.






2.4 Ultrastructure morphometry

The other polished cross-section of each specimen was used for ultrastructural properties analysis by means of SEM, following the method reported by Höche et al. (2022). An ultrafine chemo-mechanical polishing, i.e., superficial oxidation of the inter-crystalline organics and smoothing of the carbonate phase, was performed on the cross-sections to better distinguish individual biomineral units (BMUs). Accordingly, the shell slabs were polished for ca. 10 min with a 60 nm suspension (Buehler MasterMet, pH ca. 10.1) on a Buehler MasterTex polishing cloth mounted on a rotational lap (Buehler MetaServ 2000; 50 rpm).

For direct comparison of the Sr/Ca data with the ultrastructural properties, both sections of each specimen were photographed with a digital camera under a light microscope with reflective illumination (Leica Stemi 508), and images were stitched together using the open-source software Hugin (available at https://sourceforge.net/projects/hugin/, last access: 19 Jul. 2023). In each specimen, the width of the portion grown in the laboratory was measured along the maximum growth axis, and the shell daily growth rates were approximated assuming a constant shell growth during the respective experimental intervals (for details on laboratory-grown sections identification, see Beirne et al., 2012 and Höche et al., 2021). The BigWarp tool (Fiji built-in BigDataViewer plugin available at https://imagej.net/software/fiji/, last access: 16 Dec. 2022) of the software ImageJ (Schindelin et al., 2012; Bogovic et al., 2016) was employed to align both sections of each specimen, and thus to align ultrastructure data to Sr/Ca data (Figure 1). To this avail, one SEM image (35 µm × 35 µm) was taken in corresponding shell portions in which the chemical measurements were completed. A 3rd generation Phenom Pro Desktop SEM equipped with a backscatter electron detector and a CeB6 electron source was used to take 1,409 SEM images at 7,700× magnification and 10keV.

Prior to morphometric analyses, individual BMUs were detected in the SEM photographs following the segmentation method depicted in Höche et al. (2021). Briefly, the machine learning software Ilastik (Berg et al., 2019) was trained to recognize individual BMUs on a sample set of the studied SEM images. Subsequently, all SEM images were processed semi-automatically. The quality of the segmentations was manually assessed, and the software training refined if necessary. Morphometrical parameters, including BMU area and BMU elongation (= ratio between the minor and major axes of an ellipse fitted to the BMU), were automatically measured using the scikit-image processing library (van der Walt et al., 2014) operated through a python script (Höche et al., 2021). For each experimental temperature regime and OSL sublayers, examples of BMU segmentations are depicted in Figures S1, S2. The 15% largest BMUs of each SEM image were considered for consecutive analysis. According to previous work, this threshold value reveals the highest BMU morphology variation and provides the strongest link between the size of individual BMUs in the shell of A. islandica and water temperature (Höche et al., 2021).




2.5 Statistical analysis and detrending of shell Sr/Ca and ultrastructure

To assess the mathematical correlation between water temperature and shell properties, shell growth rate, Sr/Ca, BMU area and BMU elongation data were plotted against temperature (section 3.1). Kruskal-Wallis (KW) rank tests were used to compare data between all temperature regimes, and Dunn tests (generalized Bonferroni adjustment for multiple comparisons; Table S2) were used to compare data between pairs of two temperature regimes. Data from the oOSL and the iOSL were compared using Mann-Whitney U (MWU) two-sample rank tests. At each temperature regime and for both shell sublayers (oOSL and iOSL), median values weighted for the number of studied specimens were calculated for Sr/Ca, BMU area and BMU elongation, and were used for the subsequent analyses.

To identify potential links between shell growth rate, ultrastructure and chemical properties that could have biased the temperature sensitivity of these shell properties, crossplots were generated between (i) growth rate and Sr/Ca, (ii) Sr/Ca and ultrastructural properties, and (iii) growth rate and ultrastructural properties (BMU area and elongation). Based on these crossplots, non-linear (natural logarithm) regression models were computed and subsequently used to detrend the chemical and ultrastructural data. For this purpose, predicted values given by these regression models were subtracted from the chemical and ultrastructural data, resulting in growth rate-detrended Sr/Ca data (dGRSr/Ca), BMU area-detrended Sr/Ca data (dARSr/Ca) as well as BMU elongation-detrended Sr/Ca data (dELSr/Ca) i.e., residuals for each of these parameters after detrending (section 3.2). Furthermore, Sr/Ca data were mathematically corrected for combinations of growth rate and BMU area (dGRARSr/Ca), growth rate and BMU elongation (dGRELSr/Ca), as well as growth rate, BMU area and elongation (dGRARELSr/Ca). Also, the correlation with growth rate was eliminated from ultrastructural properties (section 3.2) to obtain growth rate-detrended BMU area data (dGRAR) and growth rate-detrended BMU elongation data (dGREL).

All computations were done separately for each OSL sublayer (oOSL and iOSL; Tables 2, 3). As indicated by previous studies, A. islandica shell growth rate differs significantly between populations and sampling localities (e.g., Begum et al., 2010; Höche et al., 2022). Therefore, data detrending for shell growth-related effects was performed independently between BS and GOM specimens. All other calculations were done with data from BS and GOM combined. In order to achieve the best description of all detrended and undetrended data, linear regressions were computed between Sr/Ca and water temperature, whereas natural logarithms models were used between water temperature and shell ultrastructural properties, i.e., BMU area and elongation. Subsequently, these models were employed to compute temperature prediction intervals (1σ) based on detrended and undetrended shell Sr/Ca. These intervals were then compared with data gathered from field-grown A. islandica specimens from NE Iceland (Brosset et al., 2022). Alternatively, for all analyses, models using specimen-specific medians or non-weighted median values, as well as linear and/or natural logarithm detrending and regressions to water temperature for both experiments combined or exclusive to the Baltic Sea experiment, can be found in the online repository of the present study, i.e., in Brosset et al. (2023).


Table 2 | Overview of the regression parameters (slope; R², coefficient of determination; p, probability) between shell Sr/Ca data of cultured Arctica islandica specimens and shell growth rate (GR; data from Baltic Sea and Gulf of Maine in regular and italic font, respectively), ultrastructural properties, i.e., area and elongation of the biomineral units (AR and EL, respectively), and temperature of the laboratory tanks (T).




Table 3 | Overview of the regression parameters (slope; R², coefficient of determination; p, probability) between shell ultrastructural properties of cultured Arctica islandica specimens, i.e., area and elongation of the biomineral units (AR and EL, respectively), shell growth rate (GR; data from Baltic Sea and Gulf of Maine in regular and italic font, respectively), and temperature of the laboratory tanks (T).







3 Results

A. islandica specimens from the Baltic Sea (BS) and the Gulf of Maine (GOM) differed in shell height, thickness and ontogenetic age (Table 1). GOM specimens were younger (3 years-old) than those originating from BS (5 years-old). However, shells from GOM were larger (average height: 38.25 ± 0.22 mm) and thicker (1.21 ± 0.33 mm) than those from BS (height = 16.77 ± 2.29 mm; thickness = 0.27 ± 0.04 mm, Table 1). Given these differences, shell growth rates were calculated separately for BS and GOM specimens (Figure 2A), and size differences were also considered when shell chemical and ultrastructural properties were compared with water temperature.




Figure 2 | Shell growth rate (µm/day), molar Sr/Ca ratios (mmol/mol) and ultrastructural properties, i.e., biomineral unit (BMU) area (µm²) and elongation, from the outer portion of the outer shell layer (oOSL, blue) and the inner portion of the outer shell layer (iOSL, orange) of Arctica islandica specimens cultured at 1.1, 3.2, 6.2, 9.2, 10.3, 12 and 15°C. (A) Shell growth rate of studied specimens. Black solid line: linear model for Baltic Sea (BS); black dashed line: linear model for Gulf of Maine (GOM). (B) Shell Sr/Ca values and corresponding (C) median values weighted for the number of specimens (linear regression). (D) Area of the BMUs and corresponding (E) median values weighted for the number of specimens (natural logarithm regression). (F) Elongation of the BMUs and corresponding (G) median values weighted for the number of specimens (natural logarithm regression). In (A, C, E, G), circles represent data from the BS experiment, while squares stand for data from the GOM experiment. In (B, D, F), the bold black line represents the median, lower and upper limits of the boxes stand for the first and third quartiles, vertical lines denote the minimum and maximum values, and black dots equal outliers. Solid filled boxes = data from the Baltic Sea experiment; striped boxes = data from the Gulf of Maine experiment.





3.1 Relationship between shell properties and water temperature



3.1.1 Shell Sr/Ca and water temperature

In both sublayers of the outer shell layer, Sr/Ca was significantly (p < 0.05) positively linked to water temperature and differed significantly between the adjacent temperature regimes (KW, p < 0.001) (Figures 2B, C). When adjusted for multiple comparisons, i.e., Bonferroni correction, this relationship remained significant in more than 60% of the groups tested (Dunn, p < 0.025; Table S2). Noteworthy, Sr/Ca ratios of the oOSL were significantly higher than those of the iOSL, on average, by 0.28 ± 0.02 mmol/mol (MWU, p < 0.001), with a range of 1.26 to 1.77 and 0.88 to 1.53 mmol/mol in the oOSL and iOSL, respectively (Figures 2B, C). Sr/Ca of the iOSL was more strongly coupled to water temperature, i.e., showed a higher temperature sensitivity (slope = 0.03 ± 0.01 mmol/mol/°C, R² = 0.38, p < 0.001) than that of the oOSL (slope = 0.02 ± 0.01 mmol/mol/°C, R² = 0.22, p < 0.05) (Figure 2C, Table 2).




3.1.2 Shell ultrastructure and water temperature

At some temperature settings, ultrastructural properties differed significantly between the oOSL and iOSL (MWU, p < 0.001) (Figures 2D, E). For example, at 1.1, 6.2 and 15°C, BMUs were significantly larger in the iOSL than in oOSL (MWU, p < 0.05), whereas nearly identical sizes were observed at the remaining studied temperature regimes (MWU, p > 0.05). In the iOSL, the weak tendency toward larger BMUs forming in warmer water was not significant (slope = 0.10 ± 0.11 µm²/°C, p > 0.05). Nevertheless, in over 66% of the temperature pairs assessed, a significant difference in the area of the BMUs was obtained (Dunn, p < 0.025, Table S2). In contrast, irrespective on the prevailing temperature, the BMU area of the oOSL remained largely unchanged (Dunn, p > 0.025 for more than 70% of the tested pairs, Table S2).

The two sublayers of the OSL differed more clearly with respect to BMU elongation. BMUs were approx. 0.14 ± 0.002 more elongated in the iOSL than the oOSL (Figures 2F, G). Between adjacent temperature regimes, the BMU elongation statistically differed (KW, p < 0.001), but after Bonferroni adjustment only half of the paired temperature regime comparisons remained significant (Dunn, p < 0.025, Table S2). In the iOSL, slightly more needle-shaped BMUs were formed in warmer waters (slope = 0.05 ± 0.01, R² = 0.29, p < 0.01), which was not the case in the oOSL (p > 0.05; Table 3).

Compared with field-grown juveniles from NE Iceland (Brosset et al., 2022), the ultrastructure of the studied lab-grown specimens of A. islandica was more uniform. The difference cannot only be visually identified (Figure S3), but also expressed in numbers. For example, the size of BMUs varied less in shells of tank-raised bivalves than specimens grown in the field (relative 1σ variance of the mean in the oOSL: 21 vs 18%; iOSL: 20 vs 18%; Table S3). Furthermore, in tank-raised specimens, BMUs were generally much larger (oOSL: 1.47 vs 0.85 µm2; iOSL: 1.54 vs 0.97 µm2) and more elongated (oOSL: 1.85 vs 1.78; iOSL: 1.96 vs 1.77; Table S3) than in field specimens.




3.1.3 Shell growth rate and water temperature

At large, the shell growth rate of the specimens selected for this study decreased with temperature (Figure 2A). This trend was steep in GOM shells (slope = - 4.39 ± 1.83 µm/day/°C, R² = 0.30, p < 0.01) but non-significant in BS specimens (slope = - 0.84 ± 0.71 µm/day/°C, p > 0.05). The relationship between BS shell growth rate and temperature could also be described with two linear trends, which would better address the abrupt decline of shell growth rate at around 6°C (Figure 2A). Between 1.1 and 6.2°C, shell growth rate of BS specimens increased by 76% (slope = 4.81 ± 1.27 µm/day/°C, R² = 0.77, p < 0.01), ranging from approx. 24.23 ± 1.07 µm/day at 1.1°C to 42.71 ± 6.36 µm/day at 6.2°C. In warmer water, shell growth of BS shells declined and merely 16.60 ± 3.73 µm were added per day at 9.2°C. Between 9.2 and 15°C, daily growth rate increased slightly (slope = 1.17 ± 0.63 µm/day/°C, R = 0.29, p < 0.05), but only attained 27.53 ± 5.51 µm/day. In contrast, GOM specimens grew, on average, much faster than shells from BS, i.e., 54.79 ± 19.46 µm/day at 10.3°C and 29.88 ± 4.47 µm/day at 15°C, which translated into a gradual reduction of shell growth by nearly 10% for every degree Celsius increase. Growth at 15°C was still significantly faster (on average, 7.21 ± 1.02 µm/day faster; p < 0.001) in GOM specimens than in shells from BS. It should be added that the six GOM specimens showed high variability in daily growth rate at 10.3°C, ranging from 23.89 to 86.26 µm/day (Figure 2A).





3.2 Relationship between shell properties



3.2.1 Sr/Ca vs growth rate

In both OSL sublayers, Sr/Ca correlated with the shell growth rate of the specimens considered, but the signs differed between the two experiments (Figure 3A, Table 2). In BS specimens, faster shell growth was associated with lower Sr/Ca values (Table 2), specifically, in the oOSL (slope = - 0.20 ± 0.07 mmol/mol per 1 µm/day, R² = 0.40, p < 0.05). In contrast, shell growth rate was predominantly positively linked to Sr/Ca in GOM shells, specifically in the iOSL (slope = 0.10 ± 0.04 mmol/mol per 1 µm/day, R² = 0.35, p < 0.05), while the slope was less steep in the oOSL (slope = 0.02 ± 0.01, R² = 0.35, p < 0.05; Table 2).




Figure 3 | Relationships between shell Sr/Ca ratios (mmol/mol) and growth rate (µm/day), ultrastructural properties, i.e., biomineral unit (BMU) area (µm²) and elongation, and temperature (°C). Blue and orange denote data from the outer and inner portion of the outer shell layer (oOSL, iOSL), respectively, of Arctica islandica specimens cultured at 1.1, 3.2, 6.2, 9.2, 10.3, 12 and 15°C. (A) Relationship between shell Sr/Ca and growth rate (GR) (solid line = Baltic Sea specimens; dashed line = Gulf of Maine specimens). (B) Relationship between detrended (d) Sr/Ca and temperature (T), after removal of GR-related effects. (C) Relationship between Sr/Ca and BMU area (AR). (D) AR-detrended Sr/Ca vs T. (E) Relationship between Sr/Ca and BMU elongation (EL). (F) EL-detrended Sr/Ca vs T. Circles denote data from the Baltic Sea experiment, while squares stand for data from the Gulf of Maine experiment. In (A, C, E) opaque symbols = median weighted for the number of specimens, translucent symbols = raw data from which medians were calculated. All regression models were fitted to the median Sr/Ca values of a given temperature regime, weighted for the number of specimens, with a natural logarithm function for GR, AR and EL, and a linear function for T (regression parameters depicted in Table 2).






3.2.2 Sr/Ca vs ultrastructure

Sr/Ca was significantly correlated to the ultrastructural properties of the shells, with a comparable Sr/Ca difference between the OSL sublayers for both experiments (Figures 3C, E and Table 2). In the iOSL, 53% of the Sr/Ca variance could be explained by the size of the BMUs, with an increase of 0.80 ± 0.15 mmol/mol/µm² (p < 0.001), whereas only a non-significant positive correlation was found between Sr/Ca and BMU elongation (p > 0.05). The link between Sr/Ca and BMU elongation was negative, significant and much stronger in the oOSL (R² = 0.53, p < 0.001) indicating that the strontium content was higher in rounder BMUs (Table 2). In contrast, Sr/Ca was not significantly correlated to the BMU area in the oOSL (p > 0.05).




3.2.3 Shell growth vs ultrastructure

Ultrastructural properties and shell growth rate were significantly correlated (Table 3). For example, in the iOSL, the BMU area variability explained by the shell growth rate varied between 33 and 35% for BS and GOM shells, respectively (p < 0.05; Figure 4A, Table 3). The size of the BMUs increased between 0.31 ± 0.12 µm² (BS) and 0.39 ± 0.15 µm² (GOM) for each µm/day of shell growth (Table 3). In the oOSL of BS specimens, larger BMUs were also formed during faster shell growth (slope = 0.20 ± 0.07 µm² per µm/day; R² = 0.37, p < 0.05), whereas the BMU area decreased slightly with growth rate in GOM shells (slope = - 0.05 ± 0.02, R² = 0.35, p < 0.05, Table 3).




Figure 4 | Relationships between shell ultrastructural properties, i.e., biomineral unit (BMU) area (µm²) and elongation, growth rate (µm/day), and temperature (°C). Blue and orange denote data from the outer and inner portion of the outer shell layer (oOSL, iOSL), respectively, of Arctica islandica specimens cultured at 1.1, 3.2, 6.2, 9.2, 10.3, 12 and 15°C. (A) Relationship between BMU area and shell growth rate (GR). (B) Relationship between GR-detrended (d) BMU area (AR) and temperature (T). (C) Relationship between BMU elongation (EL) and GR. (D) GR-detrended EL vs T. In (A, C) solid line = Baltic Sea specimens; dashed line = Gulf of Maine specimens. Circles denote data from the Baltic Sea experiment, while squares stand for data from the Gulf of Maine experiment. Opaque symbols = median weighted for the number of specimens; translucent symbols = raw data from which medians were calculated. All regression models were fitted to the median BMU area and elongation values of a given temperature regime, weighted for the number of specimens, with a natural logarithm function for GR and T (regression parameters depicted in Table 3).







3.3 Relationship between detrended shell properties and water temperature



3.3.1 Ultrastructure-detrended Sr/Ca vs temperature

Once the correlation between Sr/Ca and BMU elongation was mathematically eliminated, dELSr/Ca values of the oOSL correlated much stronger with water temperature than undetrended Sr/Ca (R² = 0.63, p < 0.001 vs R² = 0.22, p < 0.05, respectively; Figure 3E, Table 2). Likewise, mathematical elimination of BMU area-related effects from shell Sr/Ca ratios increased the correlation between Sr/Ca and water temperature. For example, 75% of dARSr/Ca variance in the iOSL was explained by the temperature (Figure 3D, Table 2).




3.3.2 Growth rate-detrended Sr/Ca vs temperature

After elimination of growth rate-related effects, shell Sr/Ca fmars.2023.1279164data (dGRSr/Ca) were still positively correlated to water temperature (Figure 3B), but the temperature sensitivity of Sr/Ca of the oOSL was weaker than before detrending (slope = 0.01 ± 0.01 mmol/mol/°C, R² = 0.16, p < 0.05; compare Figures 3B, 2B). In contrast, 41% of the iOSL dGRSr/Ca variance was explained by water temperature, i.e., an increase by more than 7% compared to undetrended Sr/Ca data (Table 2).




3.3.3 Combined shell growth and ultrastructure-detrended Sr/Ca vs temperature

Similar to undetrended Sr/Ca, dGRSr/Ca was positively linked to the BMU area in the iOSL (R² = 0.53, p < 0.001; Figures 5A, C, Table 2). Therefore, the double-detrending of Sr/Ca (i.e., detrending by shell growth rate and BMU area [GRAR]), resulted in comparable results as those obtained by simple detrending (GR, AR), and no significant increase in R² was identified for dGRARSr/Ca vs temperature (Table 2). However, the temperature sensitivity of dGRARSr/Ca of the iOSL doubled compared to simple detrending (0.06 ± 0.01 vs 0.03 ± 0.01 mmol/mol/°C; Figures 5B, D). In the oOSL, the temperature sensitivity increased up to 0.04 ± 0.01 mmol/mol/°C for dGRELSr/Ca. Furthermore, a combined detrending of Sr/Ca by growth rate, BMU area and elongation (dGRARELSr/Ca; Figure 5E) tripled the temperature sensitivity of Sr/Ca of the oOSL and increased the temperature sensitivity by 0.06 ± 0.002 mmol/mol/°C in the iOSL (Figure 5F), albeit at the expense of explained variability (Table 2). However, in both OSL sublayers, the linear models between dGRARELSr/Ca and water temperature still showed a better fit that those obtained with undetrended Sr/Ca data (R² = 0.41 and 0.44 in the oOSL and iOSL, respectively; p < 0.001; Table 2).




Figure 5 | Relationships between shell Sr/Ca ratios (mmol/mol), ultrastructural properties, i.e., biomineral unit (BMU) area (µm²) and elongation, and temperature (°C). Blue and orange denote data from the outer and inner portion of the outer shell layer (oOSL, iOSL), respectively, of Arctica islandica specimens cultured at 1.1, 3.2, 6.2, 9.2, 10.3, 12 and 15°C. (A) Relationship between growth rate (GR)-detrended (d) shell Sr/Ca data and BMU area (AR). (B) Relationship between GR and AR-detrended Sr/Ca data and temperature (T). (C) Relationship between GR-detrended shell Sr/Ca data and BMU elongation (EL). (D) GR and EL-detrended Sr/Ca data vs T. (E) Relationship between GR and AR-detrended shell Sr/Ca data and EL. (F) GRAREL-detrended Sr/Ca data vs T. Circles denote data from the Baltic Sea experiment, while squares stand for data from the Gulf of Maine experiment. In (A, C, E), opaque symbols = median weighted for the number of specimens; translucent symbols = raw data from which medians were calculated. All regression models were fitted to the median Sr/Ca values of a given temperature regime, weighted for the number of specimens, with a natural logarithm function for GR, AR and EL, and a linear function for T (regression parameters depicted in Table 2).






3.3.4 Growth rate-detrended ultrastructural properties vs temperature

Growth rate-detrended BMU area (dGRAR) data were positively correlated to water temperature in the iOSL (Figure 4B, Table 3). 23% of the dGRAR variance in the iOSL could be significantly (p < 0.05) explained by water temperature (natural logarithm model) and sensitivity increased to 0.23 ± 0.08 µm²/°C, whereas the regression model was not significant for undetrended BMU area data (Figure 4B, Table 3). Detrending of the BMU elongation values for growth rate-related effects resulted in lower R² data and reduced temperature sensitivity compared to undetrended data of the iOSL (slope = 0.03 ± 0.01 per °C, R² = 0.19, p < 0.05; Figure 4D, Table 3).






4 Discussion

The present study provided new insights into the complex relationships between shell Sr/Ca of Arctica islandica and water temperature and confirmed previous observations and assumptions. For example, a layer-specific chemical analysis is mandatory, because the Sr content is strongly linked to the prevailing ultrastructure and is higher in the oOSL than iOSL (HOM vs CA ultrastructure). Similar findings were reported for the ocean quahog by many previous studies (e.g., Schöne et al., 2011; Karney et al., 2012; Schöne et al., 2013; Shirai et al., 2014). In addition, to properly identify relationships between shell Sr/Ca and temperature, a broad range of different experimental temperature conditions needs to be assessed (here: 1 to 15°C), specifically near the optimal growth temperature of 12 to 18°C of A. islandica (Witbaard et al., 1997).

Most importantly, the present study confirmed the finding by Brosset et al. (2022) according to which shell Sr/Ca of field-grown A. islandica contains information on water temperature (positive correlation Figures 2B, C, Table 2), but is also controlled by growth rate, ultrastructure and other environmental variables. However, as shown here, shell Sr/Ca values of laboratory-raised specimens provided much more robust temperature estimates than field-grown bivalves, especially after mathematical elimination of ultrastructure-related effects from Sr/Ca data (Figures 2–5, Table 2). In tangible terms, the correlation of (ultrastructure-detrended) shell Sr/Ca with water temperature was much stronger in specimens grown in laboratory tanks (up to R² = 0.75; this study) than in nature (R² = 0.26; Brosset et al., 2022). Very likely, this can be attributed to more equable growth conditions in the laboratory minimizing environmental biases.

The present work also demonstrated that transfer functions calibrated with tank specimens cannot be used to compute temperature from Sr/Ca data of field-grown A. islandica specimens. This is partly due to the fact that the temperature sensitivity of Sr/Ca was stronger in tank shells than in shells of specimens from the field (oOSL: 0.03 vs 0.007 mmol/mol/°C; iOSL: 0.03 vs 0.02 mmol/mol/°C). In addition, BMUs of lab-grown specimens were larger (oOSL) and more elongated (iOSL) than in wild specimens, so that transfer functions based on ultrastructure-detrended Sr/Ca data can likewise not be applied to specimens from the field.

Overall, the findings suggested that the shell Sr/Ca thermometer of ocean quahogs merely works well under artificial laboratory conditions (temperature predicted up to ± 2.6°C in the oOSL, ± 1.0°C in the iOSL, Figure 6), but not in nature where the Sr/Ca vs temperature relationship is apparently strongly biased by environmental conditions that can hardly be quantified and corrected for. In field-grown specimens, the explained variability of shell Sr/Ca is simply too low (R² = 0.04 and 0.30 in the oOSL and the iOSL, respectively, Figure 6) and the prediction uncertainty too large for a reliable reconstruction of water temperature (prediction interval of ± 2.1°C and ± 2.4°C in the iOSL and oOSL, respectively; Figure 6). It is important to note that Sr/Ca values in seawater can vary temporally and regionally, particularly in coastal areas (Lebrato et al., 2020; Lebrato et al., 2021; Khare et al., 2023). Assuming a constant Sr/Ca composition of the water can introduce bias in temperature estimates from bivalve shell Sr/Ca, especially when the temperature sensitivity of shell Sr/Ca is low. This underlines the need to obtain highly resolved seasonal location-specific Sr/Cawater data in future studies, particularly in regions affected by riverine influx (e.g., Khare et al., 2023).




Figure 6 | Temperature predicted from shell Sr/Ca ratios of laboratory-grown and field-grown A. islandica specimens. Blue and orange denote data from the outer and inner portion of the outer shell layer (oOSL, iOSL), respectively. Solid line = linear regression between predicted temperature and measured Sr/Ca; red dashed lines = upper and lower limits of the 1σ temperature interval predicted from measured Sr/Ca data. (A–D) Data from Baltic Sea and Gulf of Maine specimens cultured at 1.1, 3.2, 6.2, 9.2, 10.3, 12 and 15°C in laboratory tanks. Error bars = average ± 1σ. (E–H) Data from NE Iceland specimens grown in nature (Brosset et al., 2022). In (B, F) Sr/Ca data are detrended (d) for the elongation (EL) of individual biomineral units (BMUs) of the shell ultrastructure, whereas Sr/Ca data detrended for the area (AR) of the BMUs are depicted in (D, H).





4.1 Predicted and observed relationship of Sr/Ca vs temperature

The observed positive correlation between shell Sr/Ca and temperature is in agreement with both thermodynamic expectations and the lattice strain model (Gaetani and Cohen, 2006). Note that the same trend is obtained if only the data from the Baltic Sea are used (see Brosset et al., 2023). In the crystal lattice of aragonite, Sr2+ can substitute for Ca2+ due to the same charge and similar ion size (Sr2+ measures 1.31 Å in 9-fold coordination, Ca2 + 1.18 Å, Shannon, 1976). This enables strontium ions to occupy the same sites as calcium ions without significantly disrupting the lattice structure. With rising temperature, the lattice distortions increase and allow for more Sr2+ to be incorporated, resulting in higher Sr/Ca ratios (Gaetani and Cohen, 2006). The temperature sensitivity of shell Sr/Ca was nearly identical to such expected for thermodynamic equilibrium, i.e., 0.04 mmol/mol/°C (Table 2; Gaetani and Cohen, 2006). This suggests that the increase in strontium partition coefficient during moderate and rapid shell growth (HOM and CA ultrastructure) was primarily governed by thermodynamic factors.

In contrast to the temperature sensitivity, significant differences were found between predicted and observed Sr/Ca levels. For example, the Sr/Ca values of the CA ultrastructure of the iOSL (1.37 ± 0.15 mmol/mol at 15°C, Figure 2B) were almost three times higher than predicted by thermodynamics and the lattice strain model (0.51 mmol/mol at 15°C; Gaetani and Cohen, 2006). Even higher values were measured in the homogenous oOSL (1.64 ± 0.19 mmol/mol at 15°C; Figure 2B) and in particular, in the ISP ultrastructure of annual growth lines (> 3 mmol/mol, Schöne et al., 2013; Schöne et al., 2023), indicating that additional factors controlled the incorporation of strontium into the shell.

As outlined in more detail in Brosset et al. (2022), the size and shape of BMUs and ultimately, the habit of aragonite crystals could have been responsible for the Sr enrichment in the studied shells. The varying strontium concentrations in the different ultrastructure types (CA < HOM < ISP) may be explained by the amount of specific crystal faces facilitating the incorporation of trace impurities, for example, due to lattice defects (e.g., Plummer and Busenberg, 1987; Paquette and Reeder, 1995; Mavromatis et al., 2022). The substitution of Ca2+ by compatible ions is energetically less costly in crystals with a larger number of lattice defects. Furthermore, in aragonite, much less energy is required to substitute Ca2+ by Sr2+ ions on the surface than deeper inside of the crystal (Menadakis et al., 2008). Large exposed aragonite crystal faces thus promote the substitution of Ca2+ by Sr2+ (Menadakis et al., 2008). This may explain why the large, blocky, idiomorphic BMUs occurring at the annual growth lines contain much more strontium than xenomorphic BMUs lacking a distinct habit such as the granular HOM-BMUs of the oOSL (often irregularly shaped twinned crystallites). The highly ramified and convoluted CA-BMUs of the iOSL likely have the least developed primary crystal faces and thus come with the lowest Sr/Ca values.

An alternative or complementary explanation for the strongly varying Sr concentrations (CA < HOM < ISP) and the different relationships between Sr/Ca and temperature in the different ultrastructures (positive in HOM and CA, negative if ISP is included) may include differences in energy allocation or availability. Given that Sr/Ca values in shells of ocean quahogs remain below such observed in synthetic aragonite and above values expected for thermodynamic equilibrium, an active, energy-consumptive process seems to regulate the amount of trace impurities that end up in the shell aragonite. Such a control may be required to maintain specific mechanical properties of the shell and facilitate the formation of specific ultrastructures. It remains unclear how exactly this is achieved, e.g., by pumping undesirable ions out of the extrapallial space or by producing molecules capable to capture undesirable ions to prevent their incorporation into the shell carbonate.

It is further hypothesized that more primitive ultrastructures, i.e., ISP, are formed when less energy is available or less energy is allocated for biomineralization. In A. islandica, ISP ultrastructures are formed during times of strongly reduced metabolic rate during formation of annual growth lines (Schöne et al., 2023). In addition, ISP is increasingly formed during later stages of life as a result of gradually declining shell growth rate and energy-rerouting to body maintenance and gonad production, rather than biomineralization and active control over trace impurity content of the shell. As a consequence, ISP ultrastructures are then not limited to annual growth lines, but are also produced during other times of the growing season and hence, the proportion of ISP relative to CA and HOM increases gradually through lifetime. Increasingly narrower growth bands are deposited as the bivalve ages and the actual annual growth lines may be challenging to identify. Very likely, during later stages of life, shell growth with CA and HOM formation only occurs when sufficient food is available. This would be supported by the high valve gape activity and shell growth observed in A. islandica specimens at high [Chl-a], i.e., during phytoplankton blooms (Ballesta-Artero et al., 2017).

It is hypothesized here that during ISP formation, similar mechanisms are at work that control the incorporation of Sr into abiogenic aragonite, i.e., surface entrapment during crystal growth (Watson, 1996; Watson, 2004; Gaetani and Cohen, 2006). At lower temperatures, the rate of crystal growth is faster than the transport of Sr2+ to the near-surface region of the crystal and solid solution diffusion thus limited. The chemistry of the near-surface region thus becomes ‘entrapped’ resulting in higher Sr/Ca values in the crystal. With increasing temperature, the solid solution diffusion rate increases and the Sr/Ca values of the forming crystal decrease gradually. This mechanism has been evoked to explain the negative correlation between Sr/Ca and temperature in synthetic aragonite (Gaetani and Cohen, 2006), and may likewise be at work during ISP formation, i.e., during times when vital effects are at minimum. In contrast, when sufficient energy is available, the bivalve exerts strong control over the amount of Sr2+ that substitutes for Ca2+ in the crystal lattice and perhaps, thermodynamic processes prevail over surface entrapment so that a positive relationship establishes between shell Sr/Ca and temperature.

The positive correlation between Sr/Ca and temperature in laboratory-grown shells further increases (up to R² = 0.75, Table 2), if the Sr/Ca data are mathematically corrected for ultrastructure and growth rate-related effects. According to these findings, the relationship between shell Sr/Ca and temperature in laboratory-grown A. islandica specimens is predominantly governed by ultrastructure properties or processes related to ultrastructure formation. However, the temperature sensitivity of Sr/Ca ratios corrected for ultrastructure and growth rate-related effects (dGRAR, dGREL and dGRARELSr/Ca) exceeded predictions of the lattice strain model as well as thermodynamics and reached values of up to 0.09 ± 0.02 mmol/mol/°C (dGRARELSr/Ca of the iOSL vs T; Table 2). We currently do not have a conclusive explanation for this observation.

Noteworthy, the shell growth rate of the specimens selected for this study showed highly inconsistent trends with water temperature, both between the two experiments and across the studied temperature range (Figure 2A). It should be added that the mathematical elimination of growth rate-related effects from shell Sr/Ca data barely improved the correlation between Sr and temperature (Figure 3B, Table 2). Accordingly, for specimens grown under stable laboratory conditions selected for this study, kinetics do not seem to be the main factor regulating the incorporation of strontium into shells of A. islandica.




4.2 Sr/Ca thermometer only works in laboratory-grown A. islandica

As expected, tank-grown specimens formed shells with more uniform ultrastructure than wild specimens, possibly as a result of more equable, undisturbed growth conditions. For example, aside from HOM (oOSL) and CA (iOSL), no other ultrastructure type was formed under laboratory conditions after the acclimatization period. Specifically, fine complex cross-lamellar ultrastructure was absent, which was often reported in conjunction with stressful environmental conditions (Höche et al., 2022). Likewise, no ISP was produced, which typically occurs during annual growth line formation, i.e., during times of very slow growth (Dunca et al., 2009; Schöne et al., 2011; Karney et al., 2012; Schöne et al., 2013). Also, at a given temperature regime and within a given temperature range, BMU sizes exhibited less variability in tank-grown bivalves than specimens grown in the field (Table S3). Notably, BMUs in shells of tank specimens were 73% (oOSL) to 59% (iOSL) larger and 4% (oOSL) to 11% (iOSL) more needle-shaped than in shells of wild specimens (Table 3S).

Most likely, the more uniform ultrastructure in conjunction with larger/more elongated BMUs of laboratory-grown specimens was the main reason why shell Sr/Ca was more strongly coupled with temperature than Sr/Ca of wild A. islandica. As illustrated by many previous studies, some element chemical properties, specifically for Sr and Mg, are strongly tied to the prevailing shell nanoarchitecture (e.g., Schöne et al., 2011; Karney et al., 2012; Schöne et al., 2013; Shirai et al., 2014; Höche et al., 2022). Accordingly, if the shell ultrastructure properties change as the result of physiological or environmental variations (other than temperature) (compare Höche et al., 2022), the relationship between shell Sr/Ca and temperature will break down. If that assumption holds true, Sr/Ca-based temperature reconstructions are limited to ocean quahogs grown under optimum conditions in laboratory tanks, unless the factors controlling ultrastructural variations in the field are known in detail and can be quantified. It may be worthwhile to study if similar observations can be made in other species.




4.3 Considerations on tank experiments

Although the relationship between shell Sr/Ca and temperature observed in A. islandica specimens grown in laboratory tanks cannot be used to reconstruct temperature from field grown specimens, such experiments can provide insights into principles behind the Sr incorporation into shells. Specifically, controlled tank experiments can help to quantify the degree to which Sr/Ca values of bivalve shells are controlled by a single environmental variable, here water temperature, while other environmental disturbances are kept at minimum. In comparison with field-grown specimens this can reveal which environmental variables mask the temperature information recorded in shell Sr/Ca. Potentially, this can lead to the development of methods capable of retaining a larger proportion of the temperature signal encoded in this element/Ca ratio of wild A. islandica than currently possible.

To reliably identify relationships between shell properties and temperature, tank experiments should be conducted at a broad range of different thermal regimes (not just two as in Wanamaker and Gillikin, 2019) encompassing the species-specific optimum growth temperature. This is particularly relevant, if specimens exhibit large individual differences in growth rate and ultrastructure, which was the case in the GOM specimens at 10.3°C (Figures 2A, D, F). Data from the BS experiment provided a more robust insight into the temperature sensitivity of shell Sr/Ca, because specimens were exposed a broad spectrum of different temperatures ranging from 1 to 15°C, i.e., close to the lower growth temperature threshold and overlapping with the reported optimum growth temperature range (12 – 18°C, Witbaard et al., 1997). It would have been interesting to assess the extent of Sr incorporation into the shell of the GOM specimens grown below 10°C. Such an experiment would also have revealed whether individual variations in shell properties were attributable to population-specific (genotypic or epigenetic) differences or arose from ontogenetic factors such as age or size. For example, the high individual variability in growth rate observed at 10.3°C could indicate that specimens of the GOM population exhibited a broader thermal tolerance and growth response to temperature variations (Wanamaker et al., 2019) than A. islandica from BS (Table 2).

Slightly different results on the relationship between shell properties and water temperature may also relate to the experimental designs. In the BS experiment of Witbaard et al. (1997), all bivalves were fed ad libitum with a known composition of algae (Isochrysis galbana and Dunaliella marina) and experienced the exact same environmental conditions, i.e, the same water chemistry and salinity (although these were not quantified), but different water temperatures. This approach (parallel experiments) allowed to study the effect of temperature on shell properties of this species (or population) but could not unravel the response of individual specimens to changes of the thermal regime. The latter was possible with the GOM experiment (serial experiment), where the same bivalves were successively exposed to different thermal regimes. However, during the GOM experiment, food supply and salinity varied throughout the experiment (30.20 ± 0.70 at 10.3°C; 30.70 ± 0.70 at 15°C; Beirne et al., 2012; Wanamaker and Gillikin, 2019; food supply was not monitored), because laboratory aquaria were supplied with ambient seawater.





5 Summary and conclusions

As demonstrated here, shell Sr/Ca of laboratory-grown A. islandica specimens can be used to reconstruct water temperature with 1σ prediction uncertainty of 1°C. Shell Sr/Cr values increased with water temperature by 0.03 mmol/mol/°C which agrees with thermodynamic expectations. The explained variability was significantly higher than in field-grown specimens (Brosset et al., 2022) and attained 63% in the oOSL (homogeneous ultrastructure) and 75% in the iOSL (crossed-acicular ultrastructure). Most likely, the equable, less biased conditions in the laboratory resulted in the production of a more uniform shell ultrastructure (with larger and more elongated biomineral units) which in turn was associated with less variable Sr/Ca values and a stronger link to water temperature.

Transfer functions based on laboratory specimens cannot be used to compute temperature from Sr/Ca data of field-grown A. islandica. Firstly, this is impossible because the temperature sensitivity of Sr/Ca was stronger in tank-grown shells than in wild specimens (oOSL: 0.02 vs 0.007 mmol/mol/°C; iOSL: 0.03 vs 0.02 mmol/mol/°C). Secondly, BMUs of lab-grown specimens were larger (oOSL) and more elongated (iOSL) than in field-grown specimens, so that ultrastructure-detrending of Sr/Ca data leads to different results.

While the shell Sr/Ca thermometer of ocean quahogs works well under artificial laboratory conditions, the Sr/Ca vs temperature relationship is strongly biased by environmental conditions that can hardly be quantified and mathematically eliminated. In field-grown specimens, the explained variability of shell Sr/Ca is too low and the prediction uncertainty too large for a reliable reconstruction of water temperature.
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Introduction

Astarte borealis holds great potential as an archive of seasonal paleoclimate, especially due to its long lifespan (several decades to more than a century) and ubiquitous distribution across high northern latitudes. Furthermore, recent work demonstrates that the isotope geochemistry of the aragonite shell is a faithful proxy of environmental conditions. However, the exceedingly slow growth rates of A. borealis in some locations (<0.2mm/year) make it difficult to achieve seasonal resolution using standard micromilling techniques for conventional stable isotope analysis. Moreover, oxygen isotope (δ18O) records from species inhabiting brackish environments are notoriously difficult to use as paleoclimate archives because of the simultaneous variation in temperature and δ18Owater values.





Methods

Here we use secondary ion mass spectrometry (SIMS) to microsample an A. borealis specimen from the southern Baltic Sea, yielding 451 SIMS δ18Oshell values at sub-monthly resolution.





Results

SIMS δ18Oshell values exhibit a quasi-sinusoidal pattern with 24 local maxima and minima coinciding with 24 annual growth increments between March 1977 and the month before specimen collection in May 2001.





Discussion

Age-modeled SIMS δ18Oshell values correlate significantly with both in situ temperature measured from shipborne CTD casts (r2 = 0.52, p<0.001) and sea surface temperature from the ORAS5-SST global reanalysis product for the Baltic Sea region (r2 = 0.42, p<0.001). We observe the strongest correlation between SIMS δ18Oshell values and salinity when both datasets are run through a 36-month LOWESS function (r2 = 0.71, p < 0.001). Similarly, we find that LOWESS-smoothed SIMS δ18Oshell values exhibit a moderate correlation with the LOWESS-smoothed North Atlantic Oscillation (NAO) Index (r2 = 0.46, p<0.001). Change point analysis supports that SIMS δ18Oshell values capture a well-documented regime shift in the NAO circa 1989. We hypothesize that the correlation between the SIMS δ18Oshell time series and the NAO is enhanced by the latter’s influence on the regional covariance of water temperature and δ18Owater values on interannual and longer timescales in the Baltic Sea. These results showcase the potential for SIMS δ18Oshell values in A. borealis shells to provide robust paleoclimate information regarding hydroclimate variability from seasonal to decadal timescales.
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1 Introduction

Over the last 30 years and starting with the work of Dettman and Lohmann (1993); Dettman and Lohmann (1995), innovations in microsampling techniques for stable isotope analysis of freshwater to marine organisms with accretionary carbonate hard parts (e.g., bivalves, gastropods, corals, and fish) have spurred discoveries in fields such as paleoclimatology, paleobiology, and archaeology (special issues Schöne and Surge, 2005; Prendergast et al., 2017 and references therein). The ability to microsample some archives at seasonal-scale resolution gave rise to the broader field of isotope sclerochronology, which combines the use of growth patterns with oxygen and stable carbon isotope ratios (δ18O and δ13C, respectively) recorded in carbonate hard parts (Schöne and Surge, 2012; Surge and Schöne, 2015). In bivalves, shell growth patterns (growth lines and increments) are formed due to changes in the rate of carbonate deposition that is, in turn, a response to environmental and biological conditions at several periodicities: daily, tidal, fortnightly, monthly, and annual (Barker, 1964; Stanley, 1966; Pannella and MacClintock, 1968; Clark, 1974; Pannella, 1976; Jones et al., 1983; Goodwin et al., 2001). In effect, growth increments form a shell calendar that can be used to measure time. When combined with shell oxygen isotope (δ18O) ratios, which are a function of growth temperature and δ18O values of ambient water, shell calendars are rich bioarchives of past environments and climate conditions.

The vast majority of studies using high-resolution, seasonal-scale records from fast- and slow-growing bivalves employ micromilling techniques that generate carbonate powder on the order of 10s of micrograms analyzed on conventional isotope ratio mass spectrometers (IRMS). Micromills are typically computer-aided systems equipped with cameras used to digitize sampling paths along growth lines/increments visible in the shell cross-section. Shell growth is fastest in the first few years of life, so microsampling is often restricted to the ontogenetically youngest part of the shell. This approach is easily achieved in fast growing and/or large bivalves (Weidman et al., 1994; Quitmyer et al., 1997; Surge and Walker, 2006; Schöne and Gillikin, 2013; Goodwin et al., 2021). Although this approach can achieve submonthly resolution on fast-growing shells, species that are small, slow growing, and long-lived, like those from the genus Astarte, are potentially untapped resources of paleoclimate information.

Astarte borealis (Schumacher, 1817) is a common constituent of many Arctic and boreal seas, and individuals are reported to live for several decades (Moss et al., 2018; Moss et al., 2021) to over a century (Torres et al., 2011; Reynolds et al., 2022). Such long lifespans are not uncommon for high-latitude species. Moss et al. (2016) document that across Bivalvia there is a tendency for lifespan to increase and growth rate to decrease from low to high latitudes. Such longevity makes this species attractive as a potential bioarchive for reconstructing changes in past and present climate. Based on previous work, A. borealis from the White Sea, Russia, reached 33.5 mm in length and allowed for traditional micromilling techniques (Moss et al., 2018). However, in a subsequent study, Moss et al. (2021) found that A. borealis from the Baltic Sea is smaller than individuals from the White Sea, precluding the use of traditional micromilling techniques. Thus, they employed secondary ion mass spectrometry (SIMS) to allow for a horizontal sampling resolution of 10 μm with a sampled mass of approximately a nanogram, orders of magnitude smaller than traditional micromilling techniques and IRMS analysis. Their study and our study of a 24-year-old A. borealis shell from the Baltic Sea add to the growing body of research that applies SIMS to modern marine/estuarine bivalves (e.g., Dunca et al., 2009; Olson et al., 2012; Vihtakari et al., 2016) and other modern and fossil marine organisms with accretionary carbonate hard parts (e.g., Kozdon et al., 2009; Matta et al., 2013; Linzmeier et al., 2016; Helser et al., 2018; Wycech et al., 2018).

Studies examining A. borealis from the Baltic Sea as paleoclimate archives can greatly improve our understanding of regional-scale climate variability across the North Atlantic. In particular, the Baltic Sea is strongly influenced by large-scale atmospheric circulation (e.g., the NAO), hydroclimate in the catchment area, and restricted water exchange with the North Sea (Lehmann et al., 2011). Although scientific research has focused on NAO decadal variability, physical mechanisms, and external forcings over the last 20-30 years, Pinto and Raible (2012) note that a dearth of long-term, high-resolution archives prior to instrumental observations contributes to uncertainties in our understanding of such regional-scale variability on longer timescales. Therefore, developing a (paleo)climate bioarchive in this region is important to improve our understanding of regional-scale climate variability on long timescales and to reduce uncertainties. Here, using SIMS, we find that δ18Oshell values measured from a 24-year-old A. borealis shell collected alive in 2001 from the Baltic Sea captures a well-documented regime shift in the NAO circa 1989 (Lehmann et al., 2011). Our study thus showcases the potential for SIMS δ18Oshell values in this species to provide robust paleoclimate information regarding hydroclimate variability from seasonal to decadal timescales.




2 Materials and methods



2.1 Shell collection, preparation, and oxygen isotope analysis

Specimen RFP3S-47 was collected alive on 5 May 2001 from 20.9 m depth (54.7967° N, 12.38787° E) using a van Veen grab as part of an earlier benthic ecology study (Zettler, 2002). The aragonitic shell was cut along the maximum axis of growth to expose light and dark growth increments (visible under reflected light; Figure 1A) and set in a 2.5 cm-diameter and 4 mm-thick round epoxy mount alongside grains of the calcite standard UWC-3 (Kozdon et al., 2009; δ18O = 12.49‰ Vienna Standard Mean Ocean Water, VSMOW). Prior to SIMS analysis, the mount was sent to Wagner Petrographic for polishing with successively finer diamond suspension grits, finishing with a 0.05 μm colloidal alumina solution. The polished sample was then sputter coated with gold to a thickness of ~60 nm.




Figure 1 | Photomicrograph of shell cross-section, location of SIMS sampling pits, SEM image of SIMS pits, and SIMS δ18Oshell values plotted using Quantum-GIS® software (QGIS.org, 2023). (A) Cross-section of specimen RFP3S-47 cut along the axis of maximum growth (umbo on left, growth margin on right; growth direction from left to right), showing 3 microstructural layers (i, inner layer; m, middle layer; o, outer layer) and light/dark couplets under reflected light hypothesized to represent annual increments. Approximately 22-24 light/dark couplets are visible. Sampling pits are identified in gradational shades of blue circles (enlarged from true size of 10 μm for ease of visibility), representing 0.5‰ intervals of SIMS δ18Oshell values where lighter blues represent lower values and darker blues are higher values. Estimated season of dark increment formation interpreted from the SIMS δ18Oshell time series (see text for details) are labeled as follows: W, winter; Sp, spring; F, Fall. The last dark increment nearest the growth margin does not include a SIMS δ18Oshell value; thus, the designation W/Sp? is estimated using the relative amount of shell growth from the date of harvest. Scale bar = 2000 μm. (B) SEM image of SIMS sampling pits at high resolution (5.5 k magnification) showing examples with no irregularities. Scale bar = 10 μm. (C) SIMS δ18Oshell values sampled along direction of growth (left to right). Gray circles are individual SIMS data points. Bars are standard deviations (2σ). Gaps represent data points removed during quality control.



SIMS analysis was performed at the University of Wisconsin-Madison WiscSIMS laboratory on a Cameca IMS 1280 in August 2018 during the same session as Moss et al. (2021) and following settings described in Wycech et al. (2018). Analysis pits ~10 μm in diameter and ~1 μm deep were sputtered using a 1.0 nA primary beam of 133Cs+. Three Faraday detectors in the double-focusing mass spectrometer simultaneously detected secondary ions of 16O−, 18O−, and 16OH−, with secondary 16O− count rates of ~2.4 Gcps. Values of δ18O are reported in permil (‰) relative to the VPDB (Vienna Pee Dee Belemnite) standard. Precision was determined as 2 times the standard deviation (s.d.) of repeated groups of bracketing measurements on the calcite running standard UWC-3, which averaged ±0.24‰ (2 s.d.) across the analysis session. Measured (raw) δ18O values were corrected to the VPDB scale for each group of 15–20 aragonite sample analyses following a 3-step procedure: 1. The instrumental bias of calcite on the VSMOW (Vienna Standard Mean Ocean Water) scale was calculated using the bracketing measurements of UWC-3. 2. An adjustment for the small difference in instrument bias (0.88‰) between calcite and aragonite analyses was applied based on calibration analyses of the aragonite standard UWArg-7 (δ18O = 19.73‰ VSMOW, Linzmeier et al., 2016) completed at the start of the analysis session. 3. Conversion from the VSMOW to VPDB scales followed procedures outlined in Coplen (1994).

The middle microstructural layer was targeted for SIMS analysis per Moss et al. (2021). SIMS analysis started nearest the umbo and proceeded along growth direction to the growth margin, sampling nearly the entire lifespan of the specimen and yielding 482 SIMS δ18Oshell values. Most of the shell was sampled by manual site selection along growth direction. To maximize machine time by sampling overnight, automated sampling of pre-selected points was implemented to capture the earliest ontogenetic years (40 samples) and the final ~8 light/dark couplets towards the growth margin (160 samples).

SIMS data were subjected to a quality-control protocol. First, analytical metrics of each sample measurement – including secondary ion yield, 16OH−/16O− ratio, and internal variability – were compared to the mean of the bracketing standards. 16OH−/16O− ratios ranged from 0.0129 to 0.0373, with an average of 0.0243 ± 0.0038 (1σ). Analyses were determined as outliers if they exhibited values that were above (below) the third (first) quartile by more than 1.5 times the interquartile range (Tukey, 1977), and were thus excluded from figures and interpretive discussion. This quality control removed 23 of the 482 total analyses (<5%). An additional 8 duplicate samples were removed from figures and interpretive discussion, resulting in 451 total SIMS δ18Oshell values. Next, SIMS pits were imaged by scanning electron microscopy (SEM) to screen for irregular pit shapes, cracks, or inclusions that may bias the δ18O data. For SEM imaging, the epoxy mount was loaded onto an aluminum receiver with double-sided copper tape. Images were taken using a Zeiss Supra 25 FESEM operating at 5.5 kV, using the SE2 detector, 30 μm aperture, and working distances of 12–15 mm (Carl Zeiss Microscopy, LLC, Peabody, MA). SEM images of SIMS analysis pits revealed no irregularities of either pit morphology or aragonite substrate (Figure 1B).





3 Results



3.1 SIMS δ18O values in A. borealis

SIMS δ18Oshell values in specimen RFP3S-47 exhibit a quasi-sinusoidal pattern (Figure 1C), with 24 cycles of local minima (−5.58 ± 0.32‰, 1σ) and maxima (−3.15 ± 0.39‰, 1σ) in agreement with the 24 light/dark couplets of annual growth increments visible under reflected light (Figure 1A). These SIMS δ18O values are comparable to the SIMS δ18O values measured from another Baltic Sea A. borealis specimen in Moss et al. (2021), where the authors noted a negative offset between their SIMS δ18Oshell values relative to coarser resolution IRMS δ18O values measured from the same specimen. Between 9 and 31 SIMS δ18Oshell measurements comprise a full couplet in specimen RFP3S-47, averaging 19 data points per couplet. Most dark increments occur at or near the highest SIMS δ18Oshell values (darker shades of blue circles locating SIMS pits on the shell cross-section in Figure 1A). Assuming one light/dark couplet represents an annual cycle, as is often the case in this species (Moss et al., 2018; Moss et al., 2021), our sampling interval equates to sub-monthly resolution on average (see Section 4.1 for further discussion of age modeling). However, we note that each discrete sample constitutes a 10 μm spot and a ~5 μm space between spots, and thus one-third of the shell along the sampling path is not represented by the samples presented in this study.




3.2 In situ temperature and salinity

Bottom water temperature (Figure 2A) and salinity (Figure 2B) were measured periodically at a location less than 2 km away from our study site (54.79169°N, 13.05831°E) using a calibrated CTD in a previous study (Zettler et al., 2017) between October 1976 and November 2017. The data span the approximate growth years of specimen RFP3S-47 based on counting couplets of light/dark growth increments (1977 to 2001). Prior to 1990, in situ temperature and salinity were measured at approximately seasonal resolution (n = 4 ± 1 per year). During and after 1990, the sampling frequency increased to an average of 7 ± 3 measurements per year. Throughout all years, eight months were sampled frequently, including the warmest (August) and coldest (March) months of the year (Figure 2C). However, there is a general dearth of data during the transitional months of April, June, September, and December.




Figure 2 | Environmental data measured less than 2 km from where specimen RFP3S-47 was collected (54°47’30.1”N, 13°03’29.9”E). (A, B) Bottom water temperature and salinity measured between 23-32 m depth. (C) Number of measurements taken in each month for all years of CTD data.



On average, bottom water temperatures ranged from 11.46 ± 2.63°C (1σ) in August to 2.28 ± 1.26°C in March, equating to an annual cycle of 9.18°C ± 3.89°C. However, we note that temperatures collected in July, August, and October are statistically indistinguishable from one another (ANOVA; n = 50, p = 0.41). The same is true for temperatures collected in February, March, and April (n = 46, p = 0.83). The highest bottom water temperature observed was 16.69°C on 5 August 1992, while the lowest temperature observed was −0.30°C on 13 February 1996. Bottom water salinity did not vary with the annual cycle. Salinity measurements exhibited a skewed-right distribution with a median value of 9.83 practical salinity units (psu). Significant deviations above average salinity occur frequently and sporadically throughout the sampling period, with a maximum value of 22.85 psu observed on 26 January 1993. Significant deviations below average salinity were lower in magnitude and frequency, with the minimum value of 7.67 psu observed on 7 May 1999.





4 Discussion

In this section, we demonstrate that the SIMS δ18Oshell dataset from specimen RFP3S-47 yields quantitative paleoclimate information, validating SIMS δ18Oshell values in A. borealis as a new climate archive for mid-to-high latitude coastal environments. First, to associate spatial changes in SIMS δ18Oshell values to temporal changes in environmental conditions, we apply an age-model (described in the next section) to the SIMS δ18Oshell data that aligns local δ18O maxima with the coldest winter months (Figure 3). We then correlate the age-modeled SIMS δ18Oshell dataset with in situ temperature and salinity data (Figure 4), as well as with the independent ORAS5 SST dataset (Zuo et al., 2019). These correlation analyses, in conjunction with the age model, show that variations in SIMS δ18Oshell values in specimen RFP3S-47 reflect regional hydroclimate conditions. Finally, we correlate the low-frequency variance component of the SIMS δ18Oshell dataset to interannual shifts in the NAO.




Figure 3 | (A) Age-modeled SIMS δ18Oshell data from the (A) borealis specimen. Estimated growth dates are between March 1977 and May 2001. The light blue line is monthly-averaged δ18Oshell values, with gray dots indicating where values were linearly interpolated between bracketing months. The dark blue line represents the data passed through a 36-month LOWESS function. (B) Number of age-modeled growth months for SIMS δ18Oshell data (n = 290) for all growth years (n = 24). Most months (84%) are represented by one or two data points with no bias towards any particular time of year.






Figure 4 | Age-modeled SIMS δ18Oshell values compared to in situ salinity measurements and two independent temperature datasets from the Baltic Sea. (A–D) Comparison of SIMS δ18Oshell values with in situ salinity (A, B) and temperature data (C, D) collected from shipboard measurements between October 1988 and May 2001 (Zettler et al., 2017), mean-averaged over seasonal intervals. (E, F) Comparisons of SIMS δ18Oshell values with sea surface temperature estimates for the entire Baltic Sea region extracted from the ORAS5-SST global reanalysis product at monthly resolution (Zuo et al., 2019). The δ18O axes in both (C, E) are inverted to better visualize variations in SIMS δ18Oshell values due to temperature. The dark green, blue, and red lines in (A, C, E) show each dataset passed through a 36-month LOWESS function. The equations in (D, F) are displayed to assess correlation, not as proxy calibrations for absolute temperature reconstruction. Parantheticals in each equation represent the standard error of the regression coefficients.





4.1 Age-modeled SIMS δ18Oshell values

A monthly age model was applied to all δ18Oshell samples throughout the lifespan of specimen RFP3S-47 by aligning the quasi-sinusoidal pattern to the annual cycle of temperature (as recorded by in situ CTD measurements) according to well-established methods (Beck et al., 1992; Klein et al., 1996; Surge et al., 2001). The age model assumes that local δ18Oshell maxima occur during the coldest winter months (January, February, March, and April, according to the ORAS5 SST dataset), with the final data point designated as the month of collection (May 2001). All samples between local maxima were assigned months based on linear interpolation of their position between bracketing maxima, which assumes a linear growth rate within years. Counting couplets of light and dark increments backwards from the collection date provides calendar years for all SIMS δ18Oshell samples. We thus infer relative variations in annual growth rates by examining the number of samples collected in each couplet of light and dark increments (Figure 5). Excluding the year of collection and the earliest growth year (which do not constitute full light/dark increment couplets), between 9 and 31 samples were collected per year, with periods of notably slow growth in the late 1970s and early 1990s. Given each sample constitutes one 10 μm spot and a ~5 μm space between samples, we can approximate an annual growth rate in μm per year (Figure 5, secondary y-axis). However, we caution that precisely quantifying growth rates requires a specific protocol where measurements are made perpendicular to growth lines bounding growth increments along the direction of growth (Schöne et al., 2005) and often the hinge plate is used to avoid any biases imparted by the conchoidal shape of the major growth axis (e.g., Winkelstern et al., 2013; Palmer et al., 2021). Given that calculating annual growth rate was not the primary focus of this study and the sampling scheme used did not follow the necessary protocol for such an analysis, our statistical approach provides a relative estimate of growth rates that compliments the more thorough growth assessments of A. borealis specimens conducted by Moss et al. (2018); Moss et al. (2021).




Figure 5 | Number of data points sampled from specimen RFP3S-47 for each calendar year between the year of collection (2001) and the earliest ontogenetic year (1977). Years were assigned to each growth increment by counting couplets of light and dark increments backwards from the year of collection.



For specimen RFP3S-47, all 24 local δ18Oshell maxima occur at or near the dark increment, indicating formation during cold months (i.e., late fall, winter, or early spring; Figure 1A). While not a ubiquitous feature for all bivalves across all latitudes, the coincident timing of dark increment formation with δ18Oshell maxima has been observed in other mid- to high-latitude bivalves, including Arctica islandica (Witbaard et al., 1994; Schöne et al., 2004) and Mercenaria mercenaria (Elliot et al., 2003). Fifteen local δ18Oshell maxima occur exactly at the dark increment (i.e., winter); three occur slightly before the dark increment (i.e., late fall); and six occur slightly after the dark increment (i.e., early spring). Once all data points were age modeled, we calculated that each analysis (10 μm spot and ~5 μm space) represents on average 19.5 days.

After the age model was applied, δ18Oshell values were mean-averaged over monthly intervals between March 1977 and April 2001 (Figure 3A). Data points are distributed almost uniformly across months, which is a function of both our high sampling resolution and the inherent assumption of constant growth in our age model (Figure 3B). Out of 290 months in the time series, 141 are represented by one data point, 103 are represented by two data points, 21 are represented by three data points, 9 are represented by four data points, and one is represented by 5 data points. Only 15 months in the time series were unrepresented by any δ18Oshell samples. For these months, δ18Oshell values were linearly interpolated between bracketing months (gray dots, Figure 3A).

Once the data were averaged into monthly intervals, a 36-month locally weighted scatterplot smoothing (LOWESS) function was applied to highlight the low-frequency variance component (dark blue line, Figure 3A). The LOWESS function (Cleveland, 1979) is a non-parametric regression method that replaces each data point in a time series with a weighted average based on a specified window size and the values of the data points in close proximity to the central data point in that window. For the age-modeled SIMS δ18Oshell time series, we applied a 36-point window size (i.e., a 36-month bandwidth), which is the minimum bandwidth required to mitigate any effects due to seasonality. These smoothed data accentuate interannual variability that peaks within the 3-to-4-year bandwidth over the 24-year time series. The magnitude of the interannual oscillations vary widely, with a few anomalous periods exhibiting cycles as large as 0.64 and 0.76‰ (troughs in 1984 and 1990) or as small as 0.05‰ (troughs in 1993 and 1996). Average interannual variability (0.35‰) in the age-modeled SIMS δ18Oshell dataset is an order of magnitude lower than average seasonal variability (2.43‰). However, interannual variability appears to modulate the seasonal cycle, resulting in seasonal amplitudes as large as 3.31‰ (1997) or as low as 1.44‰ (1990).




4.2 Correlating SIMS δ18Oshell values to temperature and salinity

To explore the mechanisms behind the apparent seasonal and interannual variability, age-modeled SIMS δ18Oshell values were compared to salinity and two separate temperature datasets from the Baltic Sea region (Figure 4). Although we have correlated age-modeled SIMS δ18Oshell values to two different temperature datasets, we establish this correlation strictly to assess for mechanisms of seasonal and interannual variability. As discussed in Moss et al. (2021), SIMS δ18Oshell values cannot be used to reconstruct absolute temperatures in A. borealis shells. Offsets between SIMS-measured δ18O and IRMS-measured δ18O values, which are used in temperature calibrations, are reported in a variety of calcite and aragonite biogenic carbonates. The cause of these offsets, commonly <1‰, can be due to a variety of factors (Helser et al., 2018; Wycech et al., 2018), including possible inclusion of water or organic material in the carbonate matrix. Here, we do not attempt to characterize or calibrate the absolute δ18O value from these samples, but instead use the quality-controlled analytical metrics as the basis for our assumption that SIMS faithfully measures relative changes of δ18O values in specimen RFP3S-47.

Further complications associated with reconstructing temperatures from absolute SIMS δ18Oshell values presented here arise from unconstrained δ18Owater values at this location throughout the study period. Although studies have correlated δ18Owater values to salinity in the Baltic Sea (Frohlich et al., 1988; Harwood et al., 2008), the strength of this correlation is likely variable in space and time. However, given that δ18Oshell values are primarily a function of temperature and the δ18O value of ambient water, we demonstrate the utility of the combined signal in assessing modes of seasonal to interannual climate variability in the Baltic Sea region. As a general rule, we define strong correlations as those with an r2 value greater than 0.50 (|r| > 0.70), moderate correlations as those with an r2 value greater than 0.1 (0.3 < |r| < 0.7), and weak correlations as those with an r2 value less than 0.1 (|r| < 0.3).

Salinity and temperature depicted in Figure 4A through 4D were measured simultaneously via shipborne CTD measurements less than two kilometers from our study site, hereafter referred to as in situ salinity and temperature (Zettler et al., 2017; see Section 3.2). Although in situ water data extend back to the earliest estimated growth month for specimen RFP3S-47 (March 1977), the CTD sampling rate is too sparse to support analysis of subannual variance. Therefore, only in situ water data collected between October 1988 and May 2001 were used for comparison to age-modeled SIMS δ18Oshell values. To facilitate comparison, age-modeled SIMS δ18Oshell values and in situ salinity and temperature were mean-averaged into seasonal values (Winter = DJF, Spring = MAM, Summer = JJA, Fall = SON). The temperature dataset depicted in Figures 4E, F was compiled from the ORAS5 SST global reanalysis product (Zuo et al., 2019). The ORAS5 product was chosen above other readily available global SST products primarily for two reasons. First, it is calculated at sufficient spatiotemporal resolution (monthly; 1° x 1°) with reliable data at high latitudes, allowing us to integrate 49 grid-points into a single regional SST estimate for the Baltic Sea (Figure 6). Second, ORAS5 is a data assimilation product that tunes the output of the European Centre for Medium-Range Weather Forecasts’ OCEAN5 system to in situ observations. Thus, it is well-informed by remote and in situ observations, particularly in this dynamic high-latitude coastal region (Carton et al., 2019; Zuo et al., 2019). This is demonstrated by a strong correlation between in situ temperature and ORAS5 SST when both datasets are seasonally averaged (n = 51, r2 = 0.82, p < 0.001). The correlation between SIMS δ18Oshell values and each dataset are as follows: no correlation for in situ salinity (r2 = -0, n = 51, p = 0.99), strong for in situ temperature (r2 = 0.52, n = 51, p < 0.001), and moderate for the ORAS5 dataset (r2 = 0.42, n = 290, p < 0.001).




Figure 6 | Spatial correlation analysis between the SIMS δ18Oshell data and Baltic Sea SST estimates derived from the ORAS5 SST dataset. Mean SST (x̅SST; shaded region) and the Pearson correlation coefficients (r2; points) are shown for each grid point. The blue diamond marks our study site, where specimen RFP3S-47 was collected. The color of each point denotes the r2 value between age-modeled SIMS δ18Oshell values and SST at that specific location throughout the entire study period (March 1977 to May 2001). The shaded region behind each point indicates the x̅SST over the entire study period.



Both temperature datasets exhibit a moderate-to-strong correlation with age-modeled SIMS δ18Oshell values (Pearson’s correlation coefficient, p < 0.001). Given the assumptions of our age model (aligning local SIMS δ18O maxima to in situ temperature minima), this finding suggests that monthly SIMS δ18Oshell values in specimen RFP3S-47 are varying in part with in situ and regional-scale temperature variability, and that temperatures at ~30m depth in the southwest corner of the Baltic Sea covary significantly with SSTs across the entire Baltic Sea. Furthermore, the standard error of the regression coefficients (parantheticals in regression equations, Figures 4D, F) overlap between the two temperature models, suggesting the relationship between SIMS δ18O and both temperature datasets is similar. However, a Wilcoxon Rank Sum Test (Bauer, 1972) performed on the regression coefficeints from 10,000 bootstrapped resamples suggests that these two equations are statistically distinct (p < 0.001). We also note that the slopes of both SIMS δ18O – temperature equations are substantially lower than those that are typically observed in other bivalves using IRMS (e.g., −0.22‰; Dettman et al., 1999). We postulate that the lower slope of the relationship between SIMS δ18Oshell values in specimen RFP3S-47 to temperature could be attributed to ontogenetic (growth-related) effects, destructive interference of the temperature signal by δ18Owater values, and by potential seasonal growth cessations (stops).

Ontogenetic effects have been observed in many bivalve species, where the degree to which δ18Oshell values capture the full range of seasonal variation decreases with age (Goodwin et al., 2003). However, our results are not consistent with these ontogenetic effects in specimen RFP3S-47, as neither the amplitude of δ18Oshell couplets nor the number of SIMS δ18Oshell measurements constituting each couplet show a secular negative trend. Therefore, we assume that SIMS δ18Oshell values are capturing the same range of the annual cycle through all growth years and thus do not impose any artifacts on interannual variability.

Variable δ18Owater values could reduce the apparent temperature sensitivity in age-modeled SIMS δ18Oshell values if warmer (cooler) temperatures coincide with higher (lower) δ18Owater values. Previous work has shown that δ18Owater values in the Baltic Sea region are tightly coupled with salinity (Frohlich et al., 1988), and thus could be used as a proxy for δ18Owater values. However, the poor correlation between salinity and the age-modeled SIMS δ18Oshell dataset on seasonal timescales indicate that the relationship between the two at our site is complex. Additionally, we find that adding both temperature and salinity as predictor variables for age-modeled SIMS δ18Oshell values does not yield better estimates than temperature alone (r2 = 0.52, p < 0.001). Therefore, we cannot use salinity on seasonal timescales to robustly test whether variations in δ18Owater values are diminishing the temperature sensitivity of SIMS δ18Oshell values. Regardless, we examined the relationship between in situ temperature and salinity to verify if seasonal changes in salinity (used here as a proxy for δ18Owater) could influence the slope of the relationship between SIMS δ18Oshell values and temperature (Figure S1 and Table S1). We find the correlation between in situ salinity and temperature is extremely weak (Figure S1; n = 146, r2 = 0.02, n = 0.14), and there are no significant differences in salinities collected between summer and winter months (Table S1). While it is likely that SIMS δ18Oshell values are influenced by variations in δ18Owater values, the lack of seasonal variation in salinity (serving here as a proxy for δ18Owater) suggests that the influence of δ18Owater variability on SIMS δ18Oshell values is stochastic rather than systematic. Therefore, we find it highly unlikely that δ18Owater variations can explain the reduced slope in the correlation between SIMS δ18Oshell values and temperature.

Seasonal growth cessations (or stops in growth) and slow downs induced by exceeding growth temperature thresholds are a well-documented phenomena in many bivalve species (e.g., Ansell, 1968; Jones and Quitmyer, 1996; Fritz, 2001 and references therein). It is estimated that Baltic Sea A. borealis exhibits an upper temperature threshold between 14 – 17°C and a lower temperature threshold between 0 – 4°C (Oertzen, 1973; Oertzen and Schulz, 1973). Our in situ temperature dataset indicates that specimen RFP3S-47 rarely experienced summer temperatures approaching this upper temperature threshold but regularly experienced winter temperatures in the lower threshold range. Furthermore, other environmental and physiological factors can also influence seasonal growth cessation (see Moss et al., 2018 for an overview). Moss et al. (2021) report that temperature stress during cool months could explain the growth slow downs observed in Baltic Sea A. borealis during that time; however, winter/spring spawning events could not be ruled out as a possibility.

Seasonal growth cessations would manifest as truncated seasonal amplitudes in δ18Oshell values and, thus, a reduced slope in the correlation between SIMS δ18Oshell values and temperature. To test if seasonal growth cessations were occuring, we conducted two separate statistical analyses. First, if growth cessations were occuring in the winter months, we would expect less variance in SIMS δ18Oshell values during winter months (DJFM = December, January, February, March) than in summer months (JJAS = June, July, August, September). However, we find no significant difference in variance between winter and summer SIMS δ18Oshell values (n = 193, p = 0.58). For the second analysis, we compared the correlation between in situ temperature and SIMS δ18Oshell values collected between summer and winter months. We expect that, if growth cessations were occurring during the cold season, winter SIMS δ18O values would exhibit a weaker correlation with temperature than summer values. However, results are sensitive to which temperature dataset is used. Using the seasonally averaged in situ temperature dataset, we find no significant correlation between SIMS δ18Oshell values and in situ temperatures for neither winter months (n = 24, r2 < 0.01, p = 0.95) nor summer months (n = 24, r2 = 0.08, p = 0.17). Using the ORAS5 SST dataset, we find a stronger correlation between temperature and winter SIMS δ18Oshell values (n = 97, r2 = 0.36, p < 0.001) than summer values (n = 96, r2 = 0.03, p = 0.07). However, we would expect this stronger correlation due to increased turnover of the Baltic Sea in the winter months, and thus specimen RFP3S-47 at ~30m depth would likely experience temperatures more similar to Baltic Sea SSTs during the cold season. The inconclusive statistical analyses conducted here, and the difficulty with determining growth cessations via visual inspection, means we cannot rule out that growth cessations are reducing the slope in the correlation between temperature and SIMS δ18Oshell values.

Age-modeled SIMS δ18Oshell values exhibit the greatest interannual variability of all datasets presented in this study, with apparent oscillations occurring every three to four years. Although interannual variability is an order of magnitude smaller than annual variability in the SIMS δ18Oshell dataset, and interannual variability makes up an even smaller component of the environmental datasets, we find that correlating the interannual components of each dataset yields different results than correlating the monthly- and seasonally-averaged datasets. First, seasonal SIMS δ18Oshell values and in situ salinity are strongly correlated when both datasets are passed through a 36-month LOWESS function (r2 = 0.71, n = 51, p < 0.001). The correlation between seasonal SIMS δ18O and in situ temperature actually decreases when we execute the same comparison (r2 = 0.05, n = 51, p = 0.13), and this same decrease is observed to a lesser extent when comparing the smoothed monthly SIMS δ18O data and ORAS5 SSTs (r2 = 0.29, n = 290, p < 0.001). These analyses suggest that, while temperature imposes a strong seasonal effect on δ18Oshell values, salinity is predominantly driving interannual variability.




4.3 SIMS δ18Oshell values and the NAO

Given the strong influence of temperature and salinity on the SIMS δ18Oshell values at different timescales, we suggest that δ18Oshell values in A. borealis from the Baltic Sea may be used to reflect changes in the NAO. The NAO imposes a strong effect on regional temperatures and hydrology as one of the leading modes of interannual climate variability in northern Europe (Hurrell, 1995; Jones et al., 2003). The Baltic Sea is particularly sensitive to the NAO, with stronger (weaker) westerlies bringing increased (decreased) storminess and warmer (colder) winters to the region during the positive (negative) phase (Hurrell, 1995; Lehmann et al., 2011). Because the NAO exhibits a temporal periodicity of approximately 3–4 years, we hypothesize that NAO-related climate changes would work to simultaneously increase SST while decreasing δ18Owater values (and vice versa), effects that would compound to increase the amplitude of the interannual δ18Oshell response of A. borealis in the Baltic Sea.

To test this hypothesis, we compared the age-modeled SIMS δ18Oshell dataset from specimen RFP3S-47 to the NAO index for the entire study period (Figure 7A). Here, the NAO index is defined as the normalized difference in sea level pressure between Iceland and the Azores (Rogers, 1984; Hurrell, 1995). Additionally, to determine if SIMS δ18Oshell values could track significant changes in the NAO, we conducted a change point analysis on both monthly datasets using the pruned exact linear time (PELT) method (Killick et al., 2012), which is the optimal method for finding exact solutions in change point detection (Truong et al., 2020). These change points are shown in Figure 7A as blue diamonds on the δ18O time series and black diamonds on the NAO time series. Although the two datasets are uncorrelated at monthly intervals (r2 = 0.002, p = 0.49), they are moderately inversely correlated when each monthly dataset are passed through a 36-month LOWESS function (r2 = 0.46, n = 290, p < 0.001; Figure 7A). This change in correlation between monthly and interannual timescales observed between SIMS δ18Oshell values and the NAO is very similar to the change in correlation observed between SIMS δ18O and salinity. However, we note that the correlation between SIMS δ18Oshell values and the NAO is supported by a much larger sample size due to the higher resolution (monthly vs. seasonal) from which the smoothed data were derived.




Figure 7 | SIMS δ18Oshell values compared to the North Atlantic Oscillation (NAO). (A) Age-modeled SIMS δ18Oshell values (blue) and the NAO Index (purple), defined as the normalized difference in sea-level pressures between Iceland and the Azores. The bold blue and black lines represent each dataset passed through a 36-month LOWESS function. Diamonds indicate change points in each monthly time series, identified using a PELT change point detection method. (B) Lagged correlation analysis between winter (DJFM) SIMS δ18Oshell values and the NAO Index. The x-axis values represent the number of years that the NAO lags SIMS δ18Oshell values. The red-dotted lines (r = ± 0.42) indicate the point at which the correlation becomes significant at the 95% confidence level (Hu et al., 2017).



The strength of the correlation between the smoothed SIMS δ18Oshell dataset and the NAO is such that SIMS δ18Oshell values track a documented regime shift in the NAO circa 1989 (Figure 7A; first black/blue diamonds), where the overall trend in the NAO shifts towards more negative values while winter NAO values remain largely positive (Lehmann et al., 2011). Moreover, the 1989 regime shift is visually striking, particularly in both LOWESS-smoothed time series. The other change point in the SIMS δ18O time series (circa 1996) occurs within three years of a cluster of change points in the NAO time series, which are associated with a pronounced negative excursion (1994) and an interannual shift towards more negative values (1995). All these latter change points are detected nearly within a 36-month window of each other, which lends further support to our conclusion that δ18Oshell values covary with the NAO on interannual timescales.

The significant correlation on interannual timescales between the NAO index and the SIMS δ18Oshell dataset suggests that positive (negative) phases of the NAO generally bring warmer (cooler) and wetter (dryer) conditions to the Baltic Sea. This finding is consistent with previous studies analyzing modeled and observed temperature and salinity data from the Baltic Sea (Hänninen et al., 2000; Lehmann et al., 2011). In summary, warmer winter SSTs are associated with positive phases of the NAO, as stronger westerly winds bring milder winters and excess precipitation to the region (Hurrell, 1995; Lehmann et al., 2011). Negative phases of the NAO are associated with weaker westerly winds, more extreme winters, and less precipitation in northern Europe (Dickson and Brander, 1993). Additionally, pulses of saline water from the North Sea through the Danish Straits are more likely to occur during a negative NAO phase (Schinke and Matthäus, 1998). Thus, opposite phases of the NAO propagate conditions where temperature and freshwater flux reinforce one another on interannual timescales, likely amplifying the environmental signal recorded in the SIMS δ18Oshell dataset.

To evaluate the mechanisms behind the correlation between the NAO Index and the SIMS δ18Oshell dataset, particularly during winter when the NAO exhibits the greatest regional impact, we conducted a lagged correlation analysis between winter values (DJFM) from both datasets (Figure 7B). We find that winter values from each dataset are moderately correlated when winter NAO leads winter δ18Oshell values by one year (r2 = 0.39, n = 23, p = 0.002). The significant lagged correlation between winter SIMS δ18Oshell values and the NAO could be attributed to the stepwise hydrologic response observed across the Baltic Sea region to freshwater forcing from the NAO. Freshwater runoff into the Baltic Sea lags the NAO index by a few months, with salinity lagging further behind freshwater runoff within one year (Hänninen et al., 2000). The spread in these lag times is largely due to the broad range of residence times (hours to years) that water exhibits across the Baltic Sea region, both in the Baltic Sea itself and in its various watersheds (Ehlin, 1981; Bergström and Carlsson, 1994; Hänninen et al., 2000). Given that our site is located in the Arkona basin subregion near the mouth of the Baltic Sea, we hypothesize that the SIMS δ18Oshell dataset is capturing an integrated signal of freshwater flux derived from melting snow and ice, the volume of which is largely controlled by the state of previous years’ NAO. This hydroclimatic link between the NAO and SIMS δ18Oshell values on interannual timescales is further supported by the significant correlation between SIMS δ18Oshell values and in situ salinity when both datasets are binned annually and salinity leads by one-year (Figure S2; n = 23, r2 = 0.29, p = 0.007). We observe that the lagged correlation analysis conducted specifically on winter δ18Oshell values and the NAO index exhibits a higher coefficient of determination than the lagged correlation analysis conducted between annually binned δ18Oshell values and salinity. We postulate this could be due to: (a) the coarser sampling resolution in the in situ salinity dataset precluding a winter-only comparison with SIMS δ18Oshell values, and (b) the influence of the NAO index on both temperature and δ18Owater.





5 Conclusions

This study presents the first multidecadal δ18O time series generated from an A. borealis shell using SIMS. At sub-monthly resolution, we find that the SIMS δ18Oshell time series is significantly correlated to in situ temperatures at the mouth of the Baltic Sea (r2 = >0.52), as well as regional SST across the Baltic Sea based on ORAS5 SST estimates (r2 = 0.42). The strongest correlation emerges when comparing the interannual components of the SIMS δ18Oshell dataset and salinity (r2 = 0.71). We observe a moderate correlation between the interannual components of the SIMS δ18Oshell dataset and the NAO Index (r2 = 0.46), where SIMS δ18Oshell values capture a well-documented regime shift circa 1989 (Lehmann et al., 2011). We hypothesize that this coupling emerges as a result of NAO-related climate effects creating constructive interference between SST and δ18Owater values at the southern margin of the Baltic Sea on interannual timescales, thereby imposing a strong environmental signal onto the SIMS δ18Oshell dataset. The integrated hydroclimate signal captured at our site by the SIMS δ18Oshell dataset is further supported by a significant correlation between binned DJFM winter δ18Oshell values with the previous years’ winter NAO Index (r2 = 0.39). Our analyses indicate that SIMS δ18Oshell values in A. borealis from the Baltic Sea are a potentially rich source of paleoclimate information, with capabilities of reconstructing the mid-to-high latitude component of the NAO during the Holocene at sub-monthly resolution over decadal timescales.
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Although biogenic carbonates, such as foraminifera and coccolithophorids, are valuable tools for reconstructing past environments, scleractinian corals also offer environmental data from tropical to subtropical regions with a higher time resolution. For example, oxygen isotopes (δ18O) and strontium-calcium (Sr/Ca) ratios have been utilized to reconstruct sea surface temperatures and salinity, primarily through the use of massive-type Porites sp. from the Pacific, as well as corals like Diploria and Montastrea from the Atlantic. While a few types of corals other than Porites have been utilized in paleoclimate studies, comprehensive evaluations of their geochemical tracers as temperature proxies have not been thoroughly conducted. Therefore, in this study, we focused on branching-type Acropora, which are found worldwide and are often present in fossil corals. We conducted a comparison of the chemical compositions (δ18O, δ13C, Sr/Ca, U/Ca, Mg/Ca, and Ba/Ca) of Acropora digitifera and Porites australiensis through temperature-controlled culture experiments. The validity of using the chemical components of A. digitifera as temperature proxies was then evaluated. Three colonies of A. digitifera and P. australiensis were collected for culture experiments on Sesoko Island, Okinawa, Japan. We reared coral samples in seawater with five different temperature settings (18, 21, 24, 27, 30°). The calcification rate and photosynthesis efficiency (Fv/Fm) of each nubbin were measured during the experimental period. After the culture experiment for 77 days, chemical components in skeletal parts grown during the experiment were then measured. Consequently, the mean growth rates and Fv/Fm throughout the experiment were higher for A. digitifera (0.22%/d and 0.63 for growth rate and Fv/Fm) compared to those for P. australiensis (0.11%/d and 0.38 for growth rate and Fv/Fm). This suggests that the higher efficiency of photosynthesis in A. digitifera would promote greater calcification compared to P. australiensis. Regarding the potential use as temperature proxies, A. digitifera exhibited a strong negative correlation, on average, between δ18O and the water temperature (r = 0.95, p< 0.001). The temperature dependency was found to be comparable to that reported in Porites corals (-0.11 and -0.17 ‰/°C for P. australiensis and A. digitifera, respectively). Thus, the δ18O of A. digitifera appeared to be a useful temperature proxy, although it was also slightly influenced by skeletal growth rate at the same temperature. A strong negative correlation was also observed between the mean Sr/Ca ratio and temperature in A. digitifera (r = 0.61, p< 0.001) as well as P. australiensis (r = 0.56, p< 0.001), without a clear influence from the skeletal growth rate. Therefore, the skeletal Sr/Ca ratio in corals may have been primarily influenced by water temperature, although large deviations in Sr/Ca were observed in A. digitifera, even at the same temperature settings. This deviation can be reduced by subsampling an apical part of a polyp including the axis of skeletal growth. The U/Ca ratio of A. digitifera appeared to be affected by internal pH variation within the corals, especially at 30°C. Similar to U/Ca ratios, metabolic and kinetic effects on corals were observed in δ13C of A. digitifera at 18 and 30°C. In addition, considering the variation pattern of both U/Ca and δ13C of A. digitifera at 30°C, it has been suggested that respirations may overwhelm photosynthesis for coral samples at 30°C. Therefore, the U/Ca and δ13C of A. digitifera could potentially be used as proxies of biomineralization processes, whereas the δ18O and Sr/Ca displayed a high possibility of acting as temperature proxies.
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1 Introduction

The chemical compositions of scleractinian corals, such as δ18O and Sr/Ca, have been recognized as proxies for sea surface temperature (SST, e.g., Beck et al., 1992; Gagan et al., 2000; Cobb et al., 2003; Ramos et al., 2020). Specifically, massive corals such as Porites sp., which are dominated in the Pacific region, have been comprehensively used to reconstruct SST and salinity because they have clear annual bands (D’Olivo et al., 2018; Abram et al., 2020; Goodkin et al., 2021). This reconstruction method has become an indispensable tool in paleoceanography and paleoclimatology. Recently, Sr-U and Li/Mg in coral skeletons have been reported as new proxies for water temperature (Montagna et al., 2014; DeCarlo et al., 2016; Cuny-Guirriec et al., 2019). Although almost all SST records that have contributed to paleoclimate studies have been reconstructed using Porites corals, the genus Isopora, which belongs to the family Acroporidae, was successfully used in reconstructing SST during the last deglaciation, including the last glacial maximum (Felis et al., 2014). In this previous study, chemical components contained in bulk skeletal samples, rather than sub-samples collected along an annual band, were used to compare SST values. Therefore, it is important to investigate the possibility of using the chemical compositions of genera other than Porites, such as Acropora, as SST proxies, even though some of these genera grow in a branching morphology. Interestingly, Reynaud et al. (2007) found a temperature dependence of Sr/Ca in Acropora sp. based on the culture experiments; however, a potential colony dependence has not been investigated. In this study, we used three colonies of Acropora digitifera together with Porites australiensis for a temperature-controlled culture experiment to investigate their potential as an SST proxy and any colony dependences on its proxy.

Geochemical proxies in coral skeletons have been used to reconstruct SST as well as salinity, seawater pH, terrestrial runoff, and/or pollution (e.g., Gagan et al., 2000; McCulloch et al., 2003; Pelejero et al., 2005; Inoue et al., 2014; Wei et al., 2015; Genda et al., 2022). However, the detailed mechanisms of incorporation and variability of these proxies occurring within the corals, in addition to their skeletal growth, are not yet fully understood. Although there are studies on the biomineralization of scleractinian corals in terms of their utility as proxies, multiple species other than massive-type Porites have been used for this purpose (e.g., Inoue et al., 2007; Gaetani et al., 2011; Inoue et al., 2011; Gagnon et al., 2012; Ram and Erez, 2021). Furthermore, massive Porites reportedly show tolerance to environmental stresses, such as high temperature and turbidity, whereas branching Acropora seems to be more sensitive to such stresses than massive corals (Loya et al., 2001; Fitt et al., 2009; Jones et al., 2020; Afzal et al., 2023). Loya et al. (2001) reported that massive type colonies, including Porites sp., survived the 1998 warming incident in Okinawa, Japan, whereas branched corals, including A. digitifera, were heavily impacted. They suggested that this was partially attributable to tissue thickness, in which Porites and Acropora have thicker and thinner tissues, respectively. Trophic plasticity is another cause of differences in stress tolerance among genera. Conti-Jerpe et al. (2020) defined coral trophic niches based on δ13C and δ15N analyses. They investigated seven genera and found that their trophic levels varied between autotrophs, mixotrophs, and heterotrophs. Acropora was clearly categorized as autotrophic, whereas Porites was mixotrophic. Porites corals generally transmit their symbionts directly from parents to descendants, whereas Acropora acquire them anew from the environment in each generation; these processes are referred to as vertical and horizontal transmissions, respectively (Lajeunesse et al., 2004). Thus, the growth strategies of corals and their responses to environmental stresses vary among genera, particularly between the massive Porites and the branching Acropora. However, direct comparisons of geochemical proxies contained in Porites and Acropora have not been made. Therefore, it is important to confirm temperature-driven patterns of the incorporation of chemical composition in the coral skeletons of different genera.

In the present study, we performed a culture experiment using both P. australiensis and A. digitifera, which are predominantly found in the shallow reefs around Okinawa, Japan, within an identical culture system. The study investigated differences in growth patterns and skeletal growth in response to temperature between the two species, as well as their potential as SST proxies. The influence of different growth patterns of two species on the variations of SST proxies is also discussed.




2 Materials and methods



2.1 Preparation of coral sub-samples (nubbins)

Corals (Porites australiensis and Acropora digitifera) were collected from a fringing reef on Sesoko Island, Okinawa, Japan, on August 12 and October 11, 2013. Three large colonies of each species were collected at intervals of approximately 10 m to avoid sampling of the clones created by fragmentation. The colonies were maintained in a tank containing running seawater from the Sesoko reef under natural light conditions at Sesoko Station, Tropical Biosphere Research Center, University of the Ryukyus, Okinawa, Japan, before the start of the experiment. Similar sized cubes (approximately 2.0 × 2.0 × 2.0 cm) and branches (approximately 2.0-3.0 cm lengths), hereafter referred to as nubbins, were cut from parent colonies of P. australiensis and A. digitifera, respectively. Prepared nubbins were combined with acrylic plates (3.0 x 3.0 cm and 4.5 x 4.5 cm for A. digitifera and P. australiensis, respectively) using superglue. Nubbins from each colony of both species were allowed to cure to recover from the stress of cutting in an outdoor aquarium for approximately one month. The skeletal growth rates were measured by buoyant weight method in which coral nubbins were suspended on the balance and underwater weight was measured (Davies, 1989). Because tissue does not contribute to the buoyant weight of the coral when weighed underwater due to its similar density with seawater, only skeletal weight can be directly weighed. For the experiment, six nubbins from each colony of both species were placed in two aquaria at each temperature setting as described in Figure 1. Since weights of all nubbins were measured during the curing period, six nubbins were arranged without significant differences in their initial weight.




Figure 1 | Design of the culture experiment conducted in this study.






2.2 Experimental settings

The seawater of Sesoko reef was filtered through a cartridge-type filter (pore size, 1 µm) and the experiment was performed using a flowthrough system. Duplicate aquaria were filled with filtered seawater adjusted to each temperature setting of 18, 21, 24, 27 and 30˚C. Filled seawater from the duplicate aquaria at each temperature was cooled from the outside by circulating the cooled water in a large tank to maintain the temperature. For seawater of 18 and 21°C, firstly seawater was cooled to approximately 23°C in separate tanks using a chiller, this cooled seawater was then distributed to the experimental aquaria and adjusted the temperature. Furthermore, for the 18°C aquaria, two chillers were externally installed in a large tank to maintain the temperature. The water temperature in each aquarium was recorded every hour using a logger (Thermocron SL, KN Laboratories, Supplementary Figure 1). Because a moderate water flow is necessary to maintain coral health (Nakamura et al., 2005), a filter pump was installed in each tank to generate gentle seawater circulation. Three nubbins from each colony of two species were placed in an aquarium. Therefore, 36 nubbins (six replicates from each colony) were cultured at each temperature with a 12:12 light/dark photoperiod (120-140 mmol/m2/s) under metal halide lamps (Funnel 2,150 W, Kamihata, Japan). Each aquarium was cleaned by rinsing off with sponges approximately once every two weeks to remove algae attached to it. Using this system, all nubbins were cultured for 77 d, from December 2, 2013, to February 17, 2014.




2.3 Maximum quantum yield of Photosystem II of symbiotic algae

The maximum quantum yields of photosystem II (Fv/Fm) of symbiotic algae within all nubbins were measured using a Diving-PAM Underwater Fluorometer (Walz, Germany) after an hour of acclimation to darkness, as described by Iguchi et al. (2012). Because the surface area of the nubbins of P. australiensis is wide, measurements were conducted on three randomly selected parts of the colony surface, and the median value was adopted as the representative value of each nubbin. One measurement per nubbin was conducted for branching A. digitifera. Measurements were conducted at 14, 45, and 77 d after the start of the experiment in addition to the before the experiment.




2.4 Skeletal growth rate

Coral skeletal weights were measured 14, 35, and 63 d after the start of the experiment as buoyant weight (Davies, 1989; Anthony et al., 2008) in addition to before (day 0) and after (day 77) the experiment. The growth rate of coral skeleton during the experiment was calculated as the percentage change in skeletal weight during a specific period in the experiment as below:

	

where W1 and W2 represent the skeletal weight at the beginning and end of a specific period, respectively, and Day is the number of days during the period.




2.5 Collection of skeletal samples

After the experiment was completed, coral nubbins were soaked in an H2O2 solution with a pH adjusted to >8 using NaOH for more than 24 h to remove tissue parts. Then, samples were rinsed several times using deionized water and dried in an oven at 40°C. In this study, marking methods, such as using alizarin red, as described by Suzuki et al. (2005), were not used to reduce stress on corals. Therefore, we visually checked the growth area of the skeletons that had grown during the experiment by comparing photographs taken before and after the experiment (Figure 2). Subsequently, the coral skeletons grown in the temperature experiment were scraped off with a spatula and stored in vials. Then collected skeletal parts were gently crushed within vials to make powder samples as bulk sample. Except for the coral samples that apparently died or did not grow large enough to collect powder samples, skeletal samples from almost all nubbins were collected from A. digitifera. However, skeletal samples of P. australiensis from the 18°C setting could not be collected because their skeletal growth was too small to visually distinguish the skeletal parts that grew during the rearing period.




Figure 2 | Photographs of A. digitifera and P. australiensis used in this study before (A, C) and after the experiment (B, D), respectively. Black arrows in (B) and (D) represent skeletal parts that grew during the experiment. A photograph of A. digitifera following the H2O2 treatment to remove organic tissue parts is presented in (E). An approximate place of the tip of A. digitifera used for an additional experiment described in the text is circled with dotted line in (E). The sizes of acrylic plates prepared for A. digitifera and P. australiensis were approximately 3.0 x 3.0 and 4.5 x 4.5 cm, respectively.






2.6 Geochemical analyses of skeletal parts grown during the experiment

We measured trace element ratios (Sr/Ca, Mg/Ca, U/Ca, and Ba/Ca ratios) and isotope ratios (δ13C and δ18O) in skeletal samples grown only during the rearing period using a method similar to that described by Inoue et al. (2018). To measure the concentrations of trace elements, 70 ± 5 µg of skeletal samples was digested in 2% HNO3 that contained internal standards (45Sc, 89Y, 209Bi) to correct instrumental drift. The concentrations of Sr, Ca, Mg, U, and Ba were measured at Okayama University using an inductively coupled plasma mass spectrometer (ICP-MS; Agilent Technology, 7700x). Standard solutions prepared from JCp-1, a coral (Porites spp.) standard material provided by the Geological Survey of Japan (Okai et al., 2002), were measured for every fifth sample for data correction. The relative standard deviations from replicate measurements of the JCp-1 standard were 0.59, 0.81, 1.5 and 3.2% for the Sr/Ca, Mg/Ca, U/Ca, and Ba/Ca ratios, respectively (n = 29). Measurements of δ18O and δ13C were conducted using an online system employing an IsoPrime isotope-ratio mass spectrometer (GV Instruments Ltd.) coupled to a Multicarb automatic sample treatment system at the Center for Advanced Marine Core Research at Kochi University. Approximately 100 ± 10 µg of skeletal samples were used for the measurements and all δ18O and δ13C data were normalized to the Vienna Pee Dee Belemnite (V-PDB) scale using the international standard NBS-19 (δ18O = -2.20‰, δ13C = -1.95‰) of the National Institute of Standards and Technology. Additionally, the CO-1 (δ18O= -2.4 ‰, δ13C= 2.49 ‰) and IAEA-603 standards (δ18O= -2.73 ‰, δ13C= 2.46 ‰) of the International Atomic Energy Agency were partially used as running standards. The standard deviations for replicate measurements of δ18O and δ13C on NBS-19 within the mass spectrometer runs were< 0.1‰ and< 0.05‰ for δ18O and δ13C, respectively.




2.7 Statistical analysis

The relationship between the chemical compositions of the coral skeleton and water temperature and growth rate were determined using the linear correlation of ordinary least squares. Only for the relations between Sr/Ca and δ18O, that have been generally used as temperature proxies, and water temperature were calibrated by the weighted least square (WLS) method. Growth rate differences among the three colonies were tested via Tukey’s pairwise method using PAST (Hammer et al., 2001). Differences of measured chemical compositions between P. australiensis and A. digitifera were also tested using PAST. In this method, Bayes factor (BF), which quantifies for the hypothesis of unequal means (Hammer et al., 2001), was used to evaluate equal or unequal between two species. Practically, a BF value larger than 3 can be considered as evidence for unequal means. For this test, data at 18˚C were removed since the number of those for P. australiensis were very small as mentioned later. In this study, p-values below 0.05 were considered statistically significant and correlation coefficients above 0.5 were considered to be correlated unless otherwise noted.





3 Results



3.1 Skeletal growth and maximum quantum yield of Photosystem II of coral nubbins

The skeletal growth rates of the three colonies of P. australiensis (Pa-A, Pa-B, and Pa-C) and A. digitifera (Ad-A, Ad-B, and Ad-C) during the experiment are shown in Tables 1, 2 and Figure 3. The temporal variability of growth rates throughout the experiment is also presented in Figure 3. For P. australiensis, seven and 13 nubbins from the 18 and 30°C temperature settings appeared dead, respectively, as they were totally bleached and/or covered by algae at the end of the experiment (Table 1). On the other hand, eight nubbins for A. digitifera at only 30°C appeared dead (Table 2). Although they appeared dead at the end of the experiment, their skeletal weights were measured up to day 63 that was the last record before the end of the experiment (day 77). Then the growth rate is presented as growth per day (% per day) using weight records up to the period during skeletal growth was observed. Averaged growth rates (%/d) throughout the experiment were 0.11 ± 0.13 and 0.22 ± 0.14%/d which correspond to the skeletal growth of 13.39 ± 16.11 and 3.34 ± 2.83 mg/d, for all nubbins of P. australiensis and A. digitifera, respectively. Since the initial size and surface area, which affect skeletal growth represented by mg/d, were different between nubbins of P. australiensis and A. digitifera, hereafter we use growth rate represented by %/d for the comparison and discussion. Then, the mean growth rates were significantly different between two species (t = 5.35, p< 0.001).


Table 1 | Data of each parameter of all nubbins of P. australiensis used in the experiment.




Table 2 | Data of each parameter of all nubbins of A. digitifera used in the experiment.






Figure 3 | Variations in growth rate (mean ± 1sd) of P. australiensis (A–E) and A. digitifera (F–J) as a function of water temperature during the culture experiment for 77 d. The various colors indicate each colony; red, black and blue represent colonies A, B and C, respectively. Different letters (a, b, c) described on the bar indicates significant differences (p< 0.05) between the colonies at the same temperature. There are no colony differences in growth rate of P. australiensis at 18°C and A. digitifera from 21 to 30°C.



The skeletons of all nubbins, except Pa-B at 30°C, grew during the first 14 out of 77 d of the experiment (Figure 3). Averaged growth rate during the first 2 weeks were higher compared to other periods in both species and 0.19 ± 0.14 and 0.42 ± 0.21%/d were observed for P. australiensis and A. digitifera (Figures 3A, F). Temporal changes of mean growth rate for P. australiensis and A. digitifera for the three periods (15-35, 36-63, and 64-77 days) after the first two weeks were 0.12, 0.07, and 0.08 and 0.15, 0.18, and 0.15%/d, respectively. Deviations in the growth rate of each colony of A. digitifera were greater than that of P. australiensis throughout the experiment and at all temperature settings. Excepting the 18°C temperature, significant colony differences in the final growth rates throughout the experiment were observed for P. australiensis, whereas no differences were recorded for A. digitifera (Figures 3E, J).

Responses of the maximum photosynthetic quantum yield (Fv/Fm) against temperature were significantly higher in A. digitifera (0.63 ± 0.08) compared to those of P. australiensis throughout the experiment (0.38 ± 0.11; t = 16.66, p< 0.001; Figure 4). Temporal changes of mean Fv/Fm of P. australiensis and A. digitifera at each four measurements (before, the day 14, 45, and the end of the experiment) were 0.49, 0.42, 0.38, and 0.42 and 0.69, 0.67, 0.63, and 0.61, respectively. The values of Fv/Fm were almost the same for all three colonies of A. digitifera, with small deviations throughout the experiment (Figures 4E–H). In contrast, the Fv/Fm of Pa-A was higher than those of the other two colonies for P. australiensis, especially during the first half of the experiment (Figures 4A, B).




Figure 4 | Temporal variations of maximum quantum yield of Photosystem II (Fv/Fm) of symbiotic algae (mean ± 1sd) in P. australiensis (A-D) and A. digitifera (E-H) as a function of water temperature.



Because both the growth rates and Fv/Fm decreased and several nubbins were apparently dead in the last two weeks, we compared the relationships between the skeletal growth and Fv/Fm using data from days 63 and 45 for the growth rate and Fv/Fm, respectively. Consequently, strong positive relationships (0.74< r< 0.87, p< 0.001) were observed in all three colonies of P. australiensis, whereas moderate to weak correlations (0.37< r< 0.56, p< 0.04) were recorded for A. digitifera (Figure 5). This relation was maintained when data at 18°C was removed for P. australiensis, whereas it collapsed for A. digitifera. This suggests that the weak to moderate relationships found in A. digitifera were generated predominantly by data at 18°C in which Fv/Fm was lower (Figure 4G), rather than the trend found in all temperature settings.




Figure 5 | Relationships between the skeletal growth rate and Fv/Fm for P. australiensis (A) and A. digitifera (B) Because several coral nubbins appeared dead within the final 2 weeks of the experiment, growth rates were calculated for 63 d instead of overall period (77 d) of the experiment; values of Fv/Fm correspond to those at day 45 of the experiment. Note that the scale of Fv/Fm differs between the panel A and B.






3.2 Variations of chemical compositions

Regarding the measurements of chemical compositions, several nubbins could not be analyzed owing to an exceedingly small growth rate during the experiment, especially for the nubbins of P. australiensis grown under 18°C. In addition, we could not collect enough skeletal powder (> 70 and > 100 µg for trace elements and isotope measurements, respectively) from another several samples due to difficulties to distinguish the newly grown skeletal parts. On the other hand, even in nubbins that appeared to be dead at the end of the experiment, chemical compositions could be measured if they had grown sufficiently before growth stopped. Furthermore, data that were outliers based on the box plots of each Me/Ca were omitted. Therefore, the number of data obtained from each colony varied (Tables 1, 2). Correlations between each chemical composition within each species were presented in Table 3. No consistent and significant relationships were found in correlations (r > 0.5) between geochemical tracers for both species. However, a strong positive correlation (r = 0.74, p< 0.001) was found between Sr/Ca and δ18O for A. digitifera although that for P. australiensis was moderate and not significant (r = 0.48, p = 0.06). The relationships between water temperature, growth rate, and chemical composition are shown in Figures 6, 7, and Supplementary Figure 2.


Table 3 | Correlation coefficients between each chemical compositions.






Figure 6 | Variations in δ18O (A), Sr/Ca (B), Ba/Ca (C), δ13C (D), U/Ca (E) and Mg/Ca (F) of each colony of P. australiensis and A. digitifera as a function of water temperature. Data are presented as mean ± 1sd of all data measured on three colonies, but calibrations are performed using all individual data as seen in Supplementary Figure 2. Calibrations are presented only for those with an observed significant relationship (r > 0.5, p< 0.05).






Figure 7 | Variations in chemical compositions of each colony of P. australiensis (A-F) and A. digitifera (G-L) as a function of growth rate. Calibrations are presented only for those with an observed significant relationship (r > 0.5, p< 0.05). Colored dotted lines represent the observed relationships within a colony, while a black line in (K) indicates the relationship observed for data from all three colonies.





3.2.1 δ18O

The mean δ18O of P. australiensis and A. digitifera were -4.25 ± 0.46 and -3.63 ± 0.61 ‰ (mean ± 1sd), respectively. A Bayes factor (BF) between two dataset (A. digitifera and P. australiensis) was > 100 which indicates that there is a significant difference between them. There were no colony differences in δ18O within the same species (Supplementary Table 1). Since significant correlations were found between water temperature and δ18O of P. australiensis (r = 0.67, p = 0.001) and A. digitifera (r = 0.95, p< 0.001, Figure 6A), calibrations were established based on the WLS method as below. We used 1/σ2 as the weight where σ is standard deviations of water temperature at each temperature setting throughout the whole period of experiments (Supplementary Figure 1).

	

	

where T is water temperature. On the other hand, δ18O in both species showed no significant relationship against the growth rate (Figures 7A, G).




3.2.2 Sr/Ca

The mean Sr/Ca of P. australiensis and A. digitifera were 8.73 ± 0.19 and 8.82 ± 0.19 mmol/mol, respectively. A BF between two dataset was 2.15 which indicates no evidence for either equal or unequal. There were no colony differences in Sr/Ca within the same species (Supplementary Table 1). Since significant correlations were also found between water temperature and Sr/Ca of P. australiensis (r = 0.56, p< 0.001) and A. difitifera (r = 0.61, p< 0.001. Figure 6B), calibrations based on the WLS were established as below.

	

	

where T is water temperature. Same as δ18O, Sr/Ca in both species showed no significant relationship against the growth rate (Figures 7B, H).




3.2.3 U/Ca

The mean U/Ca of P. australiensis and A. digitifera were 1.43 ± 0.20 and 1.49 ± 0.15 µmol/mol, respectively. A BF between two dataset was 1.98 which indicates no evidence for either equal or unequal. Although a difference between Pa-A and Pa-C was found, no clear and consistent colony differences were found for other colonies of both species (Supplementary Table 1). Moderate correlations were found between U/Ca and water temperature for only Ad-B (r = 0.56, p< 0.001) and Ad-C (r = 0.50, p< 0.001; Supplementary Figure 2K). However no consistent relationships were observed for other colonies and non-linear relations were found in mean U/Ca as a function of water temperature as seen in Figure 6E. In contrast, significant negative correlations between U/Ca and the growth rate were found in two colonies (Ad-B and Ad-C) and all colonies combined for A. digitifera (Figure 7K).




3.2.4 δ13C

The mean δ13C of P. australiensis and A. digitifera were -4.97 ± 1.03 and -2.32 ± 0.89 ‰, respectively. A BF between two dataset was > 100, indicating a significant difference between them. Similar with U/Ca, although a difference between Pa-A and Pa-C was found, no clear and consistent colony differences were found for other colonies of both species (Supplementary Table 1). In addition, no significant correlations were found in both growth rate and water temperature and δ13C of both species (Figures 6D, 7D, J).




3.2.5 Mg/Ca

The mean Mg/Ca of P. australiensis and A. digitifera were 6.66 ± 2.33 and 6.79 ± 2.16 mmol/mol, respectively. A BF between two dataset was 0.22 which indicates that there is no difference between them. In addition, there were no colony differences in both species (Supplementary Table 1). Although only one colony (Ad-A) showed a positive correlation between Mg/Ca and the growth rate (Figure 7L), no consistent correlations were found in both growth rate and water temperature and Mg/Ca of both species (Figures 6F, 7F, L).




3.2.6 Ba/Ca

Variations of Ba/Ca were very large and the mean Ba/Ca of P. australiensis and A. digitifera were 72.50 ± 34.72 and 11.27 ± 3.86 µmol/mol, respectively. Obviously, there is a difference of Ba/Ca between two species with a BF >100. Colony differences were found between Pa-A and Pa-B and Pa-B and Pa-C in addition to Ad-B and Ad-C (Supplementary Table 1). Although no correlations between Ba/Ca and growth rate were found for both species, a negative correlation was found between water temperature and mean Ba/Ca for A. digitifera (Figures 6C, 7C, I). In contrast to A. digitifera, Ba/Ca of three colonies of P. australiensis varies largely and showed no temperature dependences.






4 Discussion



4.1 Growth patterns of P. australiensis and A. digitifera in response to water temperature and the Fv/Fm

Skeletal growth rates of P. australiensis during the culture experiment were mostly higher (> 0.1%/d) at 24°C and lower at 18 and 30˚C (< 0.1%/d) with significant colony differences (Figure 3). Similarly, those of A. digitifera were higher at 21-27°C and lower at 18 and 30°C, but there were no colony differences in the skeletal growth rate at each temperature except for 18°C (Figure 3J). However, deviations in the growth rate of each colony of P. australiensis were small, but large for A. digitifera. Therefore, growth patterns, including growth variations among colonies and within a colony, differed between the two species. In addition, the average growth rate for 21-27°C of A. digitifera (0.30 ± 0.10%/day) was significantly higher than that of P. australiensis (0.18 ± 0.11%/day) which is mostly consistent to findings observed in the field. Direct comparisons of the growth rates of different species in the field were difficult because of the different depths and wave energies near the sites where corals dwell, as well as their colony size (Nakamura and Yamasaki, 2005; Pratchett et al., 2015). However, Pratchett et al. (2015) compiled the annual extension rates for 148 coral taxa measured using methods such as direct measurements following tagging or staining. As a result, most Acropora corals, including A. digitifera, had an annual extension rate greater than 30 mm/yr., whereas that of Porites was approximately 10 mm/yr. Although the method how to evaluate coral growth is different between our study and those conducted in the field, the results found in the present experiment seems to roughly reflect actual coral activities occurring in the coral reefs.

There have been many reports that vigorous calcification by scleractinian corals is enabled by their symbiotic relationship with photosynthesizing zooxanthellae, as referred to light enhanced calcification (LEC; reviewed by Gattuso et al., 1999; Inoue et al., 2018). However, the exact mechanism facilitating coral calcification through photosynthesis has been still unknown (reviewed by Davy et al., 2012). Therefore, the relationship between the photosynthetic efficiencies of symbiotic algae represented by Fv/Fm and coral growth rate in this experiment was examined. Likely to the growth rate, the Fv/Fm showed a colony difference for P. australiensis but not for A. digitifera, especially during the first half of the experiment (Figure 4). Although the difference in growth rate may be attributed to Fv/Fm, as it was higher in A. digitifera than in P. australiensis throughout the experiment, the growth pattern cannot be simply explained solely by Fv/Fm, particularly for A. digitifera. For example, the growth rate at 18˚C remained the lowest throughout the experiment including the first half, when Fv/Fm maintained higher values (Figures 3F, G, 4E, F). Similarly, for P. australiensis, the Fv/Fm of Pa-A was higher than that of the other colonies, but the growth rate of Pa-A was similar to or lower than that of Pa-C (Figures 3A–D, 4A–C). Cohen et al. (2016) hypothesized that blue light signaling and its animal receptors may influence LEC. This suggests that a direct effect of light, rather than being mediated by the photosynthetic process, as reported previously (Gattuso et al., 1999; Al-Horani et al., 2003), may trigger the LEC. Nevertheless, in the present study, strong positive correlations between the growth rate and Fv/Fm were observed in all colonies of P. australiensis (Figure 5A). Therefore, photosynthesis appeared to have a predominant effect on skeletal growth, although other mechanisms also control it. Mallon et al. (2022) examined the interspecies relationships between photosynthesis, respiration, and calcification using photosynthesizing calcifiers in the Caribbean, including A. cervicornis and P. astreoides. Their results showed that calcification rates were linked to energy production at the organismal level and that the species-specific ratios of net calcification to photosynthesis varied with light over a diurnal cycle. This suggests that the extent of the impact of photosynthesis on skeletal growth differed between the two species.

In fact, although only the growth response to temperature was similar, other patterns, including the average growth rate, colony differences, and relationship with photosynthesis, differed between the two species. This finding indicates that the strategies of skeletal growth would be different between genus Porites and Acropora. Also this might be attributed to a tolerance against environmental stresses, as the genus Porites may potentially have a greater thermal tolerance than Acropora (e.g., Afzal et al., 2023). However, in this study, although several nubbins stopped growing at 30°C for the latter half of the experiment for both species, the overall growth rate was higher for A. digitifera, even at 30°C (Figure 3). Furthermore, mortality, which was represented by the number of apparent dead nubbins in this study (13 and eight dead nubbins for P. australiensis and A. digitifera, respectively, at 30°C), was higher in P. australiensis despite its thermal tolerance. Xu et al. (2020) noted a higher contribution of heterotrophic predation in the coral hosts of Porites than Acropora. They also suggested that the trophic status of stress-tolerant Porites is more plastic than that of the vulnerable Acropora. In the field, Porites might be able to switch from photoautotrophy to heterotrophy; however, we did not feed and used filtered seawater during the experiment. This could be a cause of the suppressed growth and high mortality of nubbins of P. australiensis at 30°C. In contrast, Acropora appear to belong to the autotrophy among trophic strategies (Conti-Jerpe et al., 2020), consistent with the results that mean Fv/Fm and growth rate of A. digitifera are higher compared to those for P. australiensis in this study. When focusing on growth rate and Fv/Fm at 30˚C around the middle of the experiment period (Figures 3B, C, G, H, Figures 4B, C, F, G), Fv/Fm and growth rate have decreased for P. australiensis while high Fv/Fm and positive growth rate have been kept for A. digitifera. Under such conditions, Porites may shift trophic type from auto- to heterotrophic in the natural coral reef conditions.




4.2 Possible causes of variations of each geochemical compositions

Regarding the variations of chemical compositions, since consistent colony differences have not been detected within the same species (Supplementary Table 1), compiled data using those from three colonies per species are used for discussion. Among multiple chemical compositions, excepting for those at 18˚C as many data of P. australiensis at 18˚C were absent, in coral skeletons of two species, Sr/Ca, U/Ca and Mg/Ca were not significantly different between them. These geochemical compositions were scattered within the same range, regardless of the differences in absolute growth rate and growth patterns between the two species. This suggests that the basic mechanisms of incorporation of these chemical compositions might be consistent without large species-specific effects. For Ba/Ca, deviations at each temperature were large in all colonies of P. australiensis. This result may have been influenced by the tissue parts, as Ba appears to be enriched in the tissue parts (Alibert and Kinsley, 2008). In addition to Ba/Ca, differences in δ18O and δ13C between two species were found, as described above, suggesting the possibility of different mechanisms for incorporating these tracers.



4.2.1 δ18O variations

It is well known that the δ18O of coral skeletons mainly for massive Porites sp. can be a good proxy for sea surface temperature (SST) and salinity, which affect δ18O in seawater (e.g., Gagan et al., 2000; Cobb et al., 2003; Hayashi et al., 2013; Inoue et al., 2023). In addition, a potential physiological mechanism that explains the variation of δ18O based on a model of oxygen isotope fractionation in the CaCO3-dissolved inorganic carbonate (DIC)-H2O system has been proposed (Derviendt et al., 2017; Inoue et al., 2018). In the latter hypotheses, the skeletal δ18O values of scleractinian corals might be influenced by the hydration reaction of metabolic CO2 in the calcifying fluid. Since the carbonic anhydrase (CA) enzyme appears to increase the rate of CO2 hydration in coral tissue (Hopkinson et al., 2015), differences in mean δ18O between A. digitifera and P. australiensis might be attributed to variations in physiological mechanisms between the two species. However, clear temperature dependences are found in both species (Figure 6A), suggesting that activities of the CA would be independent to temperature variations.




4.2.2 Sr/Ca variations

Like δ18O, the Sr/Ca ratios of coral skeletons of massive Porites sp. has been widely used to reconstruct past SST (e.g., Corrége, 2006; Ramos et al., 2020). In contrast to the variability of δ18O in seawater, which depends on the balance between evaporation and precipitation, the residence times of both Sr and Ca in seawater are generally long (>106 years; Drever, 1988). Then coral Sr/Ca has been considered a robust proxy for only SST. Additionally, Inoue et al. (2018) reported that the Sr/Ca of symbiotic and aposymbiotic polyps were not significantly different, while there was a difference in δ18O levels between them. Although the kinetic effect on Sr/Ca through the activity of the Ca2+-ATPase pump has also been reported (e.g., Cohen and McConnaughey, 2003), no Sr/Ca variations related to growth and no clear species-specific effects were found in the incorporation of strontium in this study (Figures 7B, H). However, there are relatively large variations in Sr/Ca within the same temperature settings. Given their large deviation within a specific colony (Supplementary Figures 2B, H), this may not be attributed to physiological regulations. Instead, it could be influenced by variations in nano- to micro-scale skeletal architecture as discussed below.




4.2.3 U/Ca variation

The incorporation of uranium into coral aragonite has been suggested to be controlled by SST (Min et al., 1995; Felis et al., 2009) and pH or DIC (Inoue et al., 2011; DeCarlo et al., 2015; Gothmann and Gagnon, 2021). In this study, although temperature dependencies of U/Ca were partially observed for A. digitifera (Supplementary Figure 2K), no clear trends as SST proxy were found (Figure 6E). Inoue et al. (2018) demonstrated distinct variations in U/Ca levels between symbiotic and aposymbiotic polyps. Changes in internal DIC and pH due to photosynthesis have been linked to variations in pH within the calcifying fluid of these polyps. The U/Ca ratios of A. digitifera in this study have shown a significant negative correlation with the growth rate (Figure 7K). As coral U/Ca is negatively correlated with pH (Inoue et al., 2011), this trend might reflect variations in the internal pH probably through the photosynthesis. However, despite the differences in growth rate and Fv/Fm, there are no differences in the meanU/Ca between P. australiensis and A. digitifera. This suggests that other mechanisms may be involved in controlling the incorporation of uranium during skeletal growth. To thoroughly investigate the relationship between skeletal growth, internal pH and skeletal U/Ca ratios, additional data on internal pH would be necessary.




4.2.4 δ13C variation

Although the mechanisms controlling δ13C variation in coral skeletons are disputed (McConnaughey, 1989; Reynaud-Vaganay et al., 2001; Grottoli, 2002; Suzuki et al., 2003; Omata et al., 2008; Linsley et al., 2019), δ13C values in biogenic carbonate generally depend on the photosynthetic rate. This is because 12C is preferentially taken up during photosynthesis, and then 13C-enriched DIC within the calcifying fluid is used to precipitate CaCO3 shells or skeletal material. This leads to a positive correlation between carbonate δ13C values and photosynthetic rate. In fact, the δ13C values in symbiotic and aposymbiotic polyps showed differences at the control temperature of 27°C. However, the values measured from bleached symbiotic polyps at 31 and 33°C decreased to approach the values obtained from aposymbiotic polyps (Inoue et al., 2018). As mentioned above, since Fv/Fm level was higher in A. digitifera compared to P. australiensis, overall high values of δ13C of A. digitifera may indicate active photosynthesis compared to P. australiensis (Figure 6D). However, variation patterns of δ13C of both the species in response to temperature cannot be explained simply by Fv/Fm, suggesting that complex factors including respiration and kinetic effects would affect the isotope fractionation of carbon during the skeletal growth.




4.2.5 Mg/Ca variation

The Mg/Ca ratio in coral skeletons appears to be influenced by biological effects (Fallon et al., 2003; Meibom et al., 2004; Inoue et al., 2018), although it was initially predicted to be a proxy for SST (Mitsuguchi et al., 1996; Watanabe et al., 2001). Although previous studies have indicated that skeletal Mg/Ca ratios are primarily influenced by the skeletal growth rate from a thermodynamic perspective (Inoue et al., 2007; Brahmi et al., 2012), it appears that they are affected by biological processes rather than purely thermodynamic effects. In particular, the distribution of Mg within the coral host appears to be related to the presence of organic matrix (OM), which is an essential precursor for aragonite crystal precipitation (Cuif et al., 2003; Finch and Allison, 2008; Yoshimura et al., 2015). In fact, there are no significant differences in Mg/Ca between symbiotic and aposymbiotic polyps, despite the significant differences in growth rate (Inoue et al., 2018). In this study, no differences in Mg/Ca were observed in A. digitifera and P. australiensis (Figure 6F), suggesting that some fundamental biological processes involved in the production of OM for aragonite precipitation might be similar between the two species. Furthermore, the secretion of OM does not appear to depend on water temperature, as our study did not find any correlation between temperature and Mg/Ca (Figure 6F).




4.2.6 Ba/Ca variation

The Ba/Ca ratio in coral skeletons has been utilized for reconstructing river runoff and sediment loads (e.g., McCulloch et al., 2003; Ito et al., 2020) because barium is desorbed from fine-grained suspended particles at the estuarine mixing zone (Li and Chan, 1979). The Ba/Ca ratio in corals grown in a reef unaffected by large rivers has been used to identify indications of upwelling, which transports both dissolved seawater and marine biological barium (Alibert and Kinsley, 2008; Spreter et al., 2022). Recently, it has been used to predict the concentrations of dissolved barium in seawater (Kershaw et al., 2023) and the growth rate of aragonite (Mavromatis et al., 2018). Furthermore, there is a report Indicating that light conditions affect the Ba/Ca in coral skeletons (Yamazaki et al., 2021). However, there have been few studies examining the relationship between coral Ba/Ca and water temperature. The results obtained from this study showed very large variations of Ba/Ca, probably due to tissue parts, at the same temperature, especially for P. australiensis, indicating the difficulty of using coral Ba/Ca as an SST proxy. However, a negative relationship was found in A. digitifera (Figure 6C). Therefore, some caution might be needed for the use of Ba/Ca as environmental proxies, especially when reconstructing the upwelling, as it brings cold seawater together with dissolved barium.





4.3 Assessment of coral geochemical tracers as a temperature proxy

As reported for Porites spp. (Reviewed by Thompson, 2022), the δ18O and Sr/Ca of all colonies of A. digitifera also showed clear negative correlations with temperature without consistent growth rate dependences (Figures 6, 7). Regarding the mean temperature dependences of δ18O and Sr/Ca calculated using all data from three colonies of P. australiensis without data at 18˚C, the temperature sensitivities of both tracers appeared to be lower compared to published values. Gagan et al. (2012) reported that the δ18O-SST sensitivities for Porites ranged from -0.08 to -0.22 ‰/°C. They also discovered that corals with slow growth throughout the tissue layer were less sensitive to changes in SST. The temperature sensitivity of δ18O of P. australiensis in this study was -0.11 ‰/°C, which is applicable to slow-growing corals. Similarly, a broad range of Sr/Ca-SST sensitivities were reported for Porites sp., from -0.041 to -0.082 mmol/mol/˚C (Gagan et al., 2012). The mean temperature sensitivity of Sr/Ca in this study (-0.040 mmol/mol/˚C) was lower than the published values, and it may represent a slow-growing type, same as δ18O. Reynaud et al. (2007) also reported a significant negative correlation as a quadratic function between Sr/Ca of Acropora sp. and temperature. In addition, a strong negative linear correlation between δ18O and temperature was observed within the temperature range from 22 to 29°C in their study. Similar to P. australiensis, the δ18O and Sr/Ca of A. digitifera, in this study, showed relatively lower temperature sensitivities of -0.17 ‰/°C and -0.033 mmol/mol/°C, respectively. For the δ18O of Acropora sp., -0.30 to -0.34 ‰/°C was reported by Reynaud et al. (2007) and Juillet-Leclerc et al. (2014), which is even higher compared to that reported for Porites sp. However, a temperature sensitivity calculated using data obtained from the fibers precipitated during the nighttime was -0.19 ‰/°C (Juillet-Leclerc et al., 2018), which is similar to that found in the present study. In addition to δ18O, Juillet-Leclerc et al. (2014) demonstrated a clear Sr/Ca-temperature relationship, with a temperature range 22-29°C, for Acropora sp. cultured with different light intensities. Temperature sensitivities differed between high-light and low-light conditions in which higher (-0.061 mmol/mol/°C) and lower (-0.036 mmol/mol/°C) sensitivities were observed for high- and low-light conditions, respectively. In addition, Ross et al. (2019) reported -0.07 mmol/mol/˚C as temperature dependence of Sr/Ca measured from Acropora spp. grown under the natural reef conditions. The similarity of δ18O and Sr/Ca-temperature sensitivities in this study with those obtained from skeletons precipitated under nighttime and low-light conditions suggests that the growth of A. digitifera was slower compared to those grown in the field and/or under more high-light conditions. This is consistent with the findings observed from P. australiensis. Although Mallon et al. (2022) suggested the importance of considering natural variations in light for all reef metabolism studies, light intensity in this study (120-140 mmol/m2/s) was relatively low. This light condition would produce low calcification rates for both species, and the temperature sensitivities would differ from those obtained using corals from the field. However, a calibration study using Isopora collected from the Heron Island, located at the southern end of the Great Barrier Reef, demonstrated temperature dependences of -0.18 ‰/°C and -0.061 mmol/mol/˚C for δ18O and Sr/Ca, respectively (Brenner et al., 2017). The former was the same as that found in this study, whereas the latter was close to that reported in a study performed under high light conditions (Juillet-Leclerc et al., 2014). Because the number of studies on calibrations using corals other than Porites remains small, we cannot deduce which values of temperature sensitivity are most appropriate. However, the temperature sensitivity of geochemical tracers, especially for the δ18O of Acropora, appears to not significantly differ from that reported for Porites, suggesting its potential as a temperature proxy.

Gagan et al. (2012) suggested that in general, new aragonite is deposited in the calyx (within 2 mm of the growth surface), although in some cases calcification occurs throughout the depth of the tissue layer. In terms of calibration, culture experiments for a relatively short period, such as a couple of weeks to months, apparently cannot provide an elaborate analog for corals in the field because tissue parts cover the skeleton. Instead, these experiments can be used to investigate the possibility of a proxy for a specific factor, such as the growth rate, temperature, and/or pCO2 by changing the parameter(s). Culture experiments, including those of Reynaud et al. (2007) and this study, have demonstrated a high potential for using δ18O and Sr/Ca of Acropora sp. as temperature proxies in addition to those of Porites. Specifically, the δ18O of A. digitifera seems to vary consistently as a function of temperature, without the colony dependence and deviations seen in trace elements such as Sr/Ca. The δ18O variations reported by Reynaud et al. (2007) also showed a strong negative correlation (r2 = 0.99) with very small deviations at each temperature setting. Furthermore, δ18O in polyp samples of A. digitifera showed negative correlations with the temperature, from 27 to 33˚C, for both symbiotic and aposymbiotic polyps and even for bleached polyps of symbiotic polyps under thermal stress conditions (31 and 33˚C, Inoue et al., 2018). These findings indicate a stable behavior of δ18O in response to temperature during the growth of coral skeletons, regardless of differences in growth rate, colony size, and/or photosynthesis efficiency. Nevertheless, because δ18O -temperature sensitivities have differed among studies, as noted above, caution is advised when using the δ18O of Acropora sp. as a temperature proxy. Corals grown in the field or culturing tanks for more than one year, such as in Hayashi et al. (2013), would be most useful in establishing a robust calibration.

In contrast to the δ18O, the Sr/Ca ratios in the nubbins of A. digitifera showed large deviations even at the same temperature setting (Figure 6B). Corals have small polyps in living surface and calcify skeletal corallites that are arranged in three-dimensional fans within the corallum with new corallites forming along the apex of the fan (Veron, 1986; Darke and Barnes, 1993). Comparisons of geochemical determinations using Porites sp. between the central and margin part of a fan of corallites which precipitated in the same year have revealed that the margin have higher coral Sr/Ca values (Alibert and McCulloch, 1997). Therefore, DeLong et al. (2013) recommended to use optimal sampling path which along the central axis of an actively extending corallite fan to reconstruct SST precisely. In addition, the distribution of magnesium is strongly correlated with the fine-scale structure of the skeleton (Meibom et al., 2004; Holcomb et al., 2009). Because skeletal parts composed of multiple polyps grown on an acrylic plate were used for the measurements in this study, differences in skeletal architecture may produce large deviations in Sr/Ca in addition to Mg/Ca. To test whether deviations in Sr/Ca and Mg/Ca become small when only the axis of corallite fan is measured, the tip of each nubbin, which is assumed to correspond to the apical parts of corallite fan, was shaved, and Sr/Ca and Mg/Ca were measured using ICP-optical emission spectrometer (ICP-OES; Agilent Technology, 720 series) via the same method described in Genda et al. (2022). Consequently, the deviations decreased, particularly for Mg/Ca, but the temperature dependence of Sr/Ca disappeared (Figure 8). Because the samples were not marked with isotope doping or alizarin red in this study (Suzuki et al., 2005; Gagnon et al., 2012), we could not confirm whether the skeletal parts used for this test grew only during the experimental period. However, this result may suggest that the skeletal growth of A. digitifera during the experiment in this study progressed along the acrylic plate rather than growing upward. Although the calibration of Sr/Ca-SST, using the Sr/Ca measured on apical part like performed by Ross et al. (2019), cannot be established in this study, it is important to subsample the skeletal parts along a growth axis of a specific polyp of Acropora, like Porites as proposed by DeLong et al. (2013), to ensure the use of precise proxies.




Figure 8 | Comparison of Sr/Ca (A) and Mg/Ca (B) contained in skeletal samples collected from skeletons grown on the acrylic plate (white diamond, n = 87 and 80 for Sr/Ca and Mg/Ca, respectively) and the tips of the nubbins (filled diamond, n= 90 and 79 for Sr/Ca and Mg/Ca, respectively) for A. digitifera. Results are presented as mean ± 1 sd of the combined data of three colonies.






4.3 Implications of biomineralization based on variations of δ13C and U/Ca

As mentioned above, the systematic difference in δ13C values between the two species could be explained by the difference in the photosynthesis efficiency, represented by Fv/Fm. Although mechanisms of δ13C variations against temperature for both species were unclear, they were likely mixed with metabolic and kinetic effects on δ13C. For example, lowered δ13C at 30°C may be attributed to the respiration since it decreased the δ13C of coral skeletons (Figure 6D, Schoepf et al., 2014). On the other hand, the kinetic effect may have overwhelmed other factors changing δ13C in coral skeletons at 18˚C, as the growth rate at 18°C was the lowest (McConnaughey, 1989). Accordingly, the relationship between the δ18O and δ13C of A. digitifera at the same temperature demonstrated kinetic control, whereas P. australiensis did not (Figure 9). Therefore, the δ13C of A. digitifera appears to reflect its photosynthesis, respiration, and growth rate. In contrast, water temperature was the predominant controlling factor for the δ18O of A. digitifera, without a strong growth rate dependence. However, the existence of kinetic effects within a specific temperature should be considered when utilizing the δ18O of Acropora corals in reconstructions of paleo-SST.




Figure 9 | Relationships between δ13C and δ18O of skeletons grown under the same temperatures for P. australiensis (black symbols) and A. digitifera (orange symbols). Data are composed of three colonies.



Several studies have suggested that the U/Ca ratio in coral skeletons is controlled by pH or DIC within the calcifying space (Inoue et al., 2011; DeCarlo et al., 2015; Inoue et al., 2018; Gothmann and Gagnon, 2021). Additionally, a microsensor-based determination of DIC in the extracellular calcifying medium of Stylophora pistillata showed that photosynthesis and respiration exerted a strong influence on chemistry, such as the pH of the calcifying space during light and dark periods (Sevilgen et al., 2019). Although the mean U/Ca values of the two species were not significantly different, a strong growth rate dependence of U/Ca was found only in A. digitifera (Figure 7K). Additionally, U/Ca ratios in A. digitifera also showed weak to moderate negative correlations with temperature, but those at higher temperature especially at 30°C shifted toward more higher values than expected from the calibration lines (Supplementary Figure 2K). A similar behavior of U/Ca in response to temperature is also found for P. australiensis (Figure 6E). Therefore, the U/Ca ratio of A. digitifera, and likely P. australiensis as well, at 30°C seems to reflect the growth rate, which is associated with fluctuations in pH or DIC. As seawater pH was consistent for all aquariums, the higher shift in U/Ca at 30˚C may suggest that the pH of the calcifying space was lower, as U/Ca is negatively correlated to pH, than that of nubbins reared under other temperature settings. Considering the variation pattern of both U/Ca and δ13C of A. digitifera at 30°C, respirations may overwhelm photosynthesis for coral nubbins at 30°C. Consequently, the pH at calcifying space likely decreased owing to the increased respiration rate, which is consistent with the higher shift of U/Ca at 30°C. Additionally, of the decreased pH at the calcifying space may be attributed to the decreased growth rate at 30˚C, regardless of the relatively high Fv/Fm in A. digitifera (Figures 3, 4).





5 Conclusion

Various cultural experiments have been conducted using scleractinian corals, involving variations in parameters such as temperature, light, and/or pCO2. In this study, a relatively simple culture experiment was conducted, in which only the water temperature was changed for P. australiensis and A. digitifera for 77 days. In general, the massive Porites sp. that grow up to 1-2 m in diameter are primarily located in the Indo-Pacific region. They are often used to reconstruct past SST based on their skeletal δ18O and Sr/Ca ratios. On the other hand, Acropora sp. grow widespread globally and is often found as a fossil, but the potential for its geochemical tracers to serve as temperature proxies has not been thoroughly investigated. Therefore, we examined it using both P. australiensis and A. digitifera, which are commonly found in the coral reefs around Okinawa, Japan. They were cultured in the same aquaria under identical conditions, with temperatures ranging from 18 to 30°C. We used three colonies of both species to examine genetic differences in growth rate, photosynthetic efficiency (Fv/Fm), and variations in geochemical compositions. As a result, the overall growth rates were higher in A. digitifera without colony differences, whereas they were lower in P. australiensis compared to A. digitifera with colony dependences. The responses of skeletal growth to Fv/Fm differed between the two species, indicating that the strategies for skeletal growth vary between massive Porites and branching Acropora. Despite these differences in skeletal growth, the values of Sr/Ca, U/Ca, and Mg/Ca measured in bulk samples, including skeletal parts grown only during the experiment, showed no significant differences. However, δ18O, δ13C, and Ba/Ca exhibited significant differences between the two species. Only Sr/Ca and δ18O in both species showed significant relationships to temperature, indicating that these tracers of branching Acropora have high potential as temperature proxies, as do those of Porites sp. Given that kinetic effects are also observed in the δ18O-δ13C relations at the same temperature setting, it is important to exercise caution when using δ18O as a temperature proxy. In addition, it is important to sub-sample the apical parts of each polyp to reconstruct environments more precisely.
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Temperature seasonality during the middle Cretaceous provides vital information about climate dynamics and ecological traits of organisms under the conditions of the “supergreenhouse” Earth. However, sub-annual scale paleotemperature records in the mid-latitude region remain limited. In this study, sclerochronological and stable oxygen isotope (δ18O) analyses of bivalve fossils from the northwestern Pacific (paleolatitude: 44°N) were used to estimate their life history and sub-annual scale temperature patterns of the middle Cretaceous. The materials studied included Cucullaea (Idonearca) delicatostriata and Aphrodina pseudoplana recovered from middle Turonian (middle Cretaceous) shallow marine deposits in Hokkaido, northern Japan. Growth increment width and shell δ18O of C. (I.) delicatostriata revealed that the growth rate was temporally maximized and then minimized, which can be interpreted as representing spring and winter growth, respectively. Approximately 25 fortnightly growth increments occurred within that cycle, suggesting that shell formation proceeded continuously throughout the year. Based on shell δ18O values, shallow-water temperatures from 28°C to 35°C with 7°C seasonality were estimated, under the assumption that seawater δ18O values were annually invariant at −1‰ relative to VSMOW. This temperature seasonality in the middle Cretaceous is more than 5°C smaller than the seasonality of modern shallow-water environments at the same latitudes. These findings, taken together with previous studies of other oceanic regions, suggest that the Northern Hemisphere had low seasonal shallow-water temperature variation of up to 10°C in the middle Cretaceous.
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1 Introduction

The middle Cretaceous “supergreenhouse” period (Aptian–Santonian; 125–83 Ma; Huber et al., 2018; Petrizzo et al., 2022) is characterized by a warm global climate (Vandermark et al., 2007; Hay, 2008); high pCO2 levels reaching approximately 1,000 ppm (Foster et al., 2017), nearly approximating the IPCC 6th Assessment Report SSP3-7.0-lowNTCF scenario (Meinshausen et al., 2020); an absence of polar ice sheets (Moriya et al., 2007; MacLeod et al., 2013); and a much flatter equator-to-pole temperature gradient than today (Barron, 1983; Huber et al., 1995; Pucéat et al., 2007). This warm middle Cretaceous period is also associated with drastic faunal and floral transitions (Vermeij, 1977; Lidgard and Crane, 1988). Based on these characteristics, the middle Cretaceous period provides insights into a high-pCO2 Earth, such as a possible future with accelerated anthropogenic CO2 emissions. To properly characterize climate in the middle Cretaceous supergreenhouse period, seasonal-scale paleoenvironmental reconstruction is crucial because aspects of climate dynamics, ecology, and evolution of organisms have been controlled by seasonality throughout Earth’s history (Denton et al., 2005; Marshall and Burgess, 2015).

Fossil bivalve shells are commonly used to reconstruct sub-annual scale climatic fluctuations over geological timescales (Ivany, 2012; Walliser et al., 2015; Posenato et al., 2022). Stable oxygen isotope ratios (δ18O values) of marine bivalve shell carbonates (mainly aragonite and calcite) can be used for seawater temperature reconstruction because bivalve shells are precipitated in oxygen isotope equilibrium with ambient seawater (Epstein et al., 1953; Grossman and Ku, 1986). Bivalves form disconformities and translucent bands within their shells (called growth lines) when their shell growth stops or slows due to cyclic or irregular environmental or physiological changes (Kennish and Olsson, 1975; Ohno, 1989; Schöne et al., 2003). Furthermore, annual shell growth rates of bivalves ontogenetically decrease due to reductions in daily growth rates (Jones and Quitmyer, 1996), which are mainly observed in regions with small seasonality (Schöne et al., 2005; Reza Mirzaei et al., 2017) and increases in growth cessation interval, which can be observed worldwide (Hall et al., 1974; Tanabe, 1988; Jones et al., 1989; Tanabe et al., 2017, 2020). The timing of shell formation, temporal shell growth rate, and age of bivalves can be estimated by identifying the timing of growth line formation on shells and measuring the widths and numbers of these lines (Jones, 1983; Sato, 1997; Kubota et al., 2017).

Fossil bivalves with primary low-Mg calcite shells have often been used for climate reconstruction in deep time (Beard et al., 2015; de Winter et al., 2017, 2021) because low-Mg calcite is less susceptible to diagenetic alteration than aragonite. For example, δ18O values of rudists with large, thick, and low-Mg calcite shells have been preferentially used for seasonal-scale paleotemperature reconstruction in the middle Cretaceous paleoenvironmental studies (Steuber et al., 2005; Walliser and Schöne, 2020; Schmitt et al., 2022). However, because rudists were reef/bioherm builders that primarily inhabited low-latitude shallow oceans, seasonal-resolution sea surface temperature (SST) records for the middle Cretaceous have mostly been reported from the low-latitude Tethys Ocean (Steuber et al., 2005; Walliser and Schöne, 2020; Huck and Heimhofer, 2021). Because seasonality varies with latitude, SST seasonality must be investigated at low latitudes, as well as middle and high latitudes, to elucidate its global seasonal climatic trends. Furthermore, the mid-latitude region is the best area for identifying maximal seasonal temperature fluctuations (Ivany, 2012; Ivany and Judd, 2022). Despite its importance, however, few middle Cretaceous studies have included reconstruction of paleo-seawater temperature and its seasonality from carbonate fossil shells in mid-latitude regions. On the other hand, aragonitic shells produced by mollusks with sufficient thickness for sclerochronological and geochemical analyses from shell cross sections (e.g., Aphrodina, Cucullaea, and Glycymeris) were common at low latitudes, as well as middle and high latitudes, during the middle Cretaceous (Ando and Kodama, 1998; Squires, 2010; Hoşgör and Yılmaz, 2019). The sub-annual scale paleoenvironment, including shallow-water temperature, can be reconstructed from aragonitic fossil shells in deep time if evaluation of fossil preservation shows that shell aragonite is well-preserved (Walliser et al., 2015; Hall et al., 2018; Meyer et al., 2018; Posenato et al., 2022).

The Cretaceous Aptian–Maastrichtian Yezo Group in Hokkaido (northern Japan), deposited in the middle latitudes of the northwestern Pacific, contains a variety of well-preserved marine fossils, including ammonites, bivalves, and gastropods (Suzuki et al., 1998; Hikida et al., 2003; Yabumoto et al., 2012). The Yezo Group was mainly deposited in the deep ocean. However, some parts, such as the Mikasa Formation (latest Albian–Turonian), were deposited in a shallow ocean with abundant shallow-water bivalves (Tashiro, 1995; Ando and Kodama, 1998). This study presents detailed sclerochronological and oxygen isotope records of bivalve fossils from the Mikasa Formation to reveal seasonal-scale shallow-water temperature records and their life history.




2 Geological setting

Aptian–Maastrichtian forearc (Yezo Basin) sediments of the paleo-Asian continental eastern margin (Takashima et al., 2004), called the Yezo Group, are widely distributed from Soya to Urakawa areas, central Hokkaido, northern Japan (Figure 1A). Paleomagnetic studies showed that the paleolatitude of the Yezo Basin was approximately 44°N in the Late Cretaceous (Tamaki and Itoh, 2008; Kitagawa et al., 2016). An exception is the Urakawa area, which was at approximately 16.7°N during the Campanian (Late Cretaceous) before being transported to its present position (Tamaki et al., 2008). The Cenomanian–Campanian Yezo Basin was affected by a southward shallow-water current system comparable to the modern Oyashio Current based on neodymium isotope (143Nd/144Nd ratio) analysis of fish bone and tooth fossils from the Yezo Group (Moiroud et al., 2013). The mean annual SST in the middle–late Turonian Yezo Basin has been estimated as 26°C–29°C from planktonic foraminiferal δ18O data (Moriya, 2011).




Figure 1 | Geological map of Hokkaido modified from Takashima et al. (2004) (A) and the Mikasa area modified from Kikuchi (2018) (B). (C) Map of the Ponbetsu River section modified from Ando and Kodama (1998), and details of the sampling locality. Me, Twa, Twb, Twc, and Twd in (C) represent sedimentary units of the Mikasa Formation in the Ponbetsu River section from Ando (1987). (D) Photograph of the sampled shellbed.



The Albian–Turonian Mikasa Formation, the Yezo Group is characterized by sandstone with hummocky cross-stratification (HCS) (Ando, 1987). The Mikasa Formation is distributed across the Sorachi–Ikushunbetsu Anticline (Figure 1B) (Ando, 1990b). The Mikasa Formation has various sedimentological facies that were deposited from the lagoon to the outer shelf, mainly under shallow-water conditions (Ando, 1990a). The Mikasa Formation is almost continuously exposed along the Ponbetsu River in Ponbetsu-cho, Mikasa City, central Hokkaido (Ponbetsu River section; Ando, 1987) (Figures 1C, 2) and is divided into five units based on sedimentary facies (Matsuno et al., 1963), designated Me (main part of the Middle Yezo Group, unit e), Twa, Twb, Twc, and Twd (Tw denotes the Trigonia sandstone in the western wing of the Sorachi–Ikushunbetsu Anticline) (Figures 1C, 2; Yabe, 1926; Matsumoto, 1951; Shimizu et al., 1955; Takashima et al., 2004). The Twc unit is approximately 32 m-thick and consist of fine- to very fine-grained sandstone with hummocky cross-stratification (HCS). This unit is considered to have been deposited from the lower shoreface to the shallow inner shelf, in waters tens of meters deep (Ando and Kodama, 1998). The Twc unit has been correlated with the middle Turonian based on the occurrence of an age-indicative ammonoid Subprionocyclus neptuni (Matsumoto, 1965) and inoceramid Inoceramus hobetsensis (Ando, 1987). The Twd unit is approximately 100 m-thick and mainly composed of medium- to coarse-grained sandstone with HCS (Ando and Kodama, 1998). The occurrence of I. hobetsensis in the lowest part and I. teshioensis in the uppermost part of the Twd unit indicates that the Twd unit was deposited in the middle to late Turonian (Ando, 1987).




Figure 2 | Columnar section with sedimentary setting and deposition age of the Mikasa Formation at the Ponbetsu River section modified from Ando (1987, 1990b) and Ando and Kodama (1998). Black bars with photographs of bivalve fossils represent the stratigraphic occurrences of identified bivalves in the studied shellbed according to Ando and Kodama (1998). Gray zones indicate the suggested stratigraphic ranges of our studied materials.






3 Materials and methods



3.1 Field sampling

A boulder of calcite-cemented fine-grained sandstone containing abundant mollusk fossils (coquina) was collected alongside a forest road near the Ponbetsu River section (Figures 1C, D). In this rock, disarticulated bivalves (Aphrodina pseudoplana (Figures 2, 3D), Apiotrigonia (A.) mikasaensis (Figure 2), Cucullaea (Idonearca) delicatostriata (Figures 3A–C), and possibly Leptosolen sp.) and gastropods (possibly naticids) were observed. Most fossils from the coquina were identified as C. (I.) delicatostriata, and other species were observed as only one or a few individuals.




Figure 3 | Photographs of the Cucullaea (Idonearca) delicatostriata (A: PU-1, B: PU-2, C: PU-5) and Aphrodina pseudoplana (D) shells used in this study. Scale bar = 10 mm.



Although this coquina was found as an isolated unrooted block, the shellbed was determined to be derived from the Twc unit or the lowermost part of the Twd unit because large boulders of fine-grained sandstone rich in C. (I.) delicatostriata were exclusively found near the outcrop of the Twc unit and lowermost part of the Twd unit in the Ponbetsu River section (Figure 1C); moreover, Apiotrigonia (A.) mikasaensis, a trigoniid bivalve restricted to the Turonian age (Tashiro, 1979), was observed in the collected coquina (Figure 2). In the studied succession, only Twc and Twd units are correlated with the Turonian, and the occurrences of A. (A.) mikasaensis in the Ponbetsu River section were limited to the upper Twc and lower Twd units (Ando and Kodama, 1998). These findings indicated that the studied shellbed originated from Twc or lower Twd units (Figure 2).




3.2 Sample preparation

The surfaces of the bivalve shells were carefully cleaned and exposed from the sandstone matrix. For this study, three shells of C. (I.) delicatostriata (Figures 3A–C; labeled PU-1, PU-2, and PU-5) and one shell of A. pseudoplana (Figure 3D) were selected for subsequent growth line observation and geochemical analysis, considering that these species have sufficiently thick shells for observation and geochemical sampling from cross-sections. Additionally, the abundant occurrence of C. (I.) delicatostriata allows intraspecific comparisons, thus improving data reliability. Shell surfaces were coated with epoxy resin to avoid mechanical damage during preparation. Shells were diagonally cut along their maximum growth direction using a diamond saw (Figures 4A, B). One side was polished with silicon carbide up to #3,000 (Figures 4A, B). Regarding C. (I.) delicatostriata, the other side of the cross-section was used to make a thin section (0.1 mm thickness) for growth line observation. Small pieces of shells were collected from the studied shells to evaluate the extent of diagenetic alteration and determine the diagenetic level according to preservation index (PI) (Cochran et al., 2010; Knoll et al., 2016) via scanning electron microscopy (SEM) (Figures 4A, B). The polished shell surface was etched with 5% acetic acid for 15 min prior to microstructure observation with SEM.




Figure 4 | Sample preparation of Cucullaea (Idonearca) delicatostriata (A) and Aphrodina pseudoplana (B) shells. The valves were cut perpendicular to the maximum growth direction. One side of the cutting slab was polished to make a polished slab and the other side of each C. (I.) delicatostriata shell was thin-sectioned. Small fragments of shell were sampled by cracking each shell and then coating the cracked surface with platinum. The coated shell was used for preservation state estimation based on the PI scale (Cochran et al., 2010; Knoll et al., 2016). The surfaces of the thin section and polished shell were wetted and covered with cover glass during observation (C). Small holes in the polished sections are the remains of samples used for stable isotope analysis. OSL, outer shell layer; ISL, inner shell layer; HP, hinge plate.






3.3 Evaluation of the extent of diagenetic alteration

Evaluation of diagenetic effects on shell microstructure and mineralogy is essential for reliable paleoenvironmental reconstruction because diagenesis alters the original chemical composition of the shell (Cochran et al., 2010; Pederson et al., 2019). Shell microstructure and mineralogy of the studied shells were analyzed to determine the extent of diagenetic alteration. Thin sections and polished sections of the shells were carefully observed with a binocular microscope and a petrographic microscope to identify macro-scale diagenetic products, such as mosaic calcite crystals (Maliva et al., 2000; Pederson et al., 2019).



3.3.1 Raman spectroscopic analysis

Raman spectroscopic analysis was conducted to identify the mineral composition of the studied fossils using a confocal Raman micro-spectrometer (Nicolet Almega XR; Thermo Fisher Scientific, Bremen, Germany) in the Petrology and Mineralogy Laboratory of Nagoya University, Nagoya, Japan. A 532 nm Nd-YAG laser at a power of approximately 10 mW was irradiated to the thin sections and the polished sections of studied shells through a confocal microscope (BX51; Olympus, Tokyo, Japan) with a 100× objective (Olympus Mplan-BD 100X; numerical aperture, 0.90). The scattered light was collected using backscatter geometry from a 25 µm pinhole and a holographic notch filter, dispersed using 2,400 lines/mm, and analyzed using a Peltier-cooled charge-coupled device detector composed of 256 × 1024 pixels (Andor Technology, Belfast, Ireland). Raman spectra were collected in six periods of 10 s each for point analysis. Spectra between 100 and 1,290 cm−1 were used to compare the spectra of calcium carbonate minerals (Parker et al., 2010; Wehrmeister et al., 2010).




3.3.2 SEM observation

The extent of diagenesis was determined using the PI, which was proposed for the evaluation of diagenetic alteration based on shell microstructure (Cochran et al., 2010; Knoll et al., 2016). First, the shell microstructure of a surface-etched polished slab coated with platinum was observed with SEM (SU6600; Hitachi High-Technologies, Tokyo, Japan) in the Laboratory of Geobiology at Nagoya University. Then, cracked shell surfaces coated with platinum were observed with SEM, and the preservation status was scored according to the PI (Cochran et al., 2010; Knoll et al., 2016).





3.4 Growth line analysis

Growth lines are observable as black-colored disconformities and translucent bands in accretionary-formed biogenic carbonates, which are caused by growth reduction or cessation. In bivalves, growth lines can be observed as concentric lines on the interior and exterior of the shells of various taxa; they were formed under environmental deterioration (e.g., tidal emersion and temperature extremes) or physical deterioration (Schöne et al., 2004; Schöne and Giere, 2005; de Winter et al., 2020). Growth lines tend to become darker with longer growth cessation. Growth lines act as records of the shell growth rate over various timescales (e.g., daily, fortnightly, and annually) (Kennish and Olsson, 1975; Ohno, 1989), indicating the timing of biological and environmental events (Kennish and Olsson, 1975; Sato, 1995). Therefore, growth lines can be used to elucidate organisms’ growth strategies (Tanabe, 1988; Sugiura et al., 2014; Posenato et al., 2022).

Growth lines were observed on thin sections of each shell under crossed Nicol polarization and polished slabs of each shell under stereoscopic microscopy. To reduce diffuse reflections and obtain clear images, the surfaces of thin sections and polished slabs were immersed in water and then covered with a cover glass (Figure 4C). Enlarged images of thin sections and polished surfaces taken using microscopes were stitched into single TIFF images with Adobe Photoshop software (Adobe, San Jose, CA, USA). Throughout the study, growth lines in the outer shell layer were used for investigation because these growth lines can be observed more clearly than growth lines in the inner shell layer and hinge plate. To accurately distinguish the shell growth lines, the greyscale value of the shell cross-section was measured along the direction of shell growth, in accordance with the methods of Carré et al. (2005) and Otter et al. (2019). In fossil shells, black stains may appear in areas other than growth lines due to shell coloration or crack formation during fossilization. To remove background colors, the image of the polished section was first subjected to black and white conversion followed by a rolling ball algorithm (Sternberg, 1983) for background subtraction (10-pixel diameter). The width of growth increments (space between neighboring growth lines) was measured along the growth direction. All image processing operations were performed using ImageJ (https://imagej.nih.gov/ij/).




3.5 Stable isotope analysis

Carbonate powders (approximately 100 µg) were collected from the outer shell layers of polished shells along their growth direction using a drill bit 0.4 mm in diameter (Minitor Co., Ltd., Osaka, Japan). Stable oxygen and carbon isotope compositions of bivalve shells (δ18Oshell and δ13Cshell, respectively) were measured with a Thermo Fisher Delta V Advantage isotope ratio mass spectrometer (Bremen, Germany) coupled to a ThermoQuest Kiel-III automated carbonate device (Bremen, Germany) at the Institute of Geology and Paleontology, Tohoku University, Sendai, Japan. Carbonate samples were reacted with 100% phosphoric acid at approximately 72°C. Both isotope ratios were expressed in conventional notation (δ, ‰) and calibrated to the NBS-19 international standard relative to Vienna Pee Dee Belemnite. The external precision (1σ) of the measured isotopic values was calculated based on repeated measurements of a laboratory reference sample (JCt-1) (Okai et al., 2004). The external precision (1σ) values of δ18Oshell and δ13Cshell were 0.05‰ and 0.03‰, respectively. Therefore, the error in seawater temperatures reconstructed based on the δ18Oshell values measured in this study was approximately 0.9°C at the 95% significance level.




3.6 Paleotemperature estimation

Mollusks precipitate aragonite their shells at or near oxygen isotope equilibrium with ambient seawater (Epstein et al., 1953; Grossman and Ku, 1986; Watanabe and Oba, 1999). Seawater paleotemperature was estimated using the equation proposed by Grossman and Ku (1986) with a correlation adjustment of −0.27‰ (Dettman et al., 1999):

 

where T represents seawater temperature, and δ18Oshell and δ18Oseawater represent oxygen isotope values of shell carbonates (relative to VPDB) and seawater where the bivalves were grown (relative to VSMOW), respectively. In this study, −1‰ was used for δ18Oseawater according to the average δ18Oseawater value of ocean water during the Late Cretaceous ice-free world (Shackleton and Kennett, 1975) and numerically simulated δ18Oseawater values for the middle Cretaceous northwestern Pacific coastal region (Zhou et al., 2008). The validity of assuming a constant oxygen isotope ratio in the surrounding seawater is discussed in Section 5.3.

We reconstructed the monthly averaged paleotemperature of our study area from δ18Oshell values using the algorithm developed by Judd et al. (2018). Input parameter values in our study are shown in Supplementary Table 1, but the following conditions were assumed when setting the parameters:

	(1) The numbers of solar days within a fortnight cycle and one year were 14.7 and 365, respectively.

	(2) The days of the year with the coldest and warmest temperatures (Tpha) within one year were regarded as January 1 and July 1, respectively, in all cases.

	(3) The day of the year with maximum growth (Gpha) was regarded as the day in the middle of the fortnight cycle with the widest fortnightly growth increment.



We used younger age records of C. (I.) delicatostriata shells for the calculations because younger age records have paleotemperature and seasonal growth rate with sufficient time resolution.





4 Results



4.1 State of preservation

The studied shells showed no macro-scale diagenetic alterations in thin sections and polished sections (Figures 5A, B, E), aside from the presence of dark green needle-like chlorite in the outer part of the outer shell layer of A. pseudoplana (Figure 5E). These needle-like crystals extend perpendicular to the shell surface, and none straddle the growth lines.




Figure 5 | Polished section, thin section, and scanning electron microscopy (SEM) images of the studied mollusk materials. (A) Polished surface of C. (I.) delicatostriata (PU-1). (B) Thin section of C. (I.) delicatostriata (PU-2). Growth lines can be observed in both (A, B). “Major” growth lines are indicated by light green arrows, and “minor” growth lines can be observed between each pair of “major” growth lines. (C, D) SEM images of C. (I.) delicatostriata. (C) Crossed-lamellar fabric in the outer shell layer. (D) Complex crossed-lamellar fabric in the inner shell layer. (E) Polished surface of A. pseudoplana showing clear growth lines. White arrows indicate chlorite-replaced parts. (F–H) SEM images of A. pseudoplana. (F) Irregular simple prismatic structures in the growth line (sandwiched between the light green lines); (G) crossed-acicular fabric in the OSL; and (H) fine complex crossed-lamellar fabric in the ISL.



The crossed-lamellar structure in the outer shell layer (Figure 5C) and complex crossed-lamellar structure in the inner shell layer (Figure 5D) were clearly observed in C. (I.) delicatostriata shells. In the A. pseudoplana shell, a crossed-acicular structure in the outer shell layer (Figure 5G), fine complex crossed-lamellar structures in the inner layer (Figure 5H), and irregular simple prismatic structures along the growth lines (Figure 5F) were preserved.

Raman spectroscopic analysis showed clear peaks at 153, 181, 206, 702, 706, and 1,085 cm−1 in all studied shells (Figure 6). The peaks at 153, 181, 206, 702, and 706 cm−1 together indicate the presence of aragonite (Parker et al., 2010); the peak at 1,085 cm−1 is the intrinsic Raman band of carbonate mineral (Wehrmeister et al., 2010). Considering that modern bivalves in the order Arcoida and the family Veneridae, which include C. (I.) delicatostriata and A. pseudoplana, respectively, produce aragonite shells (Kitamura, 2018), the two species also likely formed primarily aragonite shells. Therefore, the studied shells showed preservation of primary microstructure and mineralogy (aragonite) as indicated by SEM images and Raman spectroscopy (Figure 6).




Figure 6 | Raman spectra acquired at 100–1,290 cm−1 from the outer shell layer of all studied shells along with aragonite Raman spectra (aragonite R150021 with a 532 nm laser; red) and calcite Raman spectra (calcite R150075 with a 532 nm laser; gray) from RRUFF (rruff.info). Black dashed lines represent the positions of 153, 181, 206, 702, 706, and 1,085 cm−1. Peaks at 153, 181, 206, 702, and 706 cm−1 indicate the presence of aragonite and the peak at 1,085 cm−1 indicates carbonate mineral.



In high-magnification SEM images, irregular thickness and fusions of crystals were observed in C. (I.) delicatostriata (Figures 7A–C). The PI of C. (I.) delicatostriata crossed-lamellar structures was 3 (good) for PU-1 (Figure 7A), 1 (poor) for PU-2 (Figure 7B), and 3 for PU-5 (Figure 7C) (Knoll et al., 2016). The PI of the A. pseudoplana shell could not be determined because the PI of the crossed-acicular structure has not been established (Figure 7D).




Figure 7 | High-resolution images of the studied Cucullaea (Idonearca) delicatostriata (crossed-lamellar structure; PU-1, A; PU-2, B; PU-5, C) and Aphrodina pseudoplana (crossed-acicular structure; D) shells. Dissolution marks and irregular thickness of crystals can be observed in (A–C). Preservation index values of 3 for PU-1, 1 for PU-2, and 3 for PU-5 were assigned. Indistinct structures can be observed in (D), but the PI value could not be calculated because a PI for crossed-acicular structures has not been established.






4.2 Growth line observation

Growth line visibility in the C. (I.) delicatostriata shell was compared between thin sections and polished sections of the same individuals (Figure 8). In the younger portion of the shells, growth lines of varying distinctness were clearly observed in both thin sections (Figure 8B) and polished sections (Figure 8D). Observation of polished sections under reflected light was more suitable for detecting faint growth lines than thin sections due to the brightness of the views. Near the ventral margin, prominent growth lines were observed in the thin sections (Figure 8C), while these lines were not clearly visible in the polished sections (Figure 8E). These results indicated that thin sections are suitable for observing growth lines throughout all ontogenetic stages, while polished sections are suitable for observing growth lines in younger portions of the shells. To monitor the shell growth pattern of C. (I.) delicatostriata throughout its lifetime, the most effective approach is to use thin sections and measure the width of the prominent growth increment along the growth direction.




Figure 8 | Comparison of growth line visibility in the outer shell layer between thin sections (A–C) and polished sections (D–F) of a C. (I.) delicatostriata shell (PU-5). The growth lines are clearly visible in the younger portions of both thin sections (B) and polished sections (D). In the shell near the ventral margin, growth lines are clearly visible in the thin sections (C) but are indistinct in the polished sections (E). Sampling holes in the polished sections (D–F) are the remains of samples taken for stable isotope analysis.



The growth lines observed in thin sections and polished sections can be divided into two categories, prominent (“major”) and faint (“minor”) growth lines (Figures 5A, B, 9), according to their darkness. Major growth lines were darker than minor growth lines according to processed greyscale levels (Figure 9). The processed greyscale values more clearly reflected the blackness of growth lines than the raw greyscale values because the color inversion process and rolling ball algorithm subtracted background color heterogeneity (Figure 9). Notably, approximately 15 minor growth lines with low processed greyscale values were observed between neighboring major growth lines with high processed greyscale values in the polished sections (Figure 9).




Figure 9 | Polished section of the younger portion of a C. (I.) delicatostriata (PU-1) shell and greyscale values (raw and processed) along its growth direction in polished sections (pink line). Processed greyscale values were obtained by inverting the raw greyscale data and then applying the rolling ball algorithm. Raw greyscale data are shown as a black bold line and processed greyscale data are represented by red lines. Note that a high raw greyscale value is indicated by a light color, while a high processed greyscale value is represented by a dark color. The vertical black lines on the graph indicate the positions where growth lines were visually observed on the analyzed greyscale line. Solid lines indicate “major” growth lines and dashed lines indicate “minor” growth lines. The gray zones on the greyscale graph indicate the positions of dark staining. Numbers on the black arrows between lines represent the numbers of growth lines observed in the polished section. The estimated tidal condition (timing of spring tide and neap tide) is noted below the greyscale graphs.






4.3 Growth increment width

“Major” growth increment widths along the growth direction in thin sections of three C. (I.) delicatostriata shells are shown in Figure 10. The growth increment width varied among individuals due to intraspecific differences in growth rate and differences in the angles between the maximum growth direction and the cutting plane of each shell during thin section preparation.




Figure 10 | Fortnightly growth increment width of C. (I.) delicatostriata, δ18Oshell and δ13Cshell values of all studied shells with temperatures reconstructed based on Grossman and Ku (1986), and photographs of thin sections used for growth increment width measurement and polished slabs used for stable isotope analysis. Numbers above arrows indicate the number of growth lines between each pair of arrows. Approximately 25 lines are observed between the arrows, indicating a period of around 1 year. Bold black arrows on the graph of fortnightly growth increment width indicate periods of ontogenetic growth reduction. Squares on the graph of δ18Oshell represent the positions of the annual growth increments used for monthly averaged paleotemperature calculations (Figure 13; Supplementary Table 2). For paleotemperature reconstruction from shell δ18O, a value of −1‰ was used for δ18Oseawater, obtained from Shackleton and Kennett (1975) and Zhou et al. (2008).






4.4 δ18Oshell and δ13Cshell values

The δ18Oshell profiles of the three C. (I.) delicatostriata shells (PU-1, 2, 5) and one A. pseudoplana shell showed clear cyclic variations of various amplitudes (Figure 10). The ranges of δ18Oshell values were from −4.40‰ to −3.06‰ (average = −3.65‰, σ [standard deviation] = 0.40‰) for PU-1, from −5.12‰ to −3.31‰ (average = −4.38‰, σ = 0.43‰) for PU-2, from −5.33‰ to −2.93‰ (average = −3.70‰, σ = 0.39‰) for PU-5, and from −4.49‰ to −3.21‰ (average = −3.85‰, σ = 0.30‰) for A. pseudoplana (Table 1).


Table 1 | Stable carbon and oxygen isotope values, paleotemperature estimated by Grossman and Ku (1986), and preservation status, as indicated by the preservation index (PI) according to Cochran et al. (2010) and Knoll et al. (2016), of the studied shells.



In contrast, the δ13Cshell profiles of all analyzed shells did not show significant cyclicity compared with δ18Oshell (Figure 10). The ranges of δ13Cshell values were from −4.02‰ to 0.31‰ (average = −2.06‰, σ = 0.94‰) for PU-1, from −6.62‰ to −1.85‰ (average = −3.71‰, σ = 1.13‰) for PU-2, from −3.41‰ to −0.28‰ (average = −1.78‰, σ = 0.71‰) for PU-5, and from −2.59‰ to 0.48‰ (average = −0.78‰, σ = 0.54‰) for A. pseudoplana (Table 1).





5 Discussion



5.1 Evaluation of fossil preservation



5.1.1 State of preservation and shell microstructure

Shells composed primarily of aragonite are susceptible to diagenetic alteration and thus rarely retain their primary mineral composition and microstructure (Walliser et al., 2015; Posenato et al., 2022). With regard to the shell microstructure of C. (I.) delicatostriata, the crossed-lamellar structure in the outer shell layer (Figure 5C) and complex crossed-lamellar structure in the inner shell layer (Figure 5D) are same as those of C. labiata, an extant Cucullaea species (Taylor et al., 1969). The outermost part of the outer shell layer was absent although the shell was buried in a sandstone matrix (Figure 8C), indicating that the fossil shells were physically abraded or chemically dissolved before or during the fossilization process.

The A. pseudoplana shell showed a crossed-acicular structure in the outer shell layer (Figure 5G) and fine complex crossed-lamellar structure in the inner layer (Figure 5H). The needle-like crystals of chlorite present in the shell were considered pseudomorphs of biogenic aragonite produced by diagenetic alteration based on their morphology, distribution, and orientation. Silicification of biogenic carbonate with preserved microstructures has been observed in other areas (Suzuki et al., 1998; Zakhera et al., 2001; Foster et al., 2022). The arrangement of growth lines and crystals in the outermost part of the outer shell layer of A. pseudoplana is similar to some venerid bivalves (Chioninae and Mercenaria stimpsoni: Shimamoto, 1986); its shell microstructure is similar to the arcticid bivalve Arctica islandica (Dunca et al., 2009; Höche et al., 2021).

Dissolution traces and irregular crystal thickness were observed in high-magnification SEM images (Figure 7). A PI value of 3 was assigned for PU-1 and PU-5, whereas a value of 1 was assigned for PU-2; all of these values were lower than the best PI of 5 (classified as “excellent”; Cochran et al., 2010; Knoll et al., 2016), suggesting that the studied bivalves were affected by low-level diagenetic alteration. The partial chloritization of the surface of the A. pseudoplana shell is consistent with diagenetic alteration. However, chloritization of shell aragonite did not reach the parts used for stable isotope analysis in this study (Figure 5E).

The studied shells were buried in fine-grained sandstone. Biogenic carbonates in such coarse host rocks are considered highly susceptible to diagenetic alteration due to their high permeability and porosity. Nevertheless, the studied shells retained the initial shell microstructure and mineralogy although they had been slightly dissolved. The good state of preservation may be attributable to the well-cemented sandstone, which effectively limited pore water reaching the fossil sites. Well-preserved biogenic carbonate fossils buried in sediments with reduced influence of pore water are consistent with the finding that fossils of planktonic foraminifera in clay-rich sediments showed better preservation than such fossils in coarser-grained sediments (Pearson et al., 2001).

Yamamoto et al. (2017) reported a nonlinear relationship between the preservation of shell microstructure and geochemical composition, based on analyses of cathodoluminescence and SEM images, as well as measurements of the trace element concentrations and carbon and oxygen isotope compositions of Middle Pleistocene (approximately 0.8 Ma) brachiopod shells. They showed that the original isotopic composition was almost retained in many brachiopod shells that were altered due to meteoric diagenesis. Because there remains no robust criterion to assess diagenetic alteration, it is necessary to apply and cross-check multiple criteria. We suggest criteria that include assessment of whether the shells possess expected carbon and oxygen isotope compositions. Consequently, we concluded that the studied shells with PI of 3 retained their original carbon and oxygen isotope compositions.




5.1.2 Diagenetic effects on oxygen and carbon isotopes of the fossil shells

Previous studies suggested that geochemical and isotopic compositions of biogenic carbonate fossils with PI values > 3 are suitable as paleoenvironmental proxies (Cochran et al., 2010; Ryan et al., 2021; Tajika et al., 2023). The δ18Oshell and δ13Cshell values of PU-1 and PU-5, which have PI values of 3, were distributed in a similar area of the cross-plots (Figure 11). This similarity indicated that these shells have a similar preservation state and have not been affected by significant diagenetic alteration. Meanwhile, the δ18Oshell and δ13Cshell values of PU-2, with a low PI value of 1, were lower than the other shells (by approximately 1‰ and 2‰, respectively) (Figure 11). These results suggest that PU-2 was more diagenetically altered and affected to a greater extent by isotopic exchange of C and O between its shell aragonite and pore water with low δ18O and δ13C values. Pore water could supply lower δ18O and δ13C than contemporaneous seawater due to dissolution of decomposed organic matter (Cochran et al., 2010). Therefore, the isotopic records of PU-2 are excluded from further paleoenvironmental discussion due to diagenetic alteration. There is evidence from other areas that carbonate fossils strongly affected by diagenetic alteration have outlier δ18Oshell and δ13Cshell values compared with well-preserved fossils from the same locality (Cochran et al., 2010; Jones et al., 2022).




Figure 11 | Cross-plots of δ18O and δ13C values of the studied C. (I.) delicatostriata (PU-1, 2, 5) and A. pseudoplana shells. Small translucent plots represent the original isotope values and large opaque plots show the average isotope ratio of each shell. Bars indicate the ranges of both isotope ratios for each shell.



Although the isotopic composition of PU-2 was somewhat modified, its δ18O values showed cyclicity similar to other studied shells (PU-1 and PU-5) with a better state of preservation, which may reflect seasonal environmental changes (Figure 10). Although Cochran et al. (2010) showed that stable isotope composition was modified in samples, they did not analyze isotopic composition along the growth axis or present any isotopic profiles. Given pristine shell microstructures, it is possible that variations in stable isotope composition, including seasonal variations, are preserved in shell carbonate even at low PI. Original seasonal δ18O patterns can be preserved despite geochemical alteration. For example, heating can shift shell δ18O values by 1.5‰, equivalent to 6°C–7°C in paleotemperature reconstruction, while the primary seasonal pattern is preserved (Moon et al., 2021). However, the stratigraphic horizon from which the studied shells were collected does not show any indications of exposure to high temperatures due to burial diagenesis or hydrothermal activity. Therefore, it is unlikely that the oxygen isotope profiles of the studied shells were shifted toward a smaller value while maintaining their initial seasonality.





5.2 Life history of C. (I.) delicatostriata



5.2.1 Timing of growth line formation in the shells of C. (I.) delicatostriata

The growth of carbonate shells (including bivalves) and skeletons is controlled by both tidal (Ohno, 1989; Schöne et al., 2003; Schöne and Giere, 2005) and daily rhythms (de Winter et al., 2023). In bivalves inhabiting tidally influenced areas, shell precipitation occurs during high tide; their growth is paused due to the stresses caused by tidal emersion and ebb currents during low tide, leading to the formation of growth lines (Evans, 1972; Ohno, 1989; Schöne et al., 2003; Reza Mirzaei et al., 2014). As tidal activity occurs twice per day, two growth lines are formed daily in the shells of bivalves inhabiting intertidal areas (Richardson, 1988; Ohno, 1989; Schöne et al., 2003). Bivalves in constantly immersed areas, such as subtidal zones, experience weaker tidal stresses and produce one growth line per day (Ohno, 1989; Reza Mirzaei et al., 2014). During spring tides, which occur on a fortnightly cycle (14.7 days), the stress at low tide is greater, which leads to more prominent growth line formation in both intertidal and subtidal bivalves (Azzoug et al., 2012; Reza Mirzaei et al., 2014). Irradiance (i.e., light intensity) is regarded as a major factor affecting bivalve shell formation controlled by daily rhythms (Ohno, 1989; Clark, 2005; Sano et al., 2012).

The most important consideration for establishing bivalve shell chronology from shell growth lines in geologic time is whether the environmental rhythms that drive modern shell growth line formation (i.e., tidal and daily rhythms) in the study periods were similar to today (Wierzbicki et al., 2023). The daily rhythm interval has lengthened at a rate of 1 s/5000 years on average (i.e., decreasing number of days per year) throughout geological time due to the decline in Earth’s spin velocity (Darwin, 1880; Lantink et al., 2022). According to sclerochronological and geochemical analyses on rudist shells, day length was 23.5 h (372 days per year) in the Late Cretaceous (Campanian) (de Winter et al., 2020). The tidal rhythm in the middle Cretaceous was approximately similar to the present (14.8 days for semilunar month) because lunar-related rhythms, which are strongly related to tidal rhythm, were presumably more stable than solar rhythms throughout Earth’s history (Williams, 2000; Bhattacharya and Jha, 2014; Wierzbicki et al., 2023). Calculations based on the above data indicated that the numbers of solar days, lunar days, and fortnightly growth lines per year during the middle Cretaceous were 372, 352.5, and 25.1, respectively. The numbers of growth lines according to solar days and lunar days per single fortnight cycle in the middle Cretaceous were 15.6 and 14.8, respectively.

Two different types of growth lines were recognized in the studied C. (I.) delicatostriata shells; specifically, distinct “major” and relatively indistinct “minor” growth lines were present, with an alternating pattern of a single “major” growth line followed by 15–16 “minor” growth lines (see Section 4.2) (Figure 9). The repeated appearance of prominent growth lines alternating with 15–16 faint growth lines can be explained as the “minor” growth lines corresponding to daily growth lines and “major” growth lines corresponding to fortnightly growth lines in modern bivalves (Carré et al., 2005; Azzoug et al., 2012). This character is consistent with the expected Cretaceous daily and fortnightly rhythm relations outlined above. Both “major” and “minor” growth lines presumably formed in response to tidal cycles; therefore, the growth lines of C. (I.) delicatostriata can be used for reliable inner shell chronology and as records of temporal shell growth.




5.2.2 Shell growth of C. (I.) delicatostriata

The δ18Oshell values and growth lines of the studied shells can be used to delineate the life history of C. (I.) delicatostriata. The studied shells (PU-1, PU-2, and PU-5) exhibited distinct cyclicity of δ18Oshell values, with an amplitude of approximately 1.5‰ over approximately 25 “major” (i.e., fortnightly) growth lines (Figure 10). Because the tidal cycle during the Cretaceous period was approximately similar to the present (Section 5.2.1 and Bhattacharya and Jha, 2014), the presence of approximately 25 fortnightly growth lines per year suggested that the bivalves continued to form shell carbonates throughout the year (Berry and Barker, 1968; Azzoug et al., 2012). The lowest and highest values of δ18Oshell within these yearly growth line intervals represent summer and winter values, respectively; the main factor controlling the δ18O values is seawater temperature at the sites in which the shell grow. Therefore, the observed δ18Oshell curves along the 25 fortnightly growth lines reflect seasonal seawater temperature variations. Bivalves that form their shell throughout the year typically inhabit the tropics (Thébault et al., 2007; Yamanashi et al., 2016) and submarine caves (Kitamura et al., 2012). Therefore, C. (I.) delicatostriata may have also inhabited an environment suitable for shell formation throughout the year (i.e., seasonal variation in seawater temperature).

The growth increment width and δ18Oshell values of C. (I.) delicatostriata (top panels in Figure 10) represent temporal growth rate records. In younger portions of the shells, the fortnightly growth increment width shows an increase up to the maximum of 0.4 mm with a subsequent decrease (minimum = 0.05 mm) in 1 year, corresponding to 25 growth lines. The largest growth increment width was formed during the period spanning the δ18Oshell-based temperature minimum (winter) to its maximum (summer) (Figure 10), corresponding to the spring season. Conversely, the narrowest growth increments coincide with the coldest paleotemperatures and are regarded as representing winter (Figure 10). These observations suggest that the growth rate of C. (I.) delicatostriata reached its maximum in spring and minimum in winter. This growth pattern of bivalve shells is consistent with the patterns observed in extant bivalves inhabiting shallow-ocean areas and has been attributed to high spring phytoplankton abundance (Sato, 1997).

The “major” growth increment width and its variation significantly decreased toward the ventral shell margin (< 0.1 mm) (Figure 10), representing reductions in the shell growth rate and its seasonality during ontogeny. The presence of 25 “major” (i.e., fortnightly) growth increments within each annual growth cycle suggests that the shell was continuously precipitated throughout the year without any period of growth cessation. Although ontogenetic growth decline is common in modern bivalves (Jones and Quitmyer, 1996; Tanabe et al., 2017, 2020), ontogenetic growth characteristics in C. (I.) delicatostriata, which was continuous throughout the year associated with fortnightly (and daily) cycles, are similar to the characteristics of the extant tropical shallow-water bivalve Tegillarca granosa (Reza Mirzaei et al., 2017).





5.3 Shallow-water temperature and its seasonality in the mid-latitude northwestern Pacific region during the Turonian

Based on the δ18Oshell values of the two bivalve species and the relationships between temperature and aragonite δ18O established by Grossman and Ku (1986; Equation 1), the annual shallow-water temperature in the middle Turonian Yezo Basin ranged from 27.8°C to 34.9°C (Figure 12; Table 1). Analysis of sedimentary facies suggested that C. (I.) delicatostriata and A. pseudoplana inhabited shallow depths less than some tens of meters (Ando and Kodama, 1998; Komatsu, 2013) (Figure 2). Because water temperature at these depths would not substantially differ from the temperature at the sea surface (Tanabe et al., 2017), the temperatures calculated in this study should reflect shallow-water temperature and its seasonality in the middle Turonian northwestern Pacific Ocean.




Figure 12 | Comparison of shallow-water temperature and its seasonality calculated among various equations of temperature and aragonite δ18O. Aragonite δ18O was derived from δ18Oshell values of studied bivalve shells. TSI and TSO in Kodama et al. (2021), KTd-1, KTd-4, and KTd-5 in Yamanashi et al. (2016), and NTM, NTGs, IHH, and NHH in Duprey et al. (2014) represent the names of shells. Seasonal temperature maxima and minima were based on the maximum and minimum δ18Oshell values of the studied shells. Mean annual temperature was calculated from monthly averaged δ18Oshell values (Supplementary Table 2). The gray zone on the temperature plot represents the mean annual sea surface temperature (SST) of the middle–late Turonian Yezo Basin based on planktonic foraminiferal δ18O (Moriya, 2011). The δ18Oseawater value used for temperature estimation was −1.00‰.



Seawater temperatures estimated from the shell δ18O values and their seasonality can vary depending on assumed δ18Oseawater values and their seasonal fluctuation at the site of shell growth. For example, for an actual δ18Oseawater value 1‰ lower than the assumed value, the seawater temperature calculated based on the Equation 1 would increase by approximately 4°C. The δ18Oseawater value varies depending on salinity because it increases with massive evaporation, whereas it decreases with strong precipitation and freshwater input due to 18O depletion in the vapor and meteoric water (Craig, 1961). Based on the modern relationship of δ18Oseawater and salinity, a salinity change of 1 causes a change of approximately 0.3‰ in δ18Oseawater (Fairbanks et al., 1997; Abe et al., 2009; Takayanagi et al., 2015). Recent clumped isotope analysis of modern bivalve shells suggested that seasonal changes in δ18Oseawater values make a significant contribution to those changes in δ18Oshell values, thus affecting δ18Oshell-based seawater temperature estimates (Caldarescu et al., 2021). Furthermore, clumped isotope analyses of Cretaceous rudists and oysters revealed that δ18Oseawater values at that time were not necessarily −1‰, which has been traditionally used for paleotemperature estimation from δ18O values of biogenic carbonates during the Cretaceous in shallow oceans (de Winter et al., 2021; Jones et al., 2022). de Winter et al. (2021) also reported that large seasonal δ18Oseawater fluctuations (approximately 1‰), which showed the highest values near the hottest season and lowest values near the coldest season, were present in the Campanian shallow ocean, resulting in underestimation of seawater temperature seasonality. However, it is difficult to assume that δ18Oseawater changes over seasonal cycles.

The seasonal salinity ranges in the modern subtidal zone, especially at depths of more than 10 m, are small (salinity< 2) (Wanamaker et al., 2011; Kubota et al., 2017; Tanabe et al., 2017). This change corresponds to the δ18Oseawater change of approximately 0.6‰, when converting salinity into δ18Oseawater; it may cause an error of< 3°C in reconstructing seawater temperatures (Grossman and Ku, 1986; Chauvaud et al., 2005). Therefore, some studies have assumed that seasonal δ18Oseawater fluctuations were annually constant when reconstructing water temperature from δ18Oshell values of bivalves inhabiting water with almost constant salinity (Wanamaker et al., 2011; Kubota et al., 2017; Tanabe et al., 2017). The studied species, C. (I.) delicatostriata and A. pseudoplana, presumably inhabited normal marine environments with limited freshwater influence because they are found in lower shoreface to inner shelf deposits, which likely formed at depths of 10 m to some tens of meters, and not in freshwater and estuary deposits such as oyster beds (Ando and Kodama, 1998; Komatsu, 2013) (Figure 2). The absence of neighboring prominent and faint growth lines in C. (I.) delicatostriata (Section 5.2.1 and Figure 9) also indicated that they did not live in the intertidal zone, which is commonly affected by freshwater input (Ohno, 1989; Tojo and Masuda, 1999; Miyaji et al., 2007; Reza Mirzaei et al., 2014). Massive freshwater inflow events, such as typhoons or heavy rains, may have occurred in the depositional area of the middle Turonian Mikasa Formation because of the humid climate conditions in the northwestern Pacific region, suggested by terrestrial organic δ13C and numerical climate simulation, and the presence of HCS deposits (likely formed by storm events) in this formation (Ando, 1987; Hasegawa, 2003; Hasegawa et al., 2012; Higuchi et al., 2021). However, such short-term precipitation events are unlikely to be recorded in the δ18O profiles of the studied shells due to their temporal resolution (more than one week), which is not sufficiently high for detection. Therefore, our seasonal δ18Oshell variations likely reflect shallow-water temperature seasonality at the time the shells inhabited.

The reconstructed paleotemperature in our study was consistent with shallow-water paleotemperature records (28°C–34°C) from the late Cenomanian mid-latitude (36°–45°N paleolatitude) North American Interior Seaway, derived from clumped isotope analysis on oyster fossil species (Pycnodonte newberryi shells from the Mancos Shale Formation at 36°N paleolatitude, P. newberryi shells from the Tropic Shale Formation at 37°N paleolatitude, P. kellumi shells from the Frontier Formation at 43°–45°N paleolatitude, and P. kellumi shells from the Greenhorn Formation at 44°N paleolatitude) using the temperature calculation formula of Petersen et al. (2019) (Jones et al., 2022). In contrast, planktonic foraminiferal δ18O from the western extension of the Mikasa Formation indicated that the mean annual sea surface water temperature of the middle to late Turonian Yezo Basin ranged from 26°C to 29°C (Moriya, 2011). These temperatures are lower than temperatures determined from the studied shells (Figure 12). Such differences may have been due to variations in seawater temperatures during the Turonian and differences in growth site environments (e.g., depths) between benthic bivalves and planktonic foraminifera. Furthermore, the planktonic foraminiferal temperatures reported by Moriya (2011) do not necessarily reflect sea surface temperatures because planktonic foraminifera inhabit areas close to the sea surface and areas within the mixed layer. However, considering that Moriya (2011) did not provide detailed geological or paleontological data on the studied samples or information about the oxygen isotope thermometer used, it is not possible to identify the factors responsible for these discrepancies.

Differences in reconstructed temperatures between bivalves and foraminifera could have been partly due to differences in the equations representing the relationships between (δ18Oshell − δ18Oseawater) and seawater temperature (i.e., oxygen isotope thermometers). The equations proposed in previous studies differ among taxa and environmental settings (Nishida, 2020; Kodama et al., 2021). We calculated and compared shallow-water temperatures and their seasonality in the Turonian Yezo basin using 24 equations established for aragonite δ18O in various modern marine calcifiers (Figure 12). These equations were derived from the arcid bivalve Scapharca broughtonii (Horibe and Oba, 1972; Nishida et al., 2015), venerid bivalve Mesodesma donacium (Carré et al., 2005), giant clam Tridacna squamosa (Arias-Ruiz et al., 2017; Kodama et al., 2021; Wang et al., 2022), T. derasa (Yamanashi et al., 2016), T. gigas (Elliot et al., 2009; Welsh et al., 2011; Yan et al., 2013; Ayling et al., 2015; Ma et al., 2020), T. maxima (Duprey et al., 2014; Komagoe et al., 2018), Hippopus hippopus (Watanabe and Oba, 1999; Aubert et al., 2009), a combination of giant clam species (Aharon, 1983; Duprey et al., 2014), the freshwater gastropod Peregriana peregra (White et al., 1999), various benthic foraminifera (Dunbar and Wefer, 1984), and various biogenic aragonites (Böhm et al., 2000).

Although the reconstructed seawater temperatures differed according to the equations used, they fell within a range from 22°C to 39°C, with seasonality of <8°C (Figure 12). In some cases (e.g., Dunbar and Wefer, 1984), the reconstructed temperatures were consistent with temperatures estimated from planktonic foraminifera for the same time period (Moriya, 2011), but more commonly, the reconstructed temperatures were higher than temperatures from planktonic foraminifera (e.g., Grossman and Ku, 1986 and Yan et al., 2013). The seawater temperatures reconstructed using equations derived from bivalves taxonomically close to C. (I.) delicatostriata (Scapharca broughtonii: Horibe and Oba, 1972) and A. pseudoplana (Mesodesma donacium: Carré et al., 2005) were slightly lower but roughly similar to temperatures derived from the studied bivalves, suggesting that the two fossil species precipitated their shells under physiological conditions similar to the conditions experienced by closely related extant species. The reconstructed seawater temperature of the middle Turonian Yezo Basin was significantly higher than the temperatures of the modern mid-latitude ocean (Figure 13). For example, the modern eastern Pacific Ishikari area of Hokkaido, Japan (44°N), has a surface seawater temperature of 4.8°C–22.1°C (monthly averaged data from Japan Meteorological Agency, 2024a). These findings suggest that extremely warm shallow water was present in the mid-latitude region during the middle Cretaceous “supergreenhouse” Earth.




Figure 13 | Comparison of monthly averaged shallow-ocean temperature and its seasonality in the western to northwestern Pacific regions among the middle Turonian, middle Cretaceous derived from this study (PU-1, PU-5, Averaged), and recent ocean derived from Japan Meteorological Agency (2024a) (Hokkaido) and Japan Meteorological Agency (2024b) (Okinawa). PU-1 and PU-5 refer to Cucullaea (Idonearca) delicatostriata shells examined in this study and averaged indicates averaged temperatures of PU-1 and PU-5. Mean annual temperature was calculated from monthly averaged temperature values (Supplementary Table 2).



Monthly averaged sub-annual scale δ18Oshell data along the growth direction of two C. (I.) delicatostriata specimens (PU-1 and PU-5) (Figure 10) indicated that seasonal shallow-water temperature variation was approximately 6°C in the middle Turonian mid-latitude northwestern Pacific Ocean (Figure 13; Supplementary Table 2). This value is substantially smaller than temperature ranges in modern mid-latitude regions, such as Hokkaido, where the monthly averaged sea surface temperature changes by approximately 17°C throughout the year (Japan Meteorological Agency, 2024a) (Figure 13). Low seasonal variability of SST is typically observed in modern low-latitude tropical ocean areas, such as 22.7°C–29.3°C (6.6°C seasonality) derived from eastern Pacific data collected around southern Okinawa Island, the Ryukyu Islands, Japan (26°N; Japan Meteorological Agency, 2024b) (Figure 13). This finding is consistent with previous studies arguing that paleo-Hokkaido was located in a subtropical climate during the middle Cretaceous (e.g., Hay and Floegel, 2012).




5.4 Shallow-water temperatures during the Turonian greenhouse Earth

Shallow-water temperatures and their seasonal variations during the Turonian were estimated based on δ18Oshell values (Figure 14) of rudist shells from the low-latitude Tethys Ocean (2–10 m water depth,< 30°N paleolatitude) in some previous studies. Distefanella sp. from the middle Turonian sediments in Zakynthos Island, Greece (91.1 Ma, 16.5°N paleolatitude) indicated one year seawater temperatures of 28.5°C–34.4°C with a seasonal variation of 5.9°C (Steuber et al., 2005). Hippurites resectus from the Gosau Group (the upper Turonian to the lower Coniacian, 89–91 Ma, 27.4°–27.5°N paleolatitude) and Vaccinites inequicostatus from the same group and Theresienstein, Austria, indicate seawater temperatures of 24.1°C–29.7°C (five years) and 25.9°C–35.0°C (1.5–2 years), respectively (Steuber et al., 2005; Walliser and Schöne, 2020). These temperatures were estimated using the equation of Anderson and Arthur (1983), assuming a constant δ18Oseawater value of −1‰ throughout the year. The shallow-water temperature estimated in this study roughly coincided with the previous estimations; the common range was 28°C–35°C (Figure 14). One exception to this trend was the minimum temperature recorded in the Gosau Group (24.1°C), which was lower than the temperatures in the Mikasa Formation, although the Mikasa Formation was deposited in a higher latitude setting than the Gosau Group.




Figure 14 | Shallow-water temperature records including seasonality during the Turonian compiled from this and previous studies ([a] Steuber et al. (2005); [b] Walliser and Schöne (2020); [c] this study), along with a paleogeographic map of the late Turonian (90 Ma) Northern Hemisphere modified from Nakajima et al. (2017) and Herman et al. (2019) with shallow-water current systems from Moiroud et al. (2013) and Mansour and Wagreich (2022). Shallow-water temperature data for individuals from the same region are grouped together as local shallow-water temperatures, with the Gosau Group and Theresienstein combined due to their close localities (Walliser and Schöne, 2020). The paleogeographic position of each locality is based on previous studies (Steuber et al., 2005; Walliser and Schöne, 2020) and paleomagnetic records for this study (Tamaki and Itoh, 2008). The δ18Oseawater value for temperature estimation from shell carbonate δ18O was −1.00‰ for all data according to the original article (Steuber et al., 2005; Walliser and Schöne, 2020).



There are multiple possible explanations for the temperature differences outlined above, such as differences in δ18Oseawater values between Tethys and Pacific Oceans. According to a numerical climate model of the global δ18Oseawater value distributions, δ18Oseawater values in the middle Cretaceous Tethys Ocean were approximately +0.5‰. This value is approximately 1.5‰ higher than the northwestern Pacific region at the same time (Zhou et al., 2008), as noted by Walliser and Schöne (2020). Consistent with the results of Zhou et al. (2008), the estimated shallow-water temperatures of the Gosau Group and Theresienstein depositional area were 31°C–43°C, higher than results for the Pacific derived in the present study. Warmer temperatures in the Tethys Ocean than the Pacific Ocean are consistent with planktonic foraminiferal biogeography of the middle Turonian Yezo Group with loss of frequent Tethyan type (tropical–subtropical) foraminifera and transitions to Transition type (warm–temperate) foraminifera bioprovinces (Nishi et al., 2003).

The effects of shallow-ocean currents can also explain the lower minimum seawater temperatures observed in the low-latitude Tethys Ocean (Walliser and Schöne, 2020) compared with the mid-latitude northwestern Pacific (this study). Cold currents flowed from the Arctic to the western Tethys Ocean, including the depositional area of the Gosau Group (Walliser and Schöne, 2020). In contrast, during the Turonian, the Pacific Ocean was separated from the Arctic Ocean by the Bering Land Bridge (Herman and Spicer, 1996, 2010; Herman et al., 2019). In this ocean–land configuration, the cold Arctic water could not flow into the Pacific Ocean, leading to warm shallow-water temperatures in the mid-latitude Pacific Ocean. The seasonal variations of shallow-water temperatures were commonly smaller than 7°C in the low-latitude Tethys (including the Gosau Group and Theresienstein area) and the mid-latitude Pacific (Figure 12).

Ivany (2012) noted that the seasonality of SST in the modern Northern Hemisphere is greatest at 40°–45°N. Our study site (44°N) exhibited good alignment with this maximal SST (or shallow-water temperature) seasonality zone of the Turonian Northern Hemisphere, indicating that maximum SST (or shallow-water temperature) seasonality in the mid-Cretaceous was similar to seasonality in the modern tropics. Additionally, the meridional temperature gradients and seasonal SST (or shallow-water temperature) ranges in the Northern Hemisphere were flatter and smaller in the mid-Cretaceous than at present. Low-temperature seasonality in the Northern Hemisphere during the Turonian is consistent with paleontological evidence from high-latitude plant and vertebrate fossils. Herman et al. (2019) reported conifer- and angiosperm-dominant floras from the Derevyannye Gory Formation (Turonian–Coniacian) of the New Siberia Island, Russia (70°N paleolatitude) and they concluded that low-temperature seasonality was present in the Turonian–Coniacian Arctic. Vandermark et al. (2007) reported that the extinct diapsid reptile Champsosaurus fossils from the Turonian–Coniacian sediments in Axel Heiberg Island, northern Canada (79°N, paleolatitude), was dominated by subadult-stage individuals, suggesting that temperatures suitable for reproduction and growth of reptiles were present during the Turonian–Coniacian at high latitudes due to a warm mean annual temperature with small temperature seasonality. The absence of ice sheets was presumably responsible for the reduced seasonal temperature variations on a global scale in the mid-Cretaceous (Steuber et al., 2005; Ivany, 2012). Under ice-free Earth conditions, the positive feedback of ice albedo becomes absent or is greatly weakened compared with today. In this case, the ice-free climate maintains warm shallow-water temperatures even in winter, resulting in slight temperature seasonality. Conversely, during the Eocene when the Antarctic ice sheet was ice-free, as in the Cretaceous, the annual SST range was greater than during the icehouse period in Antarctica (Buick and Ivany, 2004). There is a need for further data acquisition and numerical modeling of the latitudinal gradients and annual ranges of SST and air temperature during the middle Cretaceous and other greenhouse periods.





6 Conclusions

Growth increment and stable isotope analyses were performed on newly obtained bivalve fossils with preserved biogenic aragonite and shell microstructures from the middle Turonian Mikasa Formation, Yezo Group, in Hokkaido, Japan, to reveal the life history characteristics of the bivalves and sub-annual scale paleotemperature variations of mid-latitude shallow-water areas in the northwestern Pacific region during the Turonian. In Cucullaea (Idonearca) delicatostriata, approximately 25 fortnightly growth lines were observed per year, indicated by δ18Oshell, demonstrating that the annual cycles obtained from growth line analysis are consistent with those obtained from δ18Oshell ratios. Growth increment width and δ18Oshell values of C. (I.) delicatostriata revealed that they continuously produced their shells throughout the year, with the seasonal growth rate maximized in spring and minimized in winter. Reconstructed temperatures from bivalve δ18Oshell values ranged from 28°C to 35°C and showed significantly smaller seasonality compared with temperatures in modern Hokkaido. The δ18Oseawater value was assumed to be −1‰ without seasonal variations due to the limited influence of freshwater in the studied section. A comparison of temperature seasonality records with the same period from the Tethys Ocean showed similar values, indicating that tropical ocean conditions with low seasonality in mid-latitude regions were not limited to the Tethys Ocean but also occurred in the northwestern Pacific Ocean. Low shallow-water temperature seasonality in the mid-latitudes suggests that seasonal temperature fluctuations in the Northern Hemisphere were small in the middle Turonian “supergreenhouse” period.
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The isotopic and elemental composition of the fossil shells of foraminifera are often used for reconstructing past environments and climates. These so-called proxy relations are based on the effect of environmental conditions (e.g. seawater temperature, pH) on the isotopic ratio (e.g. δ11B or δ18O) or partitioning of elements (commonly expressed as El/Ca or DEl) during calcification. Whereas many studies focused on proxy-calibrations of divalent cations, incorporation of monovalent cations are less well constrained. Here we calibrate shell potassium content (K/Cacc) as a function of 1) seawater K+ concentration, 2) the ratio of potassium and calcium in seawater (K/Casw) and 3) temperature. Moreover, we analyze Na+ incorporation into the calcite as a function of seawater K+ and Ca2+ concentrations. First, we cultured specimens of the larger benthic foraminifer Amphistegina lessonii at four different seawater [Ca2+] and constant [K+], resulting in a range of K/Casw. Secondly, we cultured specimens of the same species at four different [Ca2+]sw and [K+]sw while keeping the ratio between these two ions constant. Finally, we tested the effect of temperature (from 18 to 28°C) on K-incorporation in this species. Measured K/Cacc values are not notably affected by [Ca2+]sw, while seawater [K+] positively influences potassium incorporation, resulting in a positive correlation between seawater K/Ca values and K/Cacc. Although the [Na+] in the culture media was constant throughout both experiments, incorporated Na responded positively to decreasing [Ca2+]sw, resulting in a positive correlation between sea water Na/Ca and Na/Cacc. The difference in the controls on K- and Na-incorporation suggests that the (biological) control on these ions differs. Part of the observed variability in element partitioning may be explained by differences in chemical speciation and crystallographic coordination in the calcite lattice.




Keywords: foraminifera, biomineralization, K/Ca, Na/Ca, proxy, culture experiment




1 Introduction

Our climate is rapidly changing as a consequence of anthropogenic greenhouse gas emissions to the atmosphere. Predicting the effects of increases in atmospheric CO2 levels are greatly helped by reconstructions of past climate change. Such reconstructions, in turn, can be derived from the chemical composition of the shells of foraminifera: the boron isotopic composition of their calcite reflects primarily seawater pH (Sanyal et al., 1995), while for example the Mg/Ca can be used to reconstruct past seawater temperature (Nürnberget al., 1996; Holland et al., 2020). Incorporation of elements is usually also affected by biological control during calcification. This is apparent from the large deviation in El/Ca between species (Bentov and Erez, 2006; De Nooijer et al., 2023), within species (De Nooijer et al., 2014; Sadekov et al., 2016) and even within single chamber walls (Kunioka et al., 2006; Fehrenbacher et al., 2017; Levi et al., 2019). These observations have prompted investigating the physiological controls acting on ion uptake by foraminifera during calcification (Erez, 2003; De Nooijer et al., 2014; Schmidt et al., 2016; Evans et al., 2018; Tyszka et al., 2019). The active proton pumping (Bentov et al., 2009; De Nooijer et al., 2009) and calcium uptake (Toyofuku et al., 2017) may be the key in understanding divalent cation uptake and incorporation and at the same time may affect reconstruction of such elements’ concentrations.

Concentrations of the major ions in seawater (Na+, Mg2+, Ca2+, K+) are not constant on geological time scales with residence times of 1.1 to 100 Myrs (Horibe et al., 1974; Hardie, 1996; Lécuyer, 2016; Zeebe and Tyrrell, 2018; Hauzer et al., 2021). The changes of [Ca2+]sw result in changes in the incorporation of other elements into the calcite of foraminifera, likely as a result of competition of these ions with Ca2+ for a place in the crystal lattice (Dueñas-Bohórquez et al., 2011; Mewes et al., 2015a; Hauzer et al., 2018). In theory, past concentrations of calcium in seawater may be estimated from foraminiferal El/Ca ratios of elements that have a higher residence time than calcium (Na; (Hauzer et al., 2018). This, however, requires calibration of El/Ca as a function of [Ca2+]. For Mg2+ incorporation, a non-linear response to [Ca2+] is described (Segev and Erez, 2006; Hauzer et al., 2018), It has been described linear correlations for Li/Cacc versus Li/Casw, Sr/Cacc versus Sr/Casw (Mewes et al., 2015b; Hauzer et al., 2018) and Na/Cacc versus Na/Casw (Hauzer et al., 2018).

One of the major elements in seawater is K+ with an average concentration of 380 mg/L (Wang et al., 2020) and a residence time of ~12 Myrs (Culkin and Cox, 1966). The 2 main sources for potassium in seawater are continental runoff and hydrothermal fluxes, while K is removed from seawater by pore-water entrapment or adsorption into clay minerals (Kronberg, 1985; Sun et al., 2016). However, K+ incorporation into foraminiferal calcite and its potential dependency on environmental parameters are at the first steps with only a few publications. Culturing experiments with benthic foraminifera suggested both foraminiferal K/Cacc and Na/Cacc as a potential proxy for seawater [Ca2+] (Hauzer et al., 2018; Nambiar et al., 2023). Such reconstructions are important as they can reveal long-term changes in the oceans’ major ion composition and thereby allow studying changes in the rates of geological processes including weathering, seafloor spreading and authigenic mineral formation (Horita et al., 2002; Fantle and DePaolo, 2005).

Compared to other major elements in seawater, K+ has a large ionic radius and can interfere with the structure of proteins, requiring cells to regulate the concentration of this ion. Studies looking at the impact of temperature showed no apparent effect on K/Ca in a variety of organisms (Li et al., 2021) and suggest that K-incorporation is correlated only to the concentration of K+ in the medium during inorganic precipitation experiments (Ishikawa and Ichikuni, 1984). Another very well-known monovalent ion in seawater is Na+, with an average concentration of 10.6 g/L (Duxbury et al., 2024). Na/Cacc has being studied as a proxy before for changes in salinity in the past (Wit et al., 2013; Geerken et al., 2018), although this was debated to be the case by Hauzer et al. (2021). In addition, there is no effect of temperature on Na-incorporation (Allen et al., 2016).

Incorporation of monovalent cations and whether these elements are affected by the so-called vital effects of foraminifera remain largely unknown. Incorporation of K+ by skeleton of corals has been shown to be related to incorporation of Na+ and explains the similarity in the way they are incorporated (Mitsuguchi and Kawakami, 2012). Moreover, using the incorporation of divalent cations such as Mg2+ and Sr2+ as proxies also requires known sea water element to calcium ratios, which is on geological time scales can rely on changes in seawater [Ca2+]. It is also vital to understand the inter-species’ effect of environmental parameters on element incorporation. Finally, it is necessary to quantify the interaction between incorporated ions, for example Na+ and K+, to correct fossil El/Ca for changes in the composition of the seawater’s major ion inventory.

In this study, we report the results of a set of experiments to calibrate K+ incorporation in the benthic foraminifer Amphistegina lessonii as a function of [Ca2+], [K+]and [Ca2+] and temperature. We set up controlled growth experiments to decouple the effect of these variables on calcitic K/Ca, which are inherently correlated in nature to deconvolve the underlying processes involved in K+ and Na+ uptake. Hence, grown specimens were also used to analyze their Na/Ca to test potential impacts of [Ca2+], [K+] and temperature on sodium incorporation. Accordingly, we aim to evaluate the potential of foraminiferal K/Ca and Na/Ca values as a proxy for [Ca2+]sw and seawater chemistry in general.




2 Materials and methods

Three sets of controlled growth experiments were performed (Table 1). In the first set only the seawater’s calcium concentration (i.e. [Ca2+]sw) was varied. In the second set of experiments, we varied both [K+]sw and [Ca2+]sw, while keeping K/Casw constant. These two sets of experiments were done under identical, constant temperature, salinity, and inorganic carbon chemistry. Finally, a set of experiments was conducted with varying temperatures, while keeping element concentrations, salinity and inorganic carbon chemistry constant.


Table 1 | Three different culture experiments with A. lessonii.





2.1 Culture set-up: [Ca2+]sw, and [K+]sw and [Ca2+]sw

For the two experiments in which Ca- and/or K-concentrations were varied, specimens of A. lessonii were isolated from coral rubble retrieved from the tropical aquarium of Burgers’ Zoo [Arnhem, the Netherlands; (Ernst et al., 2011)]. Approximately 100 living specimens were selected and transferred to Petri dishes and placed at 26°C with a light/dark cycle of 12h/12h to stimulate asexual reproduction. Within 2 weeks, between 80 and 90 juveniles were released from several adults that were incubated in pre-made culture media.

For these two sets of experiments, the amounts of salts were added following the recipes of (Kester, 1967) and (Wit et al., 2013), however changing the concentrations of CaCl2 and KCl (Supplementary Tables S4, S5). We mixed the artificial seawater with filtered (< 2 μm) North Sea Water, using a ratio of 1 to 5 (20% North Sea Water and 80% artificial seawater) and we measured and controlled the salinity (within +/-0.1 salinity units) at the start and at the end of the experiment using a conductometer.

The prepared media were divided over culture flasks (De Goeyse et al., 2021) that were placed in a cabinet with a controlled atmospheric pCO2 of 600 ppm and a light/dark cycle of 12h/12h. Evaporation of the culture media was minimized by saturating the atmosphere inside the cabinet with water vapor. The culture media were subsampled for DIC and TA by filling replicate 5mL vials, pre-poisoned with HgCl2, and storage at 4°C until analyses using a Continuous Segmented Flow Analyzer (QuAAtro). For DIC the method was the same as the one used in the temperature experiment (2.1.1) but for TA an adapted method from (Sarazin et al., 1999) was used, changing the organic acid from formic acid to Phthalic acid, keeping the same indicator Bromo Phenol Blue which is blue at a pH of 3.7 and giving a green color at more alkaline phases having an absorbance at 590nm (Supplementary Tables S1, S2). A. lessonii was grown under these pre-set conditions for six weeks. Almost all replicates had sufficient material to have one or two analysis per replicate for K/Cacc using ICP-MS (Supplementary Tables S1, S2). Every batch of foraminifera measured contained between 10-25 individuals per condition. The specimens that were selected for analysis were fully grown (i.e. consisted of more than 15 chambers) to minimize the contribution to the chemical signal by the first 1 or 2 chambers that were built before the experimental incubation a correlation with weight of Ca against K/Cacc was plotted to ensure there was no correlation and hence no effect of growth rate when K and Na incorporated into the calcite (Supplementary Table S12, Supplementary Figure S2) The mortality rate during the experiments was derived from the temperature experiment and equaled 22% (i.e. 78% of the incubated specimens were alive at the end of the experiment).




2.2 Culture set-up: temperature experiment

The procedure for selecting specimens, feeding, and subsampling of the culture media were identical to that in the first two sets of experiments. Juveniles derived from asexual reproduction events were divided into 4 equal groups, with at least 20 juveniles per group, which were transferred to Petri dishes with filtered (< 2 μm) North Sea water. At this stage, the juveniles had not more than seven chambers. Three or four replicates (depending on the number of juveniles available per condition) were subsequently incubated at each of the four different temperatures: 18°C, 22°C, 26°C, and 28°C (Table 1). All incubations used a light/dark cycle of 12h/12h and a light intensity of approximately 180 μmol photons m-2 s-1 for a total of eight weeks. During the experiment, the foraminifera were observed weekly to monitor how many of the incubated specimens were alive. Every week, culture media were replaced and the foraminifera were fed freeze-dried algae Dunialiella salina (Van Dijk et al., 2017a) suspended in precleaned water (cleaned by rinsing the Falcon tubes with Milli-Q water three times).

To monitor potential changes in inorganic carbon chemistry, culture media were subsampled for dissolved inorganic carbon (DIC) and total alkalinity (TA) (Supplementary Table S3). Vials for these sub-samples were pre-poisoned with HgCl2 and stored at 4°C until they were analyzed. DIC samples were acidified, and the CO2 was dialyzed to reduce the phenolphthalein indicator and spectrophotometrically measured at 550nm using Continuous Segmented Flow Analyzer (QuAAtro); TA was measured by using an acid buffered solution of formic acid and was measured spectrophotometrically (Sarazin et al., 1999) using a QuAAtro. For the temperature experiments salinity of the culture media was monitored using a refractometer and was always 36 +/- 0.5. Because we used the same culture water for the different temperature experiments, we do not expect offsets between these experiments. Measured values for DIC and TA together with the temperature and salinity were used to calculate pH, pCO2, [HCO3-], [CO32-] and the saturation state with respect to calcium (ΩCa) using PyCO2SYS (Humphreys et al., 2022) (Supplementary Table S3).




2.3 Element/Ca ratios



2.3.1 Element/Ca in seawater

To analyze the El/Ca values of the culture media, we sub-sampled the culture media from every replicate of the two experiments (2.1.1). Samples were diluted 900 times in 2 steps using a 30x dilution with 1M HNO3 sub boiled distilled quality acid, with a standard element mix containing Sc, Rh and In added to it. Rhodium was used as an internal standard to correct instrumental drift during the analysis of the mass spectrometer. Samples were measured on a sector field SF-ICPMS (ThermoFisher Scientific, Element-2) at the Royal NIOZ. Resolutions for the measurements were based on 3 slits, measuring at high resolution: 10000; medium resolution: 4000; low resolution: 300. To fully separate the 39K-signal from 38Ar1H, potassium was measured in high resolution. This strategy was based on the ratio of the mass over the mass difference: 39K has an atomic mass (M) of 38.96371 and 38Ar1H has an M of: 38.97056. Dividing the M of potassium over the difference in M, gives 5688 > 4000, which requires the high-resolution settings of the detector (Supplementary Figure S1). Similarly, measuring in medium resolution is also necessary for 32S due to interference from 16O16O, dividing the M of sulfur over the difference in M gives 479 > 300. 11B, 23Na, 25Mg, 43Ca, 88Sr and 103Rh were all measured in low resolution (Tables 2, 3) and values El/Casw (Tables 4, 5).


Table 2 | Elements in the seawater (mean +/- SD) after mixing with North Sea water and measured with SF-ICPMS in the [Ca2+]sw experiment. Low resolution analysis (LR), Medium resolution analysis (MR), High resolution analysis (HR).




Table 3 | Elements in the seawater (mean +/- SD) after mixing with North Sea water and measured with SF-ICPMS in the [Ca2+]sw and [K+]sw experiment. Low resolution analysis (LR), Medium resolution analysis (MR), High resolution analysis (HR).




Table 4 | El/Ca in the seawater after mixing with North Sea water and measured with SF-ICPMS in the [Ca2+]sw experiment.




Table 5 | El/Ca in the seawater (mean +/- SD) after mixing with North Sea water and measured with SF-ICPMS in the [Ca2+]sw and [K+]sw experiment.






2.3.2 Foraminiferal element uptake



2.3.2.1 Cleaning procedure for shells from the culture experiments

Even though the foraminifera were all derived from culture experiments in which no sediment was present, all samples were carefully cleaned prior to element analyses. We followed a cleaning procedure based on the protocol from Barker et al. (2003). The foraminifera were not crushed, because the specimens do not contain sedimentary infillings. Crushing or over-crushing can lead to losses of carbonate material (Barker et al., 2003). First organic matter was removed using a 1% H2O2 buffered with a NH4OH solution, adding 250 µL to each 500 μL Eppendorf, which was then transferred to a pre-warmed water-bath at 95°C for 10 minutes and ultrasonicated. Afterwards, the solution was removed with a 0.1 ml pipette. This procedure was repeated twice and the uncrushed foraminifera and buffered H2O2 solution probably gave a neglectable loss of carbonate during this organic removal step. After this step, the foraminifera were rinsed three times with ultrapure water (Milli-Q, >18.2 MΩ) by filling the tube fully with ultrapure water and removing after fully settling of the foraminifera. Possible remaining contaminants at the surface of the foraminiferal shells were finally removed by a leaching step with diluted HNO3 (250µL 0.001 M) and concurrent gentle ultrasonication for 30 seconds. The HNO3 was removed, and samples were cleaned with ultrapure water. The cleaned foraminifera were dissolved in 0.5 ml 0.1M ultra-pure HNO3 (two times sub-boiled analytical grade acid in the NIOZ clean lab). To enhance the dissolution, vials were placed in an ultrasonic bath for 15 min and visually inspected to ensure complete dissolution.




2.3.2.2 SF-ICPMS analyses

For all solutions with dissolved calcium carbonate, the [Ca2+] were pre-determined in medium resolution with the SF-ICPMS against a 5-point external calibration line using 45Sc as an internal standard. Based on this data, samples were diluted to obtain a 100 ppm Ca matrix for each sample, minimizing mass bias effects between samples and standards. To determine foraminiferal element to calcium ratios with the SF-ICPMS, a ratio calibration method (de Villiers et al., 2002) was employed using standards with similar matrices as the samples. Samples (between 20-40 individuals per condition) were divided to obtain a minimum weight of 300µg. Samples were measured in triplicate using a low sample flow of 50μl/min (ESI, microFAST). To monitor accuracy, JCp-1 (Geological Survey of Japan, coral; Porites sp (Okai et al., 2004), JCt-1 (giant clam), and NFHS-2NP (Boer et al., 2022) were included in the analyses. NFHS-1(NIOZ Foraminifera House Standard; (Mezger et al., 2016) was used as a drift standard. Accuracies are listed in (Supplementary Table S6).






2.4 Statistical analysis

To analyze (potential) correlations between seawater temperature/chemistry and foraminiferal calcite composition, a bootstrap method was applied. This allows calculating confidence intervals for potential correlations through iterative resampling of the dataset generating distinct simulated sub-sets of samples (in this case 1000 iterations were used). The results of these regressions are only shown when p-values< 0.05. Confidence intervals displayed in the figures were taken from the means and standard deviations obtained from the bootstrap analysis. Analyses were performed using a standard package available for Python: scipy.stats (Virtanen et al., 2020).




2.5 Element partitioning

The incorporation of elements is often presented as the El/Ca (where El is the element analyzed) or DEL, known as the partition coefficient:

	

When D > 1 the element is more concentrated in the shell than in the seawater and when D< 1 the element is excluded from the shell (Lea, 2003). As it is explained by (Lea, 2003) this relation is not strictly following thermodynamic properties, but also affected by biology. Nevertheless, expressing element incorporation into the calcite in terms of D allows better comparison between different ocean chemistries and also between experiments.





3 Results



3.1 Experiment [Ca2+]sw

In the first experiment, both [K+]sw and [Na+]sw were kept constant and therefore variability in foraminiferal calcite composition must be related to changes in [Ca2+]sw (Supplementary Table S7). The K/Cacc values of the different conditions used are statistically the same. The K/Cacc at the lowest K/Casw appear higher than at higher K/Casw, but this is likely caused by the contribution of pre-existing calcite (see also discussion, 4.1). Na/Cacc, however, increases with increasing Na/Casw values (and hence decreasing [Ca2+]sw) with a significant offset between the lower and the higher Na/Cacc conditions used in the experiments (Figure 1B; bootstrap analysis, p<0.05). Also clear from these figures is that the partitioning coefficients does not remain constant with changing [Ca2+]sw, for both K and Na incorporation.




Figure 1 | (A) K/Cacc in cultured A. lessonii versus K/Casw from the experiment with varying [Ca2+], keeping [K+] constant; (B) Na/Cacc from the same specimens versus Na/Casw, keeping [Na+]sw constant. Blue dots are the measured El/Cacc, the blue line in (B) indicates the linear correlation between Na/Ca in the culture media and the foraminiferal calcite. The shading surrounding this correlation represents the confidence interval (0.99 darker blue and 0.95 lighter shade of blue) based on a bootstrap analysis (1000 iterations). In both plots, lines with constant partition coefficients (DK and DNa) are plotted (dashed red lines) to facilitate interpretation of the observed changes in the relative incorporation of elements. The standard deviation for every replicate using the internal error from the SF-ICPMS was very small making it imperceptible in the plotted data (Supplementary Table S10).






3.2 Experiment [Ca2+]sw and [K+]sw

When varying both [K+]sw and [Ca2+]sw and keeping K/Casw constant, K/Cacc increases linearly (Figure 2A). In the same cultured foraminifera, the Na/Cacc also increases significantly with higher seawater Na/Ca ratios (Figure 2B). When directly comparing these results with those from the first experimental set, it is clear that K-incorporation depends not on [Ca2+] but does respond when both [K+] and [Ca2+] are varied (Figure 2C). Na-incorporation, on the other hand, does react to changes in [Ca2+]sw, irrespective of changes in [K+] (Figure 2, Supplementary Table S8).




Figure 2 | (A) K/Cacc in cultured specimens of (A) lessonii as a function of the culture’s media [Ca2+]sw. (B) Na/Cacc of the same specimens versus [Ca2+]sw. (C) K/Cacc versus [K+]sw. In panels (A, B), blue dots and lines are the results from the experiment in which both [Ca2+] and [K+] were varied. In black are the results from the experiments (Figure 1) where only [Ca2+] was varied. Lines indicate the linear correlations (both with p-values<0.05) based on the bootstrap analysis, for which the confidence intervals are added as envelopes (0.99 darker blue and 0.95 lighter shade of blue). The standard deviation for every replicate using the internal error from the SF-ICPMS was very small making it imperceptible in the plotted data (Supplementary Table S10). Panel (C) shows the same statistical analysis for both experiments axys X changes, and instead of [Ca2+]sw, the results are plotted against [K+]sw.






3.3 Temperature experiment

Both K/Cacc and Na/Cacc of the cultured A. lessonii do not show consistent changes with varying temperature (Figures 3A, B), although the average K/Cacc was slightly higher at the lowest temperature (0.21 +/- 0.06 mmol/mol) (Supplementary Table S9). Variability observed for K/Cacc was higher than that of Na/Cacc but does not change consistently between the four temperature conditions using a regression analysis giving for both plots (Figure 3) p-values > 0.05.




Figure 3 | (A) K/Cacc and DK versus temperature. (B) Na/Cacc and DNa versus temperature. The RSD for every replicate using the internal error from the SF-ICPMS are plotted with black lines (Supplementary Table S11). For either of the elements, a regression analysis shows no significant correlation between El/Cacc and temperature (p< 0.05).






3.4 K/Cacc versus Na/Cacc

Combining all data, Na/Cacc and K/Cacc of the cultured A. lessonii do not correlate with each other (Figure 4) when varying temperature or changing only [Ca2+]. However, when considering the experiments in which both [K+] and [Ca2+] varied with a constant K/Casw K- and Na-incorporation were negatively correlated, this correlation is due to the difference in [Ca2+]sw that changes the Na incorporated, and not because of a Na+ and K+ compete for the same spot in the calcite crystal lattice during incorporation.




Figure 4 | Na/Cacc versus K/Cacc for the three experiments. Solid lines indicate the linear correlations (both with p-values<0.05) based on the bootstrap analysis, for which the confidence intervals (0.99 darker black and 0.95 lighter black) are added as shading. The color-scale in experiment [K+]sw and [Ca2+]sw shows the [Ca2+]sw from green (higher [Ca2+]sw to yellow (lower [Ca2+]sw).







4 Discussion



4.1 Consistency of the data, the effect of temperature and the proxy value of K/Ca and Na/Ca

The K/Cacc values obtained for A. lessonii in all experiments ranged between 0.05 and 0.26 mmol/mol (Supplementary Table S9), without a noticeable effect of temperature (Figure 3A). The total amount of calcite added per treatment, either when changing [Ca2+]sw or temperature did not correlate to K/Cacc (Supplementary Figures S2 and S3, respectively). This means that the average K/Cacc does not depend on growth rate and changes therein reflect directly the effects of temperature or seawater chemistry. The relatively high variability observed for K/Cacc at the lowest temperature (Figure 3A) may be explained by uneven growth of foraminiferal specimens across temperatures. At the lowest temperature (18°C) on average fewer chambers were added per specimen than at higher temperatures (Supplementary Tables S13, S14). As this increases the relative contribution of pre-existing carbonate (i.e. from before the actual experiment) this would add to the variability in the data. The contribution of chambers formed before start of the incubation may have also biased average K/Ca and Na/Ca values, with a larger impact for specimens that added less chambers during the experiment.

The potassium-to-calcium ratio in A. lessonii (0.10 – 0.26; Figure 1A) overlap with those established for inorganically precipitated calcites (Ishikawa and Ichikuni, 1984); K/Cacc: 0.01-0.1 and (Okumura and Kitano, 1986). Still, it is challenging to compare these coefficients directly as the overall composition of the culture media (artificial seawater) in our experiment differed considerably from that used in the inorganic precipitation experiments, which only contained few elements.

The only other report on foraminiferal K/Cacc indicated similar ratios for the benthic O. ammonoides (0.12-0.30; Nambiar et al., 2023), as those reported here (Supplementary Tables S10, S11). The small offset in the average ratios could be caused by differences in culturing conditions or by inter-species differences in El/Ca values as observed for many elements (Bentov and Erez, 2006). Although we used a slightly different analytical approach (higher mass resolution) this is unlikely to have resulted in appreciable offsets between studies (methods and Supplementary Figure S1).

The average and range in Na/Cacc of cultured specimens (Supplementary Tables S9-S11) are similar to ratios reported previously for this genus (Geerken et al., 2019; Levi et al., 2019). The Na/Cacc in specimens cultured from 18 to 28°C vary between 8.8 and 11 mmol/mol (Supplementary Table S9) and are not correlated to temperature, which is in line with previous reports (Allen et al., 2016; Geerken et al., 2019). In the experiment with temperatures ranging from 18 to 28°C (Supplementary Table S9, Figure 3), K/Cacc values show no significant differences between different temperature conditions, agreeing with the field data from (Nambiar et al., 2023). The absence of an effect of temperature on either K/Cacc or Na/Cacc underscores the potential for applying these ratios in reconstructing (long-term) changes in seawater composition.

Element/Ca ratios vary greatly between genera and species and generally show elevated ratios for multiple elements in the same taxon (Evans et al., 2015; Mewes et al., 2015a; Hauzer et al., 2018; Van Dijk et al., 2019; Dämmer et al., 2021). The magnitude by which the different elements vary among species, however, is not constant. For K/Cacc, ratios are on average slightly higher in O. ammonoides (Nambiar et al., 2023) than in A. lessonii. (Figures 1–3), which is in line with the observed difference in Mg/Cacc between these species. Mg/Cacc is approximately 140 mmol/mol for O. ammonoides (Evans et al., 2015) and varies between 25 and 30 mmol/mol for Amphistegina sp (De Nooijer et al., 2017). Similarly, Na/Cacc in A. lessonii varies between 7 and 11 mmol/mol (Figures 1B, 2B and 3B; (Van Dijk et al., 2017c) and around 20 - 25 mmol/mol in O. ammonoides (Hauzer et al., 2018). In contrast, interspecific differences in Sr/Ca are relatively small [~1.7 versus ~2.6 mmol/mol for Amphistegina and Operculina, respectively; (Geerken et al., 2019; Hauzer et al., 2021)], but still, as for the other elements, they are all higher in Operculina than in Amphistegina. The consistent offsets, albeit with different magnitudes, suggest that differences in biomineralization pathways, e.g. Ca2+ pumping rate, between genera and species are reflected in element incorporation (De Nooijer et al., 2023). These inter-specific differences in element uptake are consistent with the reported relatively low K/Cacc values for planktonic foraminiferal species [0.06-0.12 mmol/mol; (Li et al., 2021)], as these are also known to have low values for Mg/Ca (1-5 mmol/mol; (Nürnberg et al., 1996; Anand et al., 2003) compared to Amphistegina and O. ammonoides (Figure 5). More recently (Nambiar et al., 2023), however, showed ratios (about 0.25 mmol/mol) for G. ruber comparable to those reported here and for A. lessonii (Nambiar et al., 2023).




Figure 5 | K/Cacc versus Na/Cacc for groups with different average Mg/Cacc. Low-Mg/Ca (<40 mmol/mol), Intermediate-Mg/Ca (40 – 100 mmol/mol) and High-Mg/Ca (>100 mmol/mol) (Blackmon and Todd, 1959).



Recently, foraminiferal Na/Cacc was suggested to act as a proxy for seawater [Ca2+] (Hauzer et al., 2018) in addition to its potential to reconstruct salinity (Wit et al., 2013; Mezger et al., 2019). Our results confirm that foraminiferal Na/Cacc is responsive to changes in [Ca2+] (Figures 1, 2) and the salinity range in Tables 2 and 4 in this case, show no significant effect in the Na or K incorporation, due to [Ca2+]sw differences act as the main driver where they are incorporated. Here we show that foraminiferal K/Cacc may be used to reconstruct past seawater [K+], adding to our understanding of the long-term cycling of the oceans’ major ions as was suggested by Nambiar et al., 2023). For seawater potassium concentrations, such a reconstruction may indicate rates of continental weathering (Kronberg, 1985; Sun et al., 2016) and indirectly, may reflect long-term changes in total alkalinity. Alternatively, seawater potassium concentrations may reflect rates of oceanic crust formation due to the difference between seawater and the mantle (Bloch and Bischoff, 1979).




4.2 Incorporation of potassium in foraminiferal calcite

K/Cacc in A. lessonii does not vary consistently with [Ca2+]sw (and hence K/Casw; Figure 1A). Conversely, K/Cacc increases when [Ca2+] and [K+] both increase (and K/Casw remains similar; Figure 2A). The absence of an effect of seawater Ca2+ and a positive effect of the combined K+ and Ca2+ elevation suggests that seawater [K+] is the main driver of K-incorporation into foraminiferal calcite (Figure 2C), whereas it is not affected by [Ca2+]. This resembles results from inorganic experiments in which K-incorporation was found to depend on solution [K+] (Ishikawa and Ichikuni, 1984; Okumura and Kitano, 1986). Such a dependency is hence fundamentally different from that observed for many divalent cations like Ba2+, Mn2+, Mg2+, or Sr2+, for which the concentration in seawater relative to [Ca2+]sw directly translates into a calcitic El/Ca ratio (Okumura and Kitano, 1986; Alkhatib et al., 2022). Such an incorporation pattern is caused by the competition of these ions with Ca2+ for a place in the calcite crystal lattice: for the monovalent cation incorporation is not governed by competition with Ca2+. However, incorporation of monovalent ions (Li+, Na+, K+, etc.) may be affected by different processes such as crystal surface sorption, speciation, and crystal growth rate, which complicates a straightforward interpretation of the environmental controls on element partitioning during calcification. Most likely a combination of all these effects impacts the uptake of monovalent cations.

More precisely, incorporation of an element into foraminiferal calcite is at least a two-step process (Figure 6; Bentov and Erez, 2006). There is the biological activity that configures the size and shape of the calcifying space and sets the composition of the fluid from which CaCO3 precipitates (Erez, 2003; Bentov and Erez, 2006; Bentov et al., 2009; De Nooijer et al., 2014). The exact controls are only partly characterized and may vary between species, but include selective ion transport (Nehrke et al., 2013; Toyofuku et al., 2017), pH manipulation (Bentov et al., 2009; De Nooijer et al., 2009; Glas et al., 2012) and production of organic templates (Branson et al., 2016; Tyszka et al., 2019). Secondly, there are various (physico-) chemical processes that operate within the calcifying space that determine how much of each ion in the fluid is incorporated into the shell. Relevant processes include Rayleigh fractionation (Elderfield et al., 1996; Evans et al., 2018), kinetics (Uchikawa and Zeebe, 2012; Devriendt et al., 2021), CaCO3 phase-transformations (Gray and Evans, 2019), chemical speciation (Van Dijk et al., 2017b) and configuration of ions within the crystal lattice (Branson et al., 2015) (Figure 6). For K one would expect a different trend as K uptake does not depend on Ca concentration (Figures 1, 2), but should reflect K concentration at the site of calcification (SOC). Nambiar et al. (2023), however, suggested an effect of [Ca2+] on K-incorporation, as was observed in corals (Ram and Erez, 2021). The within chamber wall K profiles of Geerken et al. (2019) actually show a gradual increase towards the end of a low concentration band (i.e. towards the outer surface of the shell wall). Other studies, however, have shown a tight correlation between the alternating high- and low-K bands with those of other elements (e.g. Mg) in Amphistegina lobifera and A. lessonii (Levi et al., 2019), which hints at a similarity in their incorporation dynamics. In addition, phosphorus is present in relatively narrow bands, similar to those of potassium, which hints to a coupling in their incorporation mode.




Figure 6 | Simplified calcification scheme for rotaliid foraminifera. Biological and chemical processes at the site of calcification are presented, with a focus on the differences between Na+ and K+ incorporation into the calcite.



The observed relation between a solution’s El/Ca and the calcitic El/Ca is likely affected by both biological and ‘chemical’ steps during foraminiferal biomineralization. Transport of K-ions over a cell membrane is not likely facilitated by Ca-transporters, while an occasional Mg-ion may well pass a Ca-pump (e.g. Dudev and Lim, 2013). For the precipitation dynamics, the monovalent K ion may occupy the interstitial sites in the calcite lattice (Ishikawa and Ichikuni, 1984), in the organic phases, or be incorporated in amorphous K2CO3 (Li et al., 2021). It is likely that all or most of these processes together determine the eventual K/Cacc and Na/Cacc of the foraminiferal calcite (Figure 6).

Our results show that the seawater’s [K+], rather than [Ca2+] is the main driver for K partitioning. This is in line with free K+ being the main species present in seawater (Johnson and Pytkowicz, 1979), with K sorption at the crystal lattice being the primary way K is incorporated. It should be noted however, that the chemical speciation of potassium in the calcifying fluid may differ from that in seawater due to the foraminfer’s biological control on that fluid’s composition (Erez, 2003; Bentov and Erez, 2006; De Nooijer et al., 2014) In contrast, for Na-incorporation, our results, and the dependence of Na/Cacc on the solution’s Na/Ca (Figure 2) suggest that sodium and calcium compete for the same place in the crystal lattice. This would imply that sodium incorporation substitutes by replacement of two Na ions for one Ca ion (Devriendt et al., 2021) in the calcite and form a quadratic relationship. Since we do not observe this, alternatives including lattice vacancies can be filled by other divalent elements such as Mg2+ or Sr2+ may also play a role in the calcite’s El/Ca.

Although our results cannot exclude that K-incorporation at interstitial sites is responsible for a (minor) part of the foraminiferal K/Cacc, (Nambiar et al., 2023) showed an increasing K/Cacc with K/Casw for O. ammonoides with similar conditions as the one show in the [Ca2+]sw experiment from this study. This may indicate that the crystallographic orientation of potassium differs between foraminiferal species but may also indicate that biological uptake of potassium ions varies among species. The presence of specialized K-transporters in addition to Ca-transporters (Toyofuku et al., 2017) promoting K-incorporation into the shell would imply an advantage of higher K/Ca, which is not immediately apparent. Alternatively, inward K-transport into the site of calcification may result from the organismal need to accompany inward transport of a negatively charged ions and/or to counter the outward transport of another positively charged ion in the calcifying fluid. Major anions are SO42-, Cl-, but both do not seem to be enriched in foraminiferal calcite compared to seawater and inorganically precipitated calcite (Kontrec et al., 2004; Van Dijk et al., 2017b; Roepert et al., 2020). Cations that are pumped out during calcification include H+ (Glas et al., 2012) and are hypothesized to be coupled to an inward Ca2+ pumping (De Nooijer et al., 2017). The outward pumping of H+ may sometimes also affect Na+- and/or K+-transport. With it is considerably larger ionic radius K+ (152 pm) is less likely to be ‘accidentally’ transported through a transporter designed for H+ (ionic radius of 66 pm) compared to Na+ (116 pm).

When pumping of K+ by the foraminifer is somehow affecting the K/Ca at the site of calcification incorporation of potassium in foraminiferal calcite may be impacted by an intracellular role of [K+]. Potassium is often used as an agent to regulate osmosis and is found in cells at [K+]/[Na+] ratios in the 0.1–1.0 range (Dibrova et al., 2015). Sodium ions form relatively strong hydrogen bonds, therefore attract water, and disrupt intracellular processes. For this reason, many (marine) cells have [K+]/[Na+] antiporters (Nakamura et al., 1992; Shabala et al., 2009). Such a transport mechanism may (partly) explain the observed difference in Na/Ca and K/Ca in foraminifera when compared to inorganically precipitated calcite. The partition coefficients for potassium are relatively similar between inorganic and foraminifera calcite, while the partition coefficients for sodium are much lower in inorganically precipitated calcite (compared to foraminiferal shells). Overall, this makes K uptake in foraminiferal calcite a much more reliable proxy for reconstructing past sea water major ion composition.





5 Conclusions

Potassium in the shells of the benthic foraminifera A. lessonii was found at concentrations of 0.05-0.26 mmol/mol Ca. The incorporation of potassium was found not to depend on temperature, nor on seawater [Ca2+]. This also implies a fundamental difference in uptake compared to that of Na, the other major monovalent cation in sea water. Experiments in which [K+] and [Ca2+] varied simultaneously, resulted in a change in the foraminifer’s K/Ca, indicating the direct and unique effect of seawater [K+] on potassium partitioning during calcification. This implies that fossil foraminiferal K/Ca may directly reflect changes in seawater [K+], without being affected by changes in [Ca2+]. We did find an effect of [Ca2+]sw on Na- incorporation, highlighting the potential to use these two elements combined to reconstruct both seawater potassium and calcium concentrations.
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Marine heatwaves (MHWs) are warm sea surface temperature (SST) anomalies with substantial ecological and economic consequences. Observations of MHWs are based on relatively short instrumental records, which limit the ability to forecast these events on decadal and longer timescales. Paleoclimate reconstructions can extend the observational record and help to evaluate model performance under near future conditions, but paleo-MHW reconstructions have received little attention, primarily because marine sediments lack the temporal resolution to record short-lived events. Individual foraminifera analysis (IFA) of paleotemperature proxies presents an intriguing opportunity to reconstruct past MHW variability if strong relationships exist between SST distributions and MHW metrics. Here, we describe a method to test this idea by systematically evaluating relationships between MHW metrics and SST distributions that mimic IFA data using a 2000-member linear inverse model (LIM) ensemble. Our approach is adaptable and allows users to define MHWs based on multiple duration and intensity thresholds and to model seasonal biases in five different foraminifera species. It also allows uncertainty in MHW reconstructions to be calculated for a given number of IFA measurements. An example application of our method at 12 north Pacific locations suggests that the cumulative intensity of short-duration, low-intensity MHWs is the strongest target for reconstruction, but that the error on reconstructions will rely heavily on sedimentation rate and the number of foraminifera analyzed. This is evident when a robust transfer function is applied to new core-top oxygen isotope data from 37 individual Globigerina bulloides at a site with typical marine sedimentation rates. In this example application, paleo-MHW reconstructions have large uncertainties that hamper comparisons to observational data. However, additional tests demonstrate that our approach has considerable potential to reconstruct past MHW variability at high sedimentation rate sites where hundreds of foraminifera can be analyzed.




Keywords: marine heatwaves, paleoclimate, paleoceanography, planktic foraminifera, individual foraminifera analysis, linear inverse model, north Pacific




1 Introduction

Marine heatwaves (MHWs) are prolonged periods of anomalously warm ocean temperature relative to local climatologies that can have considerable socioeconomic impacts (von Biela et al., 2019; Free et al., 2023; Leggat et al., 2019; Oliver et al., 2021; Rogers-Bennett and Catton, 2019; Smith et al., 2023, 2021). MHWs can occur throughout the global ocean as evidenced by recent events in the northeast Pacific, East China Sea, Tasman Sea, Mediterranean Sea, northwest Atlantic, southwest Atlantic and Benguela current region (Oliver et al., 2021). Observational data suggest that MHW frequency, duration and spatial extent have increased in recent decades (Frölicher et al., 2018; Holbrook et al., 2020; Oliver et al., 2018; Yao et al., 2022), and a prominent north Pacific event from 2014-2016 may be the most ecologically and economically impactful ever recorded (Bond et al., 2015; Cheung and Frölicher, 2020; Di Lorenzo and Mantua, 2016). Nicknamed the “Blob,” this event caused major shifts in the geographic range of organisms from copepods to sunfish, closed commercially-important fisheries, initiated an unprecedented harmful algal bloom and contributed to mass strandings of birds and marine mammals (Cavole et al., 2016; Jones et al., 2018; McCabe et al., 2016). Recent trends in MHW behavior are due at least in part to anthropogenic global warming (Barkhordarian et al., 2022; Laufkötter et al., 2020), and forecasts based on general circulation model (GCM) ensembles such as phases 5 and 6 of the Coupled Model Intercomparison Project (i.e. CMIP5 and CMIP6, Eyring et al., 2016; Taylor et al., 2012) generally predict these trends will continue (Frölicher et al., 2018; Oliver et al., 2019). However, comparisons of these GCM ensembles to observed MHWs show significant biases that can both overestimate and underestimate various measures of MHW behavior (Hirsch et al., 2021; Plecha et al., 2021), thereby raising concern regarding the accuracy of decadal to centennial forecasts.

MHW variability reflects the combined influence of temperature changes due to external radiative forcing and internal modes (Holbrook et al., 2019; Oliver et al., 2021). Both internal and external forcings operate on decadal timescales that are relatively well captured by instrumental data, and longer centennial to millennial timescales that are not resolved by observations. Accordingly, MHW forecasts exhibit considerable skill on sub-annual timescales (Holbrook et al., 2020; Jacox et al., 2022), but not on longer timescales over which the models are uncalibrated and unvalidated. Furthermore, observational data reflect the recent, relatively low CO2 climate, which may not accurately record the breadth and magnitude of feedbacks expected in the high CO2 climate of future centuries (Tierney et al., 2020). Both processes likely contribute to the biases in CMIP forecasts of future MHW activity, and point to a need for new strategies to validate MHW behavior in models over a larger dynamic range.

Paleoclimate data offer the potential to extend the observational record and thus evaluate model performance under boundary conditions different than those recorded during the observational era. For example, climates such as those of the Pliocene and Eocene have been identified as good analogs for future warming (Burke et al., 2018), and can serve as benchmarks against which to calibrate and validate models. Despite this, few studies have approached MHWs from a paleoclimate perspective, likely because most paleoceanographic archives lack the high temporal resolution necessary to characterize individual MHWs. Massive hermatypic corals may be an exception (Zinke et al., 2015), but this archive is primarily limited to low-latitude ocean regions during the latest Quaternary period. In contrast, marine sediments can record ocean variability across millions of years in diverse oceanographic settings, and preserve proxies like foraminifera that are sensitive to MHWs (Lane et al., 2023). Unfortunately, most marine sedimentary archives have low sediment accumulation rates and experience bioturbation, which leads to temporal resolutions of centuries to millennia that are far too coarse to record monthly to annual MHWs.

Individual foraminifera analysis (IFA) offers a potential solution to this temporal averaging problem in marine sediments. Unlike traditional paleoceanographic applications of foraminifera, which pool individuals to estimate mean conditions, IFA measures geochemical proxies in many single foraminifera and then interprets the shape of the resulting distribution (Ford et al., 2018, 2015; Groeneveld et al., 2019; Khider et al., 2011; Koutavas et al., 2006; Koutavas and Joanides, 2012; Leduc et al., 2009; Rongstad et al., 2020; Rustic et al., 2020; Thirumalai et al., 2019; White et al., 2018). Given the ~4 week lifespan of most mixed layer planktonic foraminifera (Spero, 1998) due to a lunar-pacing of reproduction (Erez et al., 1991; Jonkers et al., 2015), each measured shell approximates a monthly snapshot of ocean conditions. The collective distribution of these snapshots then represents changes in the statistical properties of both mean climate and extremes over a time interval that is dictated by sedimentation rate, bioturbation and sampling interval. For example, IFA has been used to reconstruct the El Niño Southern Oscillation (ENSO) in the tropical Pacific based on the expectation that increased ENSO variability will broaden the distribution of reconstructed SST relative to the seasonal cycle, which manifests itself as an increase in standard deviation (Ford et al., 2015; Khider et al., 2011; Koutavas et al., 2006; Koutavas and Joanides, 2012; Rustic et al., 2020; White et al., 2018). Like ENSO variability, MHWs are also characterized by relatively short-lived sea surface temperature (SST) anomalies, and changes in their mean behavior between time periods could produce distinct changes in IFA-based SST distributions.

In practice, there are a number of complications that make it challenging to identify how an IFA-based SST distribution might be altered by changes in MHWs. For example, traditional approaches to calibrating foraminifera proxies using global core-top sediment (Elderfield and Ganssen, 2000; Malevich et al., 2019; Saenger and Evans, 2019; Tierney et al., 2019) or sediment traps (Anand et al., 2003; Gray et al., 2018; Huang et al., 2008) would be extremely costly because orders of magnitude more analyses would be necessary to generate IFA-based SST distributions for each site or time interval. Furthermore, it is not yet obvious how the accuracy of IFA-based SST distributions vary with the number of geochemical proxy measurements made, which makes it difficult to know how many foraminifera would need to be sampled to make meaningful MHW reconstructions. Variations in the seasonality of different foraminifera species is also a complicating factor, and it is likely that relationships between IFA-based SST distributions and MHWs are specific to both individual species and sites. Finally, the numerous ways of describing both MHWs and SST distributions create a large pool of potential relationships, which may make it challenging to identify those that are most useful.

In light of these complications, it is attractive to evaluate relationships between IFA-based SST distributions and MHWs in a pseudoproxy framework. Pseudoproxies (Mann and Rutherford, 2002) are realistic approximations of actual proxy data that are generated by passing the output of physically consistent climate simulations through a proxy system model (Dee et al., 2016; Evans et al., 2013) that mimics complicating factors such as variations in seasonality. This approach obviously avoids the cost and labor of true geochemical proxy measurements and allows relationships between IFA-based SST distributions and MHWs to be explored quickly and efficiently. Furthermore, generating pseudoproxies from large ensembles of climate model simulations allows many realistic climate states to be sampled, thereby providing the large sample size necessary for robust measures of skill and error. Because pseudoproxies are generated from a known signal, they also provide valuable opportunities for validation and a testbed for evaluating how the accuracy of a relationship might change due to choices such as the MHW definition assumed, the foraminifera species considered, the sedimentation rate at a site or the number of proxy measurements used to generate an IFA-based SST distribution. Finally, because climate model simulations are spatially complete, a pseudoproxy approach allows relationships to be compared across large regions to identify sites where they have the greatest potential to generate meaningful MHW reconstructions.

Here we describe a method for evaluating quantitative relationships between SST distributions similar to those that could be generated via IFA and various measures of MHW variability with the goal of identifying which have the greatest potential to yield paleo-MHW reconstructions. We adopt a pseudoproxy approach in which a 2000-member linear inverse model (LIM) ensemble is used to compare MHW behavior to SST distribution statistics that mimic IFA measurements. Our approach is adaptable and allows users to evaluate five different foraminifera species, numerous MHW definitions and a number of realistic complications. While we are motivated by the desire to eventually reconstruct paleo-MHWs, the goal of this study is simply to define a framework for identifying the most robust quantitative transfer functions between IFA-based SST distributions and MHWs. Below, we first describe the data sources, construction and validation of an algorithm that can evaluate transfer functions based on different foraminifera species and MHW definitions. We then demonstrate the utility of our approach through the example application of identifying the most promising targets for paleo-MHW reconstructions in the northeast Pacific. Finally, we demonstrate how our approach can be integrated with IFA data using new high-precision oxygen isotope (δ18O) analyses of individual Globigerina bulloides from core-top sediments. We focus on the northeast Pacific domain with the goal of generating transfer functions that could eventually be used to generate paleo-MHW reconstructions that place events like the 2014-2016 “Blob” MHW (Bond et al., 2015) into context. However, the approach we describe is also valid for other species and ocean regions, thereby providing a framework for developing additional transfer functions and paving the way toward an improved understanding of the spatiotemporal behavior of MHWs.




2 Methods



2.1 Overview of the algorithm design

A simplified design of our method and its basic order of operations are summarized in Figure 1, while more specific information is presented in later subsections. The primary input to our algorithm is an ensemble of monthly SST timeseries. Monthly data is required since this is the approximate lifespan of an individual foraminifera (Spero, 1998), and each SST value can be considered analogous to what might be reconstructed from the measurement of a paleotemperature proxy in a single foraminifer. Multiple timeseries are required because each timeseries is ultimately reduced to a single SST distribution, and thus effectively contributes only a single data point to a given transfer function. We note that we use the phrase “transfer function” throughout the remainder of the text to describe the quantitative relationships between IFA pseudoproxy SST distributions and MHWs.




Figure 1 | Schematic of our workflow for generating transfer functions between pseudoproxy SST distribution statistics and MHW metrics, and evaluating their skill. Italicized text indicates a user-defined choice. Monthly SST timeseries derive from COBEv2, ERSSTv5, HadISST or the LIM ensemble. MHW intensity and duration thresholds refer to the minimum intensity and duration necessary for a warm anomaly to be defined as a MHW, and metrics represent various measures of these MHWs. Monthly foraminifera concentrations, based on the PLAFOM2.0 model of Kretschmer et al. (2018), are used to generate a weighted monthly SST timeseries that represents the seasonal bias of a defined species. Distribution statistics summarize these seasonally-weighted pseudoproxy SST timeseries. Partial least squares (PLS) regression is used to develop transfer functions between distribution statistics and MHW metrics. If a user chooses to do so, the error on a reconstruction for a given number of individual foraminifera can be evaluated.



The algorithm then allows a user to specify how a MHW is defined and this information is used to calculate MHWs for each SST timeseries within the ensemble. One of five foraminifera species (Neogloboquadrina pachyderma, Neogloboquadrina incompta, Globigerina bulloides, Trilobatus sacculifer or Globigerinoides ruber) is also specified, and used to weight the monthly SST timeseries based on the seasonal concentration of that species as calculated by the proxy system model of Kretschmer et al. (2018). Statistics that summarize the shape of weighted SST distributions are then regressed against MHW measures using partial least squares regression (Mehmood et al., 2012) to develop initial transfer functions. If regression statistics and comparisons to observed MHWs suggest that a transfer function is promising, the user can perform additional cross validation to evaluate how a transfer function might perform in a paleoclimate context. For example, realistic sedimentation rates and sampling intervals can be specified to estimate how many foraminifera will be required to achieve a desired accuracy in a MHW reconstruction. This can be compared against the number of foraminifera actually present or the analytical budget available to provide a feasibility check before committing to a laborious and costly study.




2.2 Monthly SST from a linear inverse model (LIM) ensemble and observations

As noted previously, implementing our method requires an ensemble of monthly SST data. For the purposes of calibration, data should span a wide range of MHW states while still being physically realistic. Here, we achieve this using a 2,000 member LIM ensemble that has previously been used to explore Pacific MHWs (Xu et al., 2021).

LIMs are stochastically-forced linear dynamical models that are empirically determined. That is, the predictable dynamics of the climate system are inferred from auto covariance and lagged covariance of the coarse-grained climate variables, whereas the remaining unresolved fast-decaying and rapid nonlinear processes associated with weather are parameterized as spatially-coherent Gaussian white noise. The underlying assumption of a LIM construction is that the coarse-grained climate evolution acts as an integrated response to the rapid weather variability (Hasselmann, 1976), resulting in a system in which its predictable dynamics can be represented to a reasonable approximation linearly and deterministically. The unpredictable stochastic forcing, on the other hand, contributes to energizing the climate system. A LIM simulation obtained by integrating the stochastic forcing forward in time thus represents a climate system that can be diagnosed in the same manner as simulations from coupled GCMs, but with the advantage that many realizations of the simulated timeseries can be generated relatively easily (e.g. Ault et al., 2013; Newman et al., 2011). This general approach has been used extensively to explore Pacific SST on sub-annual to multidecadal timescales using LIMs (Alexander et al., 2008; Capotondi et al., 2022; Penland and Matrosova, 1994; Penland and Sardeshmukh, 1995; Xu et al., 2022, 2021).

The LIM ensemble in this study is based on Extended Reconstructed Sea Surface Temperature data set version 3 (ERSSTv3; Smith et al., 2008) in the tropical and north Pacific (110°E–60°W and 20°S–60°N) from 1950-2019 (Xu et al., 2021). It is gridded at 2° x 2° and consists of 2,000 physically-realistic timeseries of monthly SST that are 70 years each. This ensemble represents a large number of “alternate histories” of north Pacific SST that drastically increases the data available for generating transfer functions and allows for the large sample size necessary for robust statistics. Furthermore, this large ensemble is more likely to span the range of variability that could have existed in the geologic past, thereby making our transfer functions more relevant to paleo-MHW reconstructions.

To validate LIM-based transfer functions, we also evaluate MHWs in monthly SST timeseries from three additional gridded observational products. ERSST version 5 (ERSSTv5) is gridded at 2° x 2° and was analyzed for the period from 1854-2023 A.D (Huang et al., 2017). Version two of the Centennial in situ Observation-Based Estimates of SST (COBEv2) is gridded at 1° x 1° and was analyzed for the period from 1850-2023 (Hirahara et al., 2014). Finally, the Hadley Centre Sea Ice and Sea Surface Temperature data set HadISST is gridded at 1° x 1° and was analyzed for the period from 1870-2022 (Rayner et al., 2003).




2.3 MHW definitions and their detection in observations and LIMs

While MHWs are broadly defined as periods when SSTs exceed climatology by some amount for some period of time, there is no strict consensus on these values. For example, observational studies based on daily satellite SST data commonly define a MHW to be a thermal anomaly that exceeds the 90th percentile for at least five days (Hobday et al., 2016), but model-based studies have considered intervals that exceed climatological SST by at least one standard deviation for at least five months to be MHWs (Xu et al., 2021). While the daily MHW definition is clearly outside the bounds of what our approach can resolve, we see no need to make further a priori assumptions about what magnitude of warming or duration constitutes a MHWs. We therefore allow the user to define an intensity threshold and duration for considering a warm anomaly to be a MHW. Intensity thresholds are formulated in terms of the number of standard deviations above monthly climatology (e.g. across all Januarys) within a single timeseries. Duration thresholds are simply an integer number of consecutive months. We use the term “definition” throughout the remainder of the text to refer to these various ways of defining MHWs. For example, a low intensity, short duration definition may specify MHWs to be times when monthly SST exceeds the climatological value by at least one standard deviation for at least one month, while a high intensity, long duration definition might require SST to exceed climatology by at least two standard deviations for at least four months.

For a given definition, MHWs are calculated across the entire length of a SST timeseries, but each monthly timeseries in the ensemble is considered separately. In the case of LIM data, this means MHWs are identified within each 70-year realization, but the 2,000 ensemble members are considered independently. Thus, the LIM ensemble provides 2,000 separate estimates of MHW behavior for each definition considered.

To account for global warming trends, a 30-year high pass filter is applied to ERSSTv5, COBEv2 and HadISST timeseries prior to calculating climatologies (Figure 2A). This is equivalent to a shifting (as opposed to fixed) baseline approach and is consistent with the idea that a MHW should be an exceptional event above a background state that is distinct from lower frequency anthropogenic warming (Amaya et al., 2023). LIM simulations do not have a global warming trend so do not require filtering.




Figure 2 | (A) COBEv2 SST at DSDP Site 36 (black) and the low frequency trend associated with the 30-year high pass filter (red). This filter is used to remove the global warming trend from observational data when calculating MHW metrics (B) Subset of COBEv2 SST for the years from 2012-2018 spanning the “Blob” MHW (black) and the same signal after removing the low frequency trend (grey). The climatology plus one standard deviation (blue) marks a threshold above which a MHW could be defined (red shading) (C) SST with the low frequency trend and climatology removed (black) relative to the upper bound of one standard deviation (grey dashed line) and two standard deviations (grey dotted line). Times exceeding one standard deviation provide an equivalent definition (red shading) that are identical to panel (B). (D) As in panel (C) for intensity and duration thresholds of one standard deviation and five months (E) As in panel (C) for intensity and duration thresholds of two standard deviations and one month (F) As in panel (C) for intensity and duration thresholds of two standard deviations and five months.



Once MHWs are identified, they are further characterized based on five metrics (Figure 2). In some cases metrics are normalized to a decade to account for the different lengths of ERSSTv5, COBEv2, HadISST and LIM timeseries. We use the term “metric” throughout the remainder of the text to refer to the following five ways of characterizing MHW behavior:

	Count (n/decade): Total MHW events, normalized to a decade

	Total months (n/decade): Total number of months in a timeseries that meet the assigned MHW definition, normalized to a decade.

	Cumulative intensity (°C/decade): Sum of monthly intensities in a timeseries that meet the assigned MHW definition, normalized to a decade.

	Mean duration (months): Average length of all MHWs in a timeseries

	Mean intensity (°C): Average intensity of all MHWs in a timeseries.



The values for these metrics can vary considerably with the choice of MHW definition, and increases or decreases in one metric do not necessarily cause equivalent changes in other metrics. An example using COBEv2 data from the northeast Pacific gridbox closest to Deep Sea Drilling Project (DSDP) Site 36 (Table 1) and spanning the 2012-2018 interval that includes the “Blob” MHW is shown in Figure 2. Using one standard deviation and one month as intensity and duration thresholds, respectively, four MHW events are identified (Figure 2C). Two events have a duration of a single month and intensities of 0.89°C and 0.75°C, respectively, which both exceed one standard deviation (0.51°C), but not two (1.02°C). Because these events are a single month, their cumulative intensities are identical to their mean intensities. A third event has a duration of three months, a mean intensity of 0.91°C and a cumulative intensity of 2.73°C. A fourth event represents the “Blob” event and has a duration of 24 months, a mean intensity of 1.12°C and cumulative intensity of 26.87°C. If the MHW definition is changed to have a duration threshold of five months, the three shorter events are no longer considered MHWs and only the “Blob” event remains with identical metrics (Figure 2D). Using two standard deviations and one month thresholds to define MHWs excludes most of the three shorter events, but also splits the “Blob” event into four (Figure 2E). Thus, the count of MHWs actually increases to five, which have durations of one to six months and mean intensities of 1.09 to 1.50°C. Using two standard deviations and five month thresholds, eliminates all but one high intensity MHW that represents the most intense portion of the “Blob” event (Figure 2F).


Table 1 | Locations and sedimentation rates of north Pacific sites.






2.4 Accounting for seasonality in foraminifera abundance

Planktonic foraminifera live in near-surface ocean environments around the globe and have long been recognized as valuable tools for reconstructing past SST (Anand et al., 2003; Bemis et al., 1998; Elderfield and Ganssen, 2000; Emiliani, 1955; Lea et al., 2000, 1999). Given their lifespan, measuring established paleotemperature proxies such as δ18O (Bemis et al., 1998) or magnesium to calcium ratios (Mg/Ca; Lea et al., 1999) in individual foraminifera allows for distributions of monthly SST to be generated (Ford et al., 2015; Koutavas et al., 2006; Rongstad et al., 2020; Rustic et al., 2020). These distributions are approximately equivalent to those based on monthly LIM and observational SST data, and therefore provide a means to use LIM-based transfer functions to reconstruct past MHW behavior.

However, planktonic foraminifera preferentially live at depths and during seasons when optimal growth conditions exist, and are therefore seasonally-biased recorders of SST (Jonkers et al., 2013, 2010; Jonkers and Kučera, 2015; Ortiz et al., 1995; Sautter and Thunell, 1989; Taylor et al., 2018; Tolderlund et al., 1971). To account for seasonality, monthly LIM ensemble data must be weighted to generate pseudoproxy SST timeseries that mimic the information that can be reconstructed from IFA. We achieve this using an existing planktonic foraminifera proxy system model (PLAFOM2.0), which is a global model of foraminifera abundance that predicts the monthly concentration (in mmol C m-3) of five species: N. pachyderma, N. incompta, G. bulloides, T. sacculifer and G. ruber (Fraile et al., 2008; Kretschmer et al., 2018). PLAFOM2.0 uses a marine ecosystem model that predicts foraminifera food sources (Moore et al., 2001) to calculate species-specific rates of growth and mortality (Fraile et al., 2008). PLAFOM2.0 has recently been integrated with the biogeochemically-active ocean component of the Community Earth System Model (Hurrell et al., 2013) to calculate global estimates of foraminifera concentration in each month of the year and at 24 vertical levels between 0 and 250 meters (Kretschmer et al., 2018).

Our approach extracts PLAFOM2.0 concentrations for the user-defined foraminifera species from the grid-box closest to monthly SST data. Monthly foraminifer concentrations are summed across the model’s entire 250 m depth domain, thereby removing the user from a priori assumptions regarding depth habitat. The total annual foraminifer concentration is then used to convert monthly concentrations into proportions. Values greater than 0.083 (i.e. 1/12) reflect some degree of foraminifera seasonal preference. An example based on G. bulloides from DSDP Site 36 is shown in Figure 3. Monthly proportions are used as weights to resample the original SST timeseries and generate a new SST record that mimics the seasonal bias of the selected foraminifera species.




Figure 3 | Example of the modeled seasonal change in the relative concentration of G. bulloides at DSDP Site 36. Values greater than 0.083 (dashed line) represent some degree of seasonal preference.






2.5 Summary statistics of SST distributions

A number of statistical values have been developed to summarize the shape of a distribution. These statistics are attractive for establishing transfer functions because they condense the large amount of data in a SST distribution into a single value. For each of the monthly-weighted SST timeseries described above, we calculate a series of statistics that summarize the shape of their distributions. We use the term “statistic” throughout the remainder of the text to refer to the following measures of distributions that are plausible predictors of MHW metrics:

	Shapiro-Wilk test: A statistical test evaluating the null hypothesis that data are Gaussian (Shapiro and Wilk, 1965). Test statistic values range from 0 to 1, with higher values representing closer agreement with a Gaussian distribution.

	Kurtosis: A measure of how often outliers occur or the “tailedness” of a distribution

	Skewness: A measure of a distribution’s asymmetry

	Quantiles 1-21: Values dividing a distribution into 21 continuous intervals of equal probability.



Statistics are calculated from standardized SST anomalies by subtracting means and dividing by standard deviations, and after 30-year high pass filtering in the case of ERSSTv5, COBEv2 and HadISST. Standardizing has no effect on Shapiro-Wilk, kurtosis and skewness values, and changes quantiles by a fixed proportion that varies between sites. The latter is helpful when comparing sites with different amplitude climatologies as it forces the total range of quantiles to be approximately equal. Standardizing also eliminates the need to select a specific proxy-temperature calibration for cases that calibrations are linear. That is, if δ18O values of foraminifera were used to estimate SST using a linear calibration (e.g. Bemis et al., 1998), the standardized anomalies of those δ18O values would have the same distribution statistics as δ18O-based SST estimates (for some statistics, the inverse relationship between δ18O and temperature would need to be accounted for by multiplying by -1).




2.6 Constructing transfer functions between pseudoproxy SST distribution statistics and MHW metrics

Our method next uses partial least squares regression (PLSR) to evaluate if pseudoproxy SST distribution statistics (section 2.5) are useful predictors of any MHW metric (section 2.3). PLSR is an attractive alternative to more traditional ordinary least squares regression for this application because it allows information from all distribution statistics to contribute to a transfer function despite considerable collinearity among them (Mehmood et al., 2012). Pseudoproxy SST distribution statistics are transformed into a new set of orthogonal components and a transfer function is generated using only a subset of these components. The dimensionality reduction of PLSR is therefore similar to principal components regression (PCR) with the difference that PLSR maximizes covariance between independent and dependent variables when selecting components while PCR only considers the variance of independent variables. Thus, PCR can inadvertently eliminate components with considerable predictive power if they have low variance, while PLSR is less prone to this effect.

We implement PLSR separately for each of the five MHW metrics using the scikit-learn Python module (Pedregosa et al., 2011). The number of components to include in the PLSR is chosen by first randomly selecting 30 pseudoproxy SST timeseries from the ensemble along with their corresponding MHW metrics. Subsets of 70% of each pseudoproxy SST timeseries are then used to generate PLSR-based transfer functions with 1 to 10 components that are each capable of predicting a MHW metric. Applying each transfer function to the withheld 30% of data allows the differences between the predicted and observed MHW metrics to be used to calculate root mean square errors (RMSE):

	

where MHWi-hat is the predicted MHW metric for ensemble member i, MHWi is the true MHW metric for that ensemble member and N is the number of ensemble members considered. The change in RMSE with additional components allows the user to identify an appropriate number of components to include in the PLSR (Figure 4). To guide users toward transfer functions that balance lower RMSE with complexity, we highlight two values: 1) the number of components that yield the overall lowest RMSE and 2) the number of components at which RMSE ceases to improve by at least 1%. After the user selects a number of components, a new PLSR transfer function is generated using all pseudoproxy SST timeseries within the ensemble.




Figure 4 | Example of how regression RMSE (RMSEreg) changes with the number of components included in the partial least squares regression. In this case, the cumulative intensity of MHWs, defined using intensity and duration thresholds of one standard deviation and one month, are related to the statistics of a pseudoproxy SST distribution based on G. bulloides seasonality at DSDP Site 36. While the user is ultimately left to select the number of components to use in a PLSR, the values at which RMSEreg is at its minimum (red triangle) and ceases to improve by at least 1% (yellow triangle) are provided to inform this choice.



The performance of a transfer function is initially evaluated using its correlation coefficient (r2), the standard deviation of regression residuals (RMSEreg) and the RMSE relative to observations (RMSEobs). The latter value is calculated by applying the distribution statistics for ERSSTv5, COBEv2 and HadISST monthly SST data to the LIM-based transfer function and comparing the calculated MHW metric to each record’s true value (Figure 5). This out of sample validation provides an important check on how well a LIM-based transfer function reflects reality. If the user deems a transfer function to be sufficiently promising, the influence of under-sampling can then be evaluated.




Figure 5 | Example comparison of MHW cumulative intensity at DSDP Site 36 predicted from a PLSR-based transfer function versus that observed in the LIM ensemble (red) or observational SST products (black). MHWs are defined using intensity and duration thresholds of one standard deviation and one month and distribution statistics derive from a pseudoproxy SST distribution that is based on G. bulloides seasonality at DSDP Site 36. The consistency with which the LIM-based transfer function estimates independent observations supports the validity of our approach.



In practice, IFA will always under-sample past SST because only tens or hundreds of monthly values will be reconstructed from foraminifera within a sedimentary interval that represents decades to millennia. To evaluate how sensitive transfer functions are to this effect, our approach considers a series of scenarios in which 50 to 800 foraminifera tests are picked from a sedimentary interval. Because the number of foraminifera measured is equivalent to the number of months sampled, the amount of time represented in a sedimentary interval (derived from sedimentation rate) can be used to calculate what fraction of all months will be recorded by a given number of IFA measurements. For example, if 200 foraminifera are measured from a sedimentary interval representing 500 years (equivalent to 6,000 months), 3.3% of all months are sampled. Using a randomly selected ensemble member, we randomly draw the fraction of values equivalent to each number of picked foraminifera. This yields an under-sampled pseudoproxy SST record that mimics what would be generated from IFA in marine sediments. The distribution statistics from the under-sampled, pseudoproxy IFA data are then applied to the transfer function and the resulting reconstructed MHW metric is compared with the true value. This is repeated 500 times to quantify the RMSE associated with sampling each number of foraminifera (RMSEsamp). A fit through a range of possible IFA measurements gives an estimate of RMSEsamp for any number of foraminifera (Figure 6) and is valuable for evaluating what level of accuracy can be expected from a sample prior to geochemical analyses.




Figure 6 | Example result demonstrating how the RMSE of a reconstructed MHW metric will vary with the number of foraminifera measured. Results vary based on the strength of a transfer function’s fit and the sedimentation rate at a site. Here, the transfer function in Figure 5 is applied to scenarios in which 50, 100, 200, 400 or 800 G. bulloides are measured at DSDP site 36. This suggests that the cumulative intensity of MHWs at this site would be reconstructed with an error of approximately ±6°C/decade if 100 G. bulloides were measured. A fit through the five points allows RMSEsamp to be calculated for any number of foraminifera, which in this case is: ln(RMSEsamp) = 5.385 - 0.753 * ln(n forams).



A disadvantage of PLSR is that the transformation of distribution statistics into new orthogonal variables can complicate the interpretation of regression coefficients in terms of actual physical properties. Our algorithm produces two resources that give some insight into how distribution statistics vary with changes in a MHW metric. The first gives the loadings for each distribution statistic and component (Figure 7A). Larger loadings indicate that a particular distribution statistic has a greater influence on a given component, while loadings of the same sign indicate which distribution statistics covary in the same direction. The second resource presents the difference in distribution statistics between ensemble members with the highest and lowest 10% of a MHW metric (Figure 7B). This allows the user to see which distribution statistics change the most between extreme values of MHW metrics.




Figure 7 | Information to aid in the physical interpretation of a transfer function (A) The loadings on each component of the PLSR allow the user to visualize how distribution statistics vary relative to one another. (B) The percent difference in each distribution statistic between the LIM ensemble members with the highest and lowest 10% of a MHW metric. This example uses the regression from Figure 5 to plot the difference between LIM ensemble members at DSDP Site 36 with the highest and lowest cumulative intensities.






2.7 Example application at northeast Pacific sites

To demonstrate a potential application of our method we apply it at 12 northeast Pacific locations (Figure 8; Table 1) with the goal of identifying sites where IFA-based SST distributions have the greatest potential to reconstruct paleo-MHW variability. We consider a domain from about 40-60°N and 130-160°W that approximates the area influenced by the 2014-2016 “Blob” MHW (Bond et al., 2015). Of the 12 sites, seven locations (noted with site numbers from the Deep Sea Drilling Program or Ocean Drilling Program (ODP)) represent sediment cores that have been recovered, while the remaining five locations (labeled A-E) represent locations at which cores could potentially be collected in the future. These five sites are exemplary, and selected only to fill gaps in the spatial distribution of existing cores without considering the type or thickness of sediment at specific coordinates. Sedimentation rates at each site are taken from previously published age models when possible, and estimated from adjacent cores (Costa et al., 2024) when such data is unavailable (Table 1).




Figure 8 | Locations of the northeast Pacific sites considered in this study relative to the 2015 SST anomaly associated with the “Blob” MHW. Numeric values represent the locations of existing DSDP and ODP marine sediment cores. Letters represent hypothetical locations at which cores could be collected within the geographic range of the 2015 MHW event.



At each site we consider a series of MHW definitions that include duration thresholds of 1, 2 and 4 months and intensity thresholds of 1 or 2 standard deviations. We model the seasonal abundance of G. bulloides and N. incompta since they are common in the modern northeast Pacific (Ortiz and Mix, 1992; Sautter and Thunell, 1989; Taylor et al., 2018) and in sediment cores (Davies et al., 2011; Praetorius et al., 2015; Taylor et al., 2014). We consistently select the number of components included in the PLSR based on the value at which RMSE ceases to improve by at least 1% (section 2.6; Figure 4). We perform additional evaluation of under-sampling only when a transfer function’s correlation coefficient exceeds 0.5. This value is selected somewhat arbitrarily to increase efficiency by not considering the influence of under-sampling for transfer functions with seemingly little promise. Other users may make alternative decisions. When under-sampling is evaluated, we use our best-estimates of sedimentation rate at each site (Table 1) and assume a 1 cm sampling interval. In total we evaluate 60 potential transfer functions at each of the 12 sites to identify which MHW metrics, based on which MHW definitions, are mostly likely to be reconstructed by which foraminifera species at each location.




2.8 Stable isotope analyses of individual G. bulloides

To demonstrate how a transfer function may be applied to actual IFA data to reconstruct paleo-MHWs we also measured δ18O in individual G. bulloides from core-top (0-1 cm) sediments at DSDP Site 36. Core-top sediments are commonly assumed to approximate recent oceanographic conditions, and have been widely used to calibrate and validate paleoceanographic proxies (Quintana Krupinski et al., 2017; Rongstad et al., 2020; Saenger and Evans, 2019; Tierney et al., 2019). Core-top sediments were first wet sieved at 63 μm and dried. All G. bulloides were then picked from the 150-250 μm and >250 μm size fractions. Forty-five individuals from the larger size fraction were briefly sonicated in water and methanol before being transferred to Kiel device vials. δ18O was measured at the Oregon State University Stable Isotope Laboratory using a Thermo-Fisher Kiel IV carbonate device coupled to a custom Thermo-Fisher MAT253+ isotope ratio mass spectrometer that has been optimized to analyze small volumes of carbon dioxide. For example, each ion beam has a factor of ~3 greater than stock amplification for m/z 44, 45, and 46, and a modified pressure-adjust routine that minimizes sample versus standard pressure imbalances in small samples. This roughly doubles the instrument’s signal to noise ratio at low beam intensities (typically near 1000 mV with the greater amplification; Supplementary Table S3), at the cost of a slight increase in nonlinearity with sample size. Modifications prevent running high mass samples without saturating the detectors, or requiring expansions, which can be problematic with such small amounts of CO2 gas. Loading small volumes of reference gas reproducibly can also be a challenge, and requires extra analyses of carbonate standards for the purpose of isotope calibration relative to Vienna Pee Dee Belemnite (VPDB). In this study, small (up to 0.1 to 0.2 permil) linear corrections were made for source nonlinearity as a function of major beam intensity. Specifically, 8-9 analyses of an in-house standard (Wiley Marble) within each run were used to constrain linear relationships for raw δ18O and δ13C versus m/z 44, and then used to correct source nonlinearity in all other analyses from that run using their measured m/z 44 intensity. An additional small correction for reference gas depletion during each run was applied based on trends in the same Wiley Marble standards versus analysis time. This gas depletion correction has since been eliminated by increasing the size of the reference gas reservoir. The weights of the individual shells were calculated from the relationship between initial gas pressures (the Kiel VM1 gauge) and measured weights of standards ranging from about 3 to 17 μg, measured on a Sartorius SE2 ultramicrobalance (Supplementary Table S3). The uncertainty in the calcite weight associated with each shell analysis estimated from initial gas pressures is about 1 μg. Comparing measured to calculated mass for standards in this study yields a RMSE of 2 μg (Supplementary Table S3). Multiple analyses of NBS19 bracketed samples to evaluate precision and normalized data to the VPDB scale.





3 Results

The primary result of this work is the methodology described above, which identifies and quantifies robust transfer functions between pseudoproxy IFA-based SST distributions and MHW metrics. However, our application of it in the northeast Pacific provides an important example of the information it generates, how those results might be used, and the characteristics of sites with the greatest potential to reconstruct MHWs.



3.1 Locations and characteristics of the best transfer functions

Transfer function correlation coefficients vary significantly depending on site, MHW metric and MHW definition. The best fits occur at proposed locations B and C in the central part of the domain (50°N, 140-150°W) where r2 values can exceed 0.8 (Figure 9A). Robust transfer functions with r2 >0.7 are still found at many other locations including ODP Site 887, DSDP Site 183, ODP Site 1023 and proposed location E, but sites further south and west (e.g. DSDP Site 37 and proposed location D) have weaker best fits with maximum r2 values below 0.6. Best fits consistently come from transfer functions that target the cumulative intensity of MHWs, while transfer functions that target other MHW metrics rarely have correlation coefficients above 0.5 (Figure 9B). Fits are typically best when MHWs are defined based on a duration of one month, but the decline in r2 values for duration thresholds of two and four months is modest (Figure 9C). Fits are also highest when MHWs are defined using an intensity threshold of one standard deviation, but often decrease considerably when the threshold is changed to two standard deviations (Figure 9D). In comparison, differences between species are minor and transfer functions based on G. bulloides are often similar to those based on N. incompta without evidence for once species consistently outperforming the other.




Figure 9 | Summary of correlation coefficients for all 720 transfer functions considered. (A) differences between transfer functions based on G. bulloides (red) and N. incompta (blue) at the 12 northeast Pacific sites (B) differences between transfer functions targeting each of the five MHW metrics (C) differences between transfer functions for each of the three duration thresholds considered when defining MHWs (D) differences between transfer functions for the two intensity thresholds considered when defining MHWs.



However, high correlation coefficients do not guarantee a transfer function can accurately reconstruct MHWs. While our evaluation of under-sampling does show that RMSEsamp decreases in transfer functions with higher r2 values (Figure 10A), sedimentation rate appears to be a more important control on accuracy (Figure 10B). For example, a transfer function that targets the cumulative intensity of short duration, low intensity MHWs using G. bulloides at proposed location C has a very high correlation coefficient of 0.81, but applying this transfer function to a SST distribution based on 200 foraminifera would reconstruct MHW cumulative intensity with an error of ±351% due to the location’s low sedimentation rate of 0.14 cm/kyr. In contrast, applying transfer functions with weaker fits (r2 0.66-0.71) to SST distributions based on 200 foraminifera at sites with higher sedimentation rates of ~7 cm/kyr (i.e. ODP Site 887, DSDP Site 179) would reconstruct MHW cumulative intensity with an error of only about ±45% (Figure 10B).




Figure 10 | The RMSE expected for MHW reconstructions when only 200 foraminifera are measured. (A) versus the correlation coefficient of the transfer function and (B) versus the sedimentation rate of each site. The lowest RMSE values occur at the highest sedimentation rates, not the highest correlation coefficients. RMSE is expressed as a percent of the LIM ensemble mean to accommodate the differing units of MHW metrics. Under-sampling was only evaluated in transfer functions with a r2 > 0.5.






3.2 Individual G. bulloides stable isotopes

Of the 45 individual foraminifera analyzed from site DSDP Site 36, 37 were large enough (calcite weight 3-15 μg) for the dual inlet pressure adjustment required for high precision analysis (Supplementary Table S3). External precision was 0.03‰ and 0.09‰ for NBS19 δ13C and δ18O, respectively (1σ, n = 6) and 0.02‰ and 0.07‰ for in-house standard Wiley Marble (1σ, n = 13). Average δ18O internal precision for standards with masses >3 μg was 0.05‰ (0.03‰ for masses 10-15 μg, 0.04‰ for 6-10 μg, and 0.07‰ for 3-6 μg). Average δ18O for all G. bulloides was 1.84 ± 0.78‰ with a total range of 0.39 - 3.15‰. While G. bulloides with masses of 3-6 μg had a somewhat higher mean δ18O of 2.1 ± 0.76 (n=14) than those with masses of 6-10 μg (δ18O = 1.66 ± 0.71; n=11) and 10-15 μg (δ18O = 1.69 ± 0.83; n=12), the slope of -0.06‰/μg observed for all data was not significant (p = 0.06) and we treated the data as a single population. The standard deviation of the individual shell data is a factor of 20 greater than internal precision, and a factor of 10 greater than external analytical precision, so the variability in foraminiferal data can reliably be interpreted to reflect the environment of their habitat. The distribution of proxy data is shown in Figure 11 and complete distribution statistics are given in Supplementary Table S4, acknowledging that the relatively small number of foraminifera analyzed may not accurately capture the true underlying distribution.




Figure 11 | Histogram of SST estimates based on the δ18O of 37 individual G. bulloides (grey) and the kernel density estimation of the population (red). Oxygen isotopic values were converted to temperature using the calibration of Bemis et al. (1998). The Shapiro-Wilk statistic, kurtosis and skewness of the distribution are 0.95, -1.18 and -0.075, respectively. Complete statistics are given in Supplementary Table S4.



We applied these IFA-based distribution statistics to a transfer function that predicts the cumulative intensity of MHWs at DSDP Site 36. The transfer function accounts for the seasonal ecology of G. bulloides, and defines MHWs using intensity and duration thresholds of one standard deviation and one month, respectively. Applying a transfer function that defines MHWs using a two month duration threshold yielded similar results (not shown). IFA-based distribution statistics calculated a cumulative intensity of 10.63°C/decade in core-top sediments, which is appreciably higher than values of 6.68°C/decade, 6.37°C/decade and 5.52°C/decade in ERSSTv5, COBEv2 and HadISST data, respectively. However, because only 37 individuals are measured, the influence of under-sampling is severe and we calculate the error on reconstructed cumulative intensity to be ±14.38°C/decade.





4 Discussion

This study provides a framework for developing transfer functions that can reconstruct past MHW variability from IFA paleotemperature distributions. Our systematic application of this approach at a series of northeast Pacific sites suggests that promising transfer functions can be generated from multiple species in most regions, and that the cumulative intensity of short duration, low intensity MHWs is the metric that can be reconstructed with the greatest skill. It is not immediately clear why transfer functions that target cumulative intensity consistently outperform others, but we speculate that it may relate to the metric’s reliance on both duration and intensity. That is, variations in MHW duration or intensity alone may cause only modest changes to a SST distribution, while their combined influence in the cumulative intensity metric may be larger and more detectable. Similarly, we speculate that using duration and intensity thresholds of one month and one standard deviation, respectively, to define MHWs yields stronger transfer functions because of the greater number of these low intensity, short duration events within each LIM ensemble member. A thorough evaluation of the mechanisms responsible for these observations and the degree to which they occur outside the north Pacific domain is left for future work.

In contrast, the relationship between transfer function skill and sedimentation rate is more straightforward. One centimeter of marine sediment in the central gyres can typically reflect many thousand years of time for sedimentation rates <0.25 cm/kyr (Table 1). Transfer function correlation coefficients at proposed location C are the highest of any location we consider, but one centimeter of sediment corresponds to about 7,000 years, or equivalently, 84,000 months. In this case, 200 foraminifera only represent about 0.25% of all months, leading to a severely under-sampled SST distribution and MHW reconstructions with errors exceeding ±350% (Figure 10B). Despite a higher sedimentation rate at DSDP Site 36, the influence of under-sampling on the individual foraminifera δ18O data we generate is similar. Our 37 analyses represent only about 0.75% of the approximately 5000 months recorded by a centimeter of sediment at the site, making it unlikely that the resulting SST distribution (Figure 11) is representative of the larger population. While it is possible to generate a cumulative intensity estimate from these 37 analyses, the error on this value is too large to compare to observed modern values in a meaningful way. It is regrettable that our δ18O data was generated in parallel with the development of our method, and we therefore missed an opportunity to evaluate how the relative paucity of G. bulloides at DSDP Site 36 would impact the accuracy of MHW reconstructions. Fortunately, similar situations should be avoidable in the future by using our method to calculate the expected accuracy of a MHW reconstruction prior to conducting geochemical analyses.

Given the sensitivity of our method to sedimentation rate, it is not surprising that the most accurate MHW reconstructions occur at ODP Site 887 and DSDP Site 179 where sedimentation rates are ~7 cm/kyr. At these locations, one centimeter of sediment reflects about 150 years, or 1800 months, and measuring 200 foraminifera would represent about 11% of all months. In these cases, the SST distribution is less dramatically under-sampled and RMSEsamp decreases to about ±45%. While obviously an improvement, it seems likely that errors of this magnitude would still limit the practical application of our approach to only major shifts in MHW behavior.

The best path to reducing uncertainty in MHW reconstructions when applying our approach is to minimize the degree of under-sampling, which can be achieved in two ways. First, more foraminifera can be measured to increase the fraction of all months sampled. For example, we calculate that the error on MHW cumulative intensity reconstructed from N. incompta at DSDP Site 179 can be reduced from ±42% when 200 foraminifera are sampled to ±21% when 800 are sampled. These sample sizes may seem unreasonably large given that IFA studies typically measure only 50-100 individuals (Ford et al., 2015; Koutavas et al., 2006; Rongstad et al., 2020; Rustic et al., 2020). However, previous studies have not rigorously evaluated the sensitivity of their results to under-sampling and may have similar sample requirements. The likelihood that large sample requirements will be necessary to address many hypotheses will favor analytical approaches that achieve high throughput measurements of geochemical proxies without significantly sacrificing analytical precision. Even with analytical advances, the degree to which errors can be reduced by increasing sample sizes will ultimately be determined by the number of foraminifera present in a sample, and it may not always be possible to achieve a desired level of skill simply by making more measurements.

A second way to decrease the errors caused by under-sampling is to reduce the number of months recorded in a sampling interval by targeting high sedimentation rate sites. Continental margins sites, such as those in the Gulf of Alaska (Walczak et al., 2020) or the Santa Barbara Basin (Hendy et al., 2002), can have sedimentation rates in excess of 100 cm/kyr and minimal bioturbation, which allow a 1 cm sample to achieve near decadal resolution. Application of our method at these locations shows strong transfer functions similar to other north Pacific sites (not shown), and can reconstruct MHW cumulative intensity with an error below ±20% when 100 foraminifera are sampled, and below ±15% when 200 are analyzed. In comparison to reducing errors by increasing sample sizes, targeting high sedimentation rate sites has the advantage of improving accuracy while also minimizing analytical time and expense. These variables are obviously not exclusive however, and sites with both high sedimentation rates and abundant foraminifera are currently the best candidates for applying our method to generate paleo-MHW reconstructions.

Such reconstructions have the potential to significantly expand upon existing paleo-MHW research, which, to our knowledge, consists only of a single study of bi-monthly to annual coral data in western Australia (Zinke et al., 2015). Evidence that foraminifera assemblages vary with MHWs on short timescales (Lane et al., 2023) is an important result, but it will be difficult to attribute assemblage changes to past MHW variability as opposed to changes in the mean state. Additionally, it is not yet clear if changes in assemblages primarily reflect a response to MHW duration, frequency, intensity or some combination of these metrics. On the other hand, our transfer functions target specific MHW metrics in a quantitative way that facilitates statistical analyses and comparisons to independent model simulations. While we highlight a northeast Pacific application, the framework we describe can be applied to other foraminifera species in other ocean domains to significantly advance knowledge of spatiotemporal MHW variability.

Despite promise, the accuracy with which MHWs can be reconstructed using our approach relies on a number of assumptions that should be carefully considered when interpreting results. In many cases these same assumptions also apply to traditional foraminifera-based reconstructions and are an inherent complication of paleoceanography. For example, changes in the seasonality of G. bulloides or N. incompta growth have the potential to alter mean SST reconstructions (Jonkers and Kučera, 2015), but would also likely change paleotemperature distributions independently of MHW behavior. Applying our transfer functions in the distant past would therefore require demonstrating that seasonality had not changed significantly, or generating new transfer functions with alternate modeled seasonalities that account for any changes. These alternate seasonalities could be generated for modern species by rerunning foraminifera ecology models (Fraile et al., 2008; Kretschmer et al., 2018; Moore et al., 2001) under the boundary conditions of past climates, but may be challenging for extinct species.

It may also be important that PLAFOM2.0 (Kretschmer et al., 2018) calculates seasonal trends in foraminifera concentrations, which could differ from trends in calcification. The rate of planktic foraminifera chamber formation and calcification is known to vary throughout their life (de Nooijer et al., 2014; Lea et al., 1995; Ter Kuile and Erez, 1984), causing geochemical proxies such as Mg/Ca or δ18O to vary with shell size (Elderfield et al., 2002). To minimize this effect, paleoceanographic reconstructions typically target foraminifer tests within narrow size fractions. However, seasonal biases can also differ between size fractions (Jonkers et al., 2013; Thunell et al., 1983) and aren’t accounted for by PLAFOM2.0. This could cause the true seasonal bias of actual IFA data to differ from that modeled in IFA pseudoproxies when only narrow size fractions are considered. While additional work is necessary to characterize the scope of this potential complication, solutions seem possible if it proves to be a concern. For example, seasonal biases of specific size fractions could be incorporated into proxy system models like PLAFOM2.0 or shell size could be added as an independent variable when predicting paleotemperatures, thereby allowing all foraminifera to be measured regardless of size fraction.

It is also plausible that the seasonal distributions generated by PLAFOAM2.0 (Kretschmer et al., 2018) do not account for ecological responses that are unique to MHWs. For example, stratification during a MHW could isolate foraminifera from the nutrient-rich subsurface, possibly ending their growing season and ability to record MHWs if they could not alter their habitat depth. While this possibility will ultimately have to be evaluated on a case by case basis, the best data available to evaluate it in the north Pacific is the 4-year sediment trap study of Sautter and Thunell (1989). These data overlap with multiple MHWs, with the initial 2 years being characterized by a long duration, low intensity MHW associated with the 1982/83 El Niño, and a shorter duration MHW occurring during the winter of 1984-85. During this interval G. bulloides exhibited a seasonal flux from March-July, while N. incompta was most abundant from August-November. Both trends agree with the modeled distributions of Kretschmer et al. (2018), but are inconsistent with the possibility that the growing season of either species ends abruptly with the onset of a MHW. Support for this comes from the observation that G. bulloides were found in Santa Barbara Basin sediment traps throughout the 2014-2016 “Blob” MHW (Cherry et al., 2023), although these organisms may be a distinct genotype from those in more subpolar environments and therefore may respond to MHWs differently. Additional monitoring of how foraminifera assemblages and abundance change across a range of MHW intensities and durations (e.g. Lane et al., 2023) is certainly warranted since available data are limited, but current knowledge suggests that G. bulloides and N. incompta remain present and with similar seasonality during many MHWs.

If future work should demonstrate that certain species exhibit ecological biases that make them unsuitable for MHW reconstructions, it is encouraging that our method predicts robust transfer functions across multiple species. The framework we describe accommodates five different foraminifera species, and will allow reconstructions to target only the species whose ecology is minimally impacted by MHWs. Alternatively, if multiple species are found to have uncorrelated ecological biases, it may be advantageous to generate multiple independent MHW reconstructions from different species in the same sedimentary interval. These reconstructions could then be combined to maximize their mutual MHW information and minimize species-specific effects.

Moving forward, our approach could be improved by further refining our proxy system model, which could consider bioturbation more realistically. When calculating the fraction of months sampled by a given number of IFA measurements, we currently assume that sedimentation rate is the only variable determining the amount of time represented by one centimeter of sediment. While this assumption may be valid at sites with anoxic bottom waters void of benthic organisms, bioturbation could significantly increase the amount of time represented in a sedimentary interval because of mixing over depths of 10 or more centimeters (Dolman et al., 2021). Fortunately, tools exist to rigorously evaluate bioturbation in sedimentary archives (Dolman and Laepple, 2018) and can be incorporated into future versions of our algorithm.

Species specific paleotemperature calibrations will not be a major concern as long as they are linear, which is often true for δ18O (Bemis et al., 1998; Mulitza et al., 2003). In these cases, transformations do not change the distribution statistics between raw geochemical data and reconstructed temperature. The same is not true for exponential paleotemperature calibrations (Anand et al., 2003; Lea et al., 1999; Saenger and Evans, 2019), and Mg/Ca data would need to be transformed to temperature to apply our transfer functions. In either case, changes in the δ18O or Mg/Ca of seawater between time intervals would not influence distributions as long as these values remained relatively constant within each IFA time interval.

Finally, we stress that any paleo-MHW reconstructions based on our approach should be interpreted only in the context within which they are calibrated. Reconstructed MHWs will follow the definition in Section 2.3, and will not necessarily reflect trends based on the daily definitions commonly used when studying modern MHWs. Furthermore, changes in one metric should not be assumed to be representative of other metrics or MHW definitions. That is, a reconstructed increase in MHW cumulative intensity should not be taken to mean there were also increases in the number or duration of events. Similarly, a transfer function based on short duration, low intensity MHWs should not be used to suggest changes in higher intensity or longer duration events. While there are undoubtedly other ways to generate transfer functions between IFA distributions and MHW metrics, reconstructions from this study should only be interpreted for the region, metric and definition for which they are calibrated and validated.




5 Conclusions

We describe a framework to evaluate how well SST distributions can predict MHW metrics, with the goal of generating transfer functions that can be applied to monthly paleotemperature distributions derived from IFA. Results reveal that the cumulative intensity of short duration, low intensity MHWs is the most promising target for reconstruction, and can likely be calculated with an error of less than 15% at continental margin sites with sedimentation rates in excess of 100 cm/kyr. Our approach is a major advance in the nascent field of paleo-MHW research that allows specific MHW metrics and their uncertainty to be quantified from individual foraminifera in marine sediments. While we present an example application from the northeast Pacific, our approach is valid in other ocean domains and for other foraminifera species. Application of our method in broader contexts therefore has considerable potential to advance knowledge surrounding the spatiotemporal variability of MHWs prior to the observational era. Future paleo-MHW reconstructions will provide valuable context for interpreting modern trends as well as out-of-sample validation targets for climate models, both of which should help improve forecasts of MHW behavior on decadal-centennial timescales.
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Sample IDs with * indicate that the nubbin appeared to be dead after the experiment, and those with ** indicate that an insufficient amount of bulk skeletal samples were collected.
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Variables

oOSL

In(GR)

In(T)

iOSL

In(GR)

In(T)

AR EL
slope 0.20 +0.07 -0.05 £ 0.02 0.04 +0.02 -0.03 £0.01
R? 0.37 035 0.13 0.35
P <0.05 <0.05 ns <0.05
slope - 0.007 +0.03 -0.02+0.03 0.003 + 0.01 -0.005 + 0.01
R? 0 0 0 0
P ns ns ns ns
slope 031 +£0.12 0.39+0.15 -0.05 £ 0.05 - 0.001 £ 0.0004
R 033 035 0 0.35
P <0.05 <0.05 ns <0.05
slope 0.10 £0.11 0.22 + 0.08 0.05 +0.01 0.03 + 0.01
R* 0 0.23 0.29 0.19
P ns < 0.05 <001 < 0.05

The regression curves were examined in the outer and inner portions of the outer shell layer (0OSL and iOSL, respectively) for undetrended AR and EL as well as growth rate (GR)-detrended AR
and EL data. Natural logarithm models were applied for regressions between ultrastructural data (AR and EL), GR and T. For all regressions, ns, non-significant at p > 0.05.
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- ; Duration of Temperature # # Data Ontogenetic > ¢
camplingllocality experiment regime Specimens = points age (years) bl RS
(mm) (mm)
11°C 2 109
32°C 2 105
; — 6.2°C 3 272
Baltic Séa (54°52'59N, 95 days 5 1677 £ 2.29 047 £0.04
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For a detailed description of experimental settings, see Witbaard et al. (1997) and Wanamaker and Gillikin (2019). One data point includes element chemical data obtained by LA-ICP-MS and
ultrastructure analysis in scanning electron microscope images.
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oOSL
slope | - 020007  0.02 001
In(GR) R 0.40 035
P <005 <005
slope 2038 +0.72 008 +0.58
In(AR) R 0 0
P ns ns
slope -7.96 + 1.53 - 6.08 + 130 - 1161 + 261
In(EL) R 053 048 045
P <0.001 <0.001 <0001
slope 0.02 + 0.01 001 +0.01 002+001 | 0.03 0004 004 = 0.02 0.04 £ 0.01 0.06 + 0.01
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iOSL
slope | - 0.11 +0.08 010+ 004
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P ns <005
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In(AR) R 053 053
P <0001 <0.001
slope 036+ 1.74 <031+ 191 - 1.00 +2.77
In(EL) R 0 0 0
P ns ns ns
slope 0.03 + 0.01 004001 0.03%0003 | 003001 0.06 = 0.01 0.06 = 0.02 0.09 +0.02
T R 038 041 075 029 0.56 030 044
P <0001 <0.001 <0001 <001 <0001 <001 <0.001

‘The regression curves were examined in the outer and inner portions of the outer shell layer (0OSL and iOSL, respectively) for undetrended St/Ca, as well as for Sr/Ca detrended (d) by GR, AR
and EL, as well as combinations of GR and AR (GRAR), GR and EL (GREL), and GR, AR and EL (GRAREL). Natural logarithm models were applied for regressions between $r/Ca and GR, AR
and EL, whereas linear models were applied for relationships between Sr/Ca and T. For all regressions, ns, non-significant at p > 0.05.
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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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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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Mean peak width St. dev peak Peak

Species :

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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Species Sr/Ca peak  Sr/Ca mean Sr/Ca background = Na/Ca peak  Na/Ca mean Na/Ca background Mg/Ca peak Mg/Ca mean Mg/Ca background

(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
N 19 19 19 15 15 15 19 19 19
men 063 030 039 017 033 £013 1047 | +1061 | 540  £194 508 +164 197 £224 | 104 | £084 090 +058
Species Mn/Ca peak Mn/Ca mean Mn/Ca background Ba/Ca peak Ba/Ca mean Ba/Ca background
(umol/mol) (umol/mol) (umol/mol) (umol/mol) (umol/mol) (umol/mol)
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
C. edule 373 +246 217 071 215 +074 148 +106 087 £050 081 £035
N 36 36 36 36 36 36
mean P23 913 17 60 +23 108 +37 153 +2 +443 131 £393 |
Medium M. edulis 19.10 +395 938 £210 10,03 +162 047 012 021 +0.03 021 £004
0. edulis 3847 +4883 765 472 504 015 078 =078 011 006 010 003
C. edule 19.11 £2355 553 £526 300 £225 148 £075 0.80 £038 066 033
N 15 19 19 19 19 19
mean 2298 £2691 672 £471 482 £335 114 078 054 =044 046 +036 |
Low M. edulis 1299 £253 609 +130 729 £155 045 =010 019 +003 018 +004
0. edulis 2351 +1648 614 2222 528 +206 075 +053 011 004 007 004
C. edule 522 +537 210 £ 100 226 123 123 +053 0.66 £037 067 £034
N 19 19 19 15 15 15 |
mean 1222 +1266 401 +251 401 +250 095 +056 041 038 040 o

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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