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Coccolithophores are one of the major contributors to the pelagic production of calcium carbonate and their fossilized remains are a key component of the biogeochemical cycles of calcium (Ca), magnesium (Mg), and other divalent cations present in the intracellular precipitated calcitic structures (coccoliths). The geochemical signature of coccoliths (e.g., Sr/Ca and Mg/Ca ratios) is used as paleoproxy to reconstruct past environmental conditions and to understand the underlying physiological precipitation kinetics. Here, we present the elemental fractionation of Sr and Mg in calcite of the coccolithophore Gephyrocapsa oceanica from controlled laboratory experiments applying an extended temperature gradient (12 to 27°C). The physiological reaction norm of G. oceanica, in terms of growth rate, exhibited optimum behavior while the partition coefficient of Sr (DSr) was linearly correlated with temperature and DMg indicated no specific trend. Our results indicate: (1) a presumably secondary physiological control of DSr, and (2) the importance of calibrating coccolithophore-based proxies using experiments that include the full physiological reaction norms (i.e., a possible non-linear response) to environmental drivers (e.g., temperature, salinity, and pH, etc.). The presented results contribute to an improved understanding of the underlying physiological kinetics involved in regulating coccolith elemental fractionation and give additional implications for designing future laboratory experiments to calibrate and apply coccolithophore based paleoproxies on the fossil sediment record.
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INTRODUCTION

The pelagic production of calcium carbonate (CaCO3) in the ocean is mainly dominated by coccolithophores and foraminifera. Coccolithophores are distinguishable from other phytoplankton functional groups by the presence of a cell cover of elaborated calcitic platelets, named coccoliths, contributing to the calcareous sediment record since the Late Triassic (Bown et al., 2004). The abundance, diversity, geometry, and geochemical composition of coccoliths have been the subject of paleoceanographic studies in order to reconstruct past environmental settings and changes (Stoll and Ziveri, 2004; Erba, 2006; Beaufort et al., 2011; Ziveri et al., 2012). The incorporation and fractionation of divalent cations (e.g., Ca, Sr, and Mg) into the calcite lattice of coccoliths depends on a diverse set of physicochemical and physiological parameters. Disentangling the environmental from the physiological factors of elemental fractionation is an important step in understanding and applying coccolithophore based paleoproxies. The coccolith Sr/Ca ratio has been predominately associated with coccolithophore productivity and growth dynamics (Stoll and Schrag, 2000; Stoll and Ziveri, 2004; Stoll et al., 2007) while the application of coccolith Mg/Ca ratio as paleoproxy is under discussion (Ries, 2010; Müller et al., 2014; Li et al., 2016). A careful calibration of these paleoproxies needs to be realized via controlled laboratory experiments with different coccolithophore species, testing individual and combined environmental parameters (e.g., Gibbs et al., 2013; Hermoso et al., 2014; Müller et al., 2018). The experimental testing of an extended pCO2/pH gradient revealed that physiological reaction norms of coccolithophores (in terms of growth rate) cannot be matched with coccolith Sr/Ca ratios when the gradient passes the optimum growth point of the species (Müller et al., 2014). While this has been tested for changes in seawater carbonate chemistry, where several parameters (e.g., CO2, HCO3– availability and H+ concentration) can be responsible for the physiological response of coccolithophore species (Bach et al., 2011), it remains to be tested for single ambient parameters, such as temperature. Here, we tested if the observed divergence between coccolithophore physiology and DSr, observed under an extended pCO2/pH gradient, is also valid under an extended temperature gradient using the cosmopolitan species Gephyrocapsa oceanica. Experimental temperature gradient was generated to observe physiological (i.e., growth rate) and geochemical (coccolith Sr/Ca and Mg/Ca) responses above and below the species optimum growth temperature.



MATERIALS AND METHODS


Coccolithophore Culture Conditions and Experimental Set-Up

Artificial seawater was prepared according to Kester et al. (1967) as basis for coccolithophore culture media (salinity of 35 psu). Macronutrients (nitrogen and phosphorus) were added and verified according to Hansen and Koroleff (1999), resulting in final average concentrations of 55.3 ± 6.7 μmol NO3 kg–1 and 3.0 ± 0.6 μmol PO4 kg–1 for all replicate treatments (±1 sd, n = 18). Trace metals and vitamins were added according to f/8 culture media (Guillard, 1975). Culture media was sterilized using a Whatman® PolycapTM 75 AS filter with a pore size of 0.2 μm and adjusted to ambient pCO2 conditions of ∼400 μatm through appropriate additions of HCl and Na2CO3 stock solutions, according to the EPOCA Guide for Best Practices for ocean acidification research (Riebesell et al., 2010). A monoculture of the coccolithophore G. oceanica RCC1303 was obtained from the Roscoff Culture Collection. The strain was cultured and maintained in diluted batch mode, keeping cell densities below 100,000 cells ml–1. Cultures and growth media were acclimated to the experimental temperatures (12, 15, 18, 21, 24, and 27°C) for at least eight generations before experimentation. All incubations were conducted at the Helmholtz Centre for Ocean Research Kiel (GEOMAR) in temperature controlled climate chambers (RUMED Rubarth Apparate GmbH), providing a temperature accuracy of ±0.5°C. Each temperature experiment was conducted in triplicate 4 L acid cleaned and autoclaved polycarbonate bottles (NalgeneTM) with a minimal headspace and growth media adjusted to the experimental temperatures. Cultures received a photosynthetic active radiation of 135 μmol photon m–2 s–1 under a light:dark cycle of 16:8 h. In all experiments, cultures were inoculated at low cell densities and allowed to grow exponentially for 7 to 10 generations, corresponding to a maximum dissolved inorganic carbon (CT) consumption of 10%. Initial growth media was sampled for CT, total alkalinity (AT), elemental composition and macronutrient concentrations. In order to ensure homogenous cell distribution, incubation bottles were manually rotated once a day. At the termination of the experiment (1 to 4 h after the onset of the light phase) samples were collected for CT, AT, cell number, total particulate carbon (TPC), particulate organic carbon and nitrogen (POC and PON, respectively), chlorophyll-a (Chl-a) and coccolith elemental composition. Experiments were terminated at an average cell density of 63,967 ± 27,314 cells ml–1 (±1 sd, n = 18) to ensure nutrient replete conditions at the time of sampling. Samples for AT and CT were filtrated through GF/F filters (Whatmann, pre-combusted at 500°C for 6 h), poisoned with HgCl2 to avoid biological activity and kept till analysis at 6°C in 500 ml borosilicate flasks. Total alkalinity and CT were analyzed by the Service National d’Analyze des paramètres Océaniques du CO2 (SNAPO-CO2; Edmond, 1970) and corrected to Certified Reference Materials (provided by Scripps Institution of Oceanography, batch 111) with a reproducibility (1σ) of better than 3 μmol kg–1 for both CT and AT (detailed analytical report is provided in the Supplementary Material). One single measurement of AT and CT was performed per biological replicate (=per incubation bottle) before starting incubation and at the end of incubation (n = 6). Carbonate system parameters were calculated from temperature, salinity, phosphate concentrations, CT and AT (means calculated from start and end values of the incubation period) using CO2SYS (v.2.1 by E. Lewis and D. W. R. Wallace), with the stoichiometric equilibrium constants for carbonic acid given in Roy et al. (1993). Total averaged values of AT and CT were 2169 ± 148 and 1920 ± 130 μmol kg–1 (±1 sd, n = 6) with the corresponding calculated pCO2, pH, and Ωcalcite values of 404 ± 71 μatm, 8.03 ± 0.07, and 4.2 ± 0.4, respectively (Supplementary Table 1).



Physiological Parameters

Samples for cell numbers were analyzed directly after sampling using a Beckman Z2 Coulter®Particle Counter, and growth rate (μ) was calculated according to
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where c0 and c1 are the cell concentrations at the beginning (t0) and end of the incubation period (t1), expressed in days. For particulate matter measurements (TPC, PON, POC, and Chl-a), duplicate samples were filtered onto GF/F filters (Whatmann, pre-combusted at 500°C for 6 h) and stored in glass petri dishes (pre-combusted at 500°C for 6 h) at −20°C. Chl-a filters were placed into plastic vials, containing 90% acetone and glass beads, and the mixture was homogenized using a cell mill followed by centrifugation at 4°C (10 min. at 800 g). Subsequently, the supernatant was analyzed for with a Turner 10-AU fluorometer (Welschmeyer, 1994). Calibration of the fluorometer was performed using spinach Chl-a extract following the procedures of Strickland and Parsons (1972). Prior to analysis, filters for TPC and PON were dried overnight at 60°C while filters for POC were placed in a desiccator above a 37% HCl solution for 2 hours to remove all inorganic carbon and dried overnight at 60°C. Subsequently, carbon and nitrogen content of the filters were analyzed with a Euro EA Elemental Analyzer according to Hedges and Stern (1984). Particulate inorganic carbon was calculated from the difference between TPC and POC. Cell quota of particulate matter (PM = PIC, POC, PON, and Chl-a) was calculated as
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where PM(filter) is the mass (pg) of particulate matter per filter, V is the volume (ml) filtrated and N is the number of cells per ml. Production rates (PIC pr., POC pr., and PON pr.) were calculated by multiplying the cell quota with the growth rate (μ). All values are given as the mean of triplicate treatments with associated standard deviations (±1 sd, n = 3).



Coccolith and Seawater Geochemistry

After sampling for physiological and seawater chemistry parameters, the remaining culture media of each treatment was centrifuged and concentrated using a Beckman AVANTITM J-25 Centrifuge. Aliquots of 500 and 50 ml were consecutively centrifuged in flat-bottom tubes (22,000 × g, 10 min at 4°C) until a single pellet for each replicate treatment was obtained. Pellets were dried 48 h at 60°C and preserved at room temperature. Prior to elemental analysis, sample pellets were cleaned following an established organic removal protocol involving a reduction with hydroxylamine-hydrochloride prior an oxidation with H2O2 (Blanco-Ameijeiras et al., 2012). Mg/Ca and Sr/Ca ratios of the coccoliths and the artificial growth media were analyzed using matrix-matched standards on a simultaneous dual ICP-AES (Thermo ICAP DUO 6300 at the University of Oviedo, Spain). Standards were prepared from single element ICP standards (CPI Corporation) diluted in the same acid matrix as the samples. The calibration standards covered the Mg/Ca and Sr/Ca range of the calcite samples. Elemental ratios are reported from measurements made in radial detection mode for Sr at 421 nm, Mg at 279.5 nm, Fe at 259 nm, Ca at 315 nm, and P at 177 nm. Calibration was conducted offline using the intensity ratio method described by de Villiers et al. (2002). In this case, three standards were prepared with constant Ca concentrations and variable Sr/Ca and Mg/Ca ratios of 0.75 to 4 mmol mol–1. Aliquots from this set of standards were uniformly diluted to provide curves for various Ca concentrations to match sample concentrations. Sr/Ca internal reproducibility was better than 0.02 mmol mol–1, based on replicate analyses of the same sample dilutions. Mg/Ca internal reproducibility was better than 0.8% of the measured ratio. Coccolith elemental ratios of each replicate treatment were analyzed in duplicate measurements. Coccolith P/Ca and Fe/Ca ratios were used as an indicator for Mg cleaning efficiency and contamination. Outlier detection, using the interquartile range, was performed on P/Ca and Fe/Ca ratios to determine non-sufficient cleaning and the corresponding Mg/Ca and Sr/Ca ratios were removed from the data set. Average values for P/Ca and Fe/Ca ratios (excluding outliers) were 1.41 ± 1.16 and 1.22 ± 1.10 mmol mol–1 (±1 sd; n = 28), respectively, which is in line with previous results on P/Ca and Fe/Ca as contamination index (Müller et al., 2014). Artificial seawater media analysis resulted in Sr/Ca and Mg/Ca ratios of 9.735 ± 0.037 mmol mol–1 and 5.65 ± 0.022 mol mol–1 (±1 sd, n = 6), respectively.

The partition coefficient of the trace metal (Sr and Mg), DTr, between calcite (c), and seawater (s) was calculated as:
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RESULTS

The growth rate of G. oceanica exhibited an optimum response to the applied temperature gradient with the highest rate of 1.09 ± 0.01 d–1 and the lowest rate of 0.23 ± 0.00 d–1 at 21°C and 12°C, respectively (Figure 1 and Table 1). The low growth rate at 12°C resulted in low biomass production over time, and as a consequence all available biomass from this treatment was harvested for elemental analysis of biogenic CaCO3, with no samples being taken for TPC, POC, PON, and Chl-a. No specific trends in cellular quota of POC, PIC, and PON were detected in regard to the temperature range from 15 to 27°C. Similar results were obtained for the cellular ratios of PIC:POC and POC:PON and the production rates of POC, PIC and PON (see Supplementary Figure 1). Chl-a content, on the other hand, indicated a clear temperature relation similar to the growth rate with a parabolic behavior peaking at 21°C. This trend was enhanced for Chl-a production rate due to multiplying Chl-a content per cell with the growth rate (Supplementary Figure 1j). The ratios of POC:Chl-a and PON:Chl-a demonstrated lowest values at 21°C with increasing values diverging from this point, mainly driven by the temperature relation of Chl-a cellular content.
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FIGURE 1. Growth rate (A) of G. oceanica and associated values of DSr (B) and DMg (C) for biogenic produced calcite in relation to the experimental applied temperature gradient.



TABLE 1. Coccolith geochemistry and cellular variables of Gephyrocapsa oceanica.

[image: Table 1]Analyzed coccolith Sr/Ca and Mg/Ca ranged from 3.40 ± 0.01 to 4.35 ± 0.16 mol mol–1 and from 0.095 ± 0.015 to 0.250 ± 0.064 mmol mol–1, respectively (Table 1), which resulted in DSr and DMg ranging from 0.350 ± 0.001 to 0.446 ± 0.016 and from 0.017 ± 0.003 × 10–3 to 0.044 ± 0.011 × 10–3, respectively. A clear significant linear relation between DSr and temperature emerged whereas no trend was detected regarding DMg and temperature (Figures 1B,C). Population growth rate was also significantly correlated with DSr over the applied temperature gradient from 12 to 27°C (Figure 2B). However, this correlation was mainly driven by data points from low temperatures (below the optimum growth temperature) which became evident when individually correlating DSr with temperature and population growth at low temperatures (12–21°C), high temperatures (18–27°C), and the total applied temperature range (12–27°C). Only the correlation between DSr and temperature resulted in significant linear regressions at each temperature range (Figure 2).
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FIGURE 2. Regression analysis investigating the relation of DSr with temperature (A,C,E) and population growth rate (B,D,F). (B,D,F) represent data points at temperatures from 12 to 27, 12 to 21, and 18 to 27°C, respectively.




DISCUSSION

The presented experiment was conducted over a temperature gradient from 12 to 27°C. Temperature has a direct influence on the equilibrium constants of the carbonate system and the applied temperature gradient has the potential to induce indirect carbonate chemistry effects on cellular physiological and calcite precipitation kinetics. However, this temperature effect on carbonate chemistry was masked by biological activity and experimental handling procedures. Consequently, no relations between temperature and carbonate chemistry parameters were observed (Supplementary Table 1). Seawater pCO2 and pH varied around average values of 404 ± 71 μatm and 8.03 ± 0.07, respectively. While changes in carbonate chemistry are known to influence coccolithophore physiology and coccolith geochemistry (Hoppe et al., 2011; Müller et al., 2014), the here registered carbonate chemistry variation can be neglected in comparison to the temperature effects as no significant changes in physiology and geochemistry have been observed within the applied carbonate chemistry range (Müller et al., 2014, 2018; Gafar et al., 2019). Therefore, the here observed changes in physiology and coccolith Sr/Ca and Mg/Ca ratios are related to the applied temperature gradient. However, a possible effect of temperature induced carbonate chemistry variation on physiology and coccolith geochemistry cannot be excluded. Experimental designs to disentangle carbonate chemistry from temperature effects should be considered for future investigations.

The applied temperature gradient resulted in optimum growth behavior of G. oceanica. The fitted regression model indicated an optimum growth temperature at ∼24°C, which is similar to results from previous studies indicating highest growth rates of G. oceanica at 25°C (Buitenhuis et al., 2008; Sett et al., 2014). The optimum point and skewness of coccolithophore growth curves, however, can be influenced by the applied experimental conditions (e.g., light, salinity, and growth media), and by strain specific physiological reaction norms (Müller et al., 2015; Gafar et al., 2018, 2019). Cell quotas of POC, PIC, and PON did not indicate specific trends in regard to the applied temperature gradient, which was additionally reflected in the absence of a trend in the corresponding ratios of PIC:POC and POC:PON (Supplementary Figure 1), confirming the previously observed temperature independence of cellular carbon quota in G. oceanica (Sett et al., 2014) which is different than the observed relation of temperature and cell quota or cell volume in Emiliania huxleyi (Rosas-Navarro et al., 2016; Müller et al., 2021), stressing the importance of species specific response-mechanisms and the importance of understanding the regulating mechanisms for coccolithophore cell quota and allometry (Aloisi, 2015). It is, on the other hand, intriguing that cellular Chl-a demonstrated a similar temperature dependency as observed for the cellular growth rate (Figure 1A and Supplementary Figure 1d). This indicates that G. oceanica is able to maintain cellular organic and inorganic carbon quota at a relatively constant level over the applied temperature gradient while adjusting cellular Chl-a content, associated carbon fixation and ATP production inside the chloroplast. Disentangling the allocation of POC into cellular lipid, protein and carbohydrate compounds might give additional information on the underlying physiological mechanisms controlling relatively constant cellular POC and PON quota (Aveiro et al., 2020). The feature of G. oceanica exhibiting optimum curve behavior in growth rate and in cellular Chl-a content in response to temperature while keeping relatively constant cellular quota of PIC, POC and PON, provides an interesting opportunity to link physiological reaction norms to the coccolith geochemical signature (i.e., DSr and DMg).

The coccolith DSr indicated a clear linear relationship with temperature (Figure 1B), with values comparable to previous culture studies on coccolithophores (Rickaby et al., 2002; Stoll et al., 2002; Langer et al., 2006; Müller et al., 2014). It is intriguing that the temperature relationship of DSr is linear over the tested temperature range, while no physiological parameter exhibited linear relationship to temperature (Supplementary Figure 1). Previous laboratory temperature experiments investigated solely temperature values below the species specific optimal growth temperature (e.g., Stoll et al., 2002; Müller et al., 2014), which resulted in a significant linear relationship between species growth rate and coccolith DSr (see Figure 2D). Here, however, we demonstrate that this relationship is challenged when investigating temperatures above the optimal growth temperature (Figures 1, 2).

The difficulties of relating coccolith DSr to physiological responses (when manifested in the form of optimum curves) has been previously observed using extended experimental gradients of seawater pCO2/pH (Müller et al., 2014). However, natural coccolith samples from surface waters, sediment traps and sediments are likely produced at temperatures below the optimum growth temperature because evolutionary adaptation strategies will favor ecological niches below or at temperature optima. This is related to a common feature of organismal fitness curves being unimodal with a sharper decline above the optimum temperature than below. Organisms thriving at optimum temperatures are more sensitive to warming than to cooling (Eppley, 1972; Kingsolver, 2009) resulting in a general distribution of phytoplankton at habitats below or at their optimal growth temperature (Thomas et al., 2012). Therefore, we postulate that the previous observed relation between coccolith DSr (or Sr/Ca ratio) and growth or production rates (Stoll et al., 2007; Auliaherliaty et al., 2009) remains applicable as proxy but only partly describes the underlying physiological and/or thermodynamic reasons. It is interesting that the temperature-DSr correlation is maintained above the temperature optimum for coccolithophore growth (Figure 1) and, additionally, that elemental Sr fractionation in inorganic precipitated calcite follows an opposite negative trend to temperature (Tang et al., 2008). This divergence between inorganic and coccolithophore calcite precipitation is certainly related to cellular physiology and associated transmembrane transport mechanisms. However, the question that arises is whether this physiological influence is an active and selected control/transport of Sr ions to the site of calcification, or if Sr is passively transported and “hitchhikes” ion transport ways established for other divalent cations, such as, for example, the Ca-flux from seawater to the site of calcification, the coccolith vesicle. Our observations give an important insight on the physiological control on Sr transport and fractionation into coccolith calcite. First, it is essential to remember the underlying physiological processes that induce an optimum physiological response curve in regard to (a) carbonate chemistry (Müller et al., 2015; Gafar et al., 2018) and (b) temperature. In the first case, seawater carbonation supplies carbon fixation for the enzyme Rubisco resulting in an increase of energy availability and growth rate. Further elevation of CO2 increases the seawater H+ concentration (or acidity), which interferes with cellular pH levels and enzymatic activity resulting in a general decrease of growth (Bach et al., 2011; Suffrian et al., 2011). In the case of temperature, the optimal reaction norms of microbial growth are governed by enzymatic activity. In principle, the increase in cellular chemical and enzymatic reaction rates with temperature can be associated to the Arrhenius relationship and increased kinetic energy availability. The reaction rate of enzymes, however, does not uniformly follow temperature increases and depends on enzymatic stability, denaturation and evolutionary history. Therefore, elevated temperatures as well as other environmental drivers can result in enzymatic activity loss. Additionally, biomembrane permeability/fluidity and resulting transmembrane ion transport depend on the ambient temperature (i.e., kinetic energy available) and the membrane composition of polar lipids to maintain homeoviscous stability control (Valentine and Valentine, 2004; Kellermann et al., 2016). Therefore, cellular physiology and the current state of the cell can be quite different below and above the growth optimum, having to regulate different essential cellular functions and maintaining an energetic balance between costs and benefits. Thus, if a primarily physiological control exists on DSr, it is intriguing that this control is not disturbed when the cell switches from the physiological states below to the state above the temperature optimum. This is even more surprising when remembering that the Sr incorporation into coccolith calcite is not a vital process. Interestingly, no trend was detected in DMg in regard to temperature, which is consistent with previous results (Müller et al., 2014). This indicates that DMg of coccolithophore calcite seems to be inappropriate as a paleoproxy for seawater temperature as it has been applied for foraminifera (e.g., Mawbey et al., 2020). This difference is presumably related to the diverging calcification mechanism and associated ion transport from seawater to the site of calcification (vacuolization vs transmembrane ion transport; Nehrke et al., 2013). On the other hand, species-specific trends were identified in DMg with regards to increasing pCO2 levels (Müller et al., 2014; Li et al., 2016). Contrary to Müller et al. (2014), here, we could not identify a relation between Chl-a production and coccolith DMg. In comparison to Sr analysis of coccolith calcite, the determination of Mg encounters the necessity of sufficient cleaning and removing of organic Mg from the sample material. Mg is a crucial biological element and involved in important physiological functions (e.g., cell signaling, RNA/DNA synthesis, cofactor for protein activity, and membrane structure) and highly abundant in the cellular cytosol and compartments. Sr, on the other hand, is considered a non-essential element for plant growth (Comar, 1955) and has a relatively low abundance in phytoplankton cells compared to other elements (Ho et al., 2003). Therefore, efficient cleaning methods had been developed to minimize a possible contamination of organic Mg during coccolith Mg/Ca analysis (Blanco-Ameijeiras et al., 2012; Li et al., 2016). However, the associated error of the cleaning procedure applied here and Mg analysis is not necessarily satisfied when compared to the associated error for Sr analysis. The calculated range of the relative standard deviation of DSr and DMg resulted in 0.2–3.6% and 15–53%, respectively. The DMg values are associated with an error of a magnitude higher than DSr values and points toward the need of adjusting and developing improved protocols and methods for coccolith Mg analysis. For example, the replacement of organic bound Mg in coccolithophore sample material by divalent cations with a higher ion exchange affinity (e.g., Cu) and subsequent analysis of Mg via high performance chelation ion chromatography resulted in a relative standard deviation of DMg ranging from 2.7 to 11.4% (Li et al., 2016). The successful removal of organic Mg when analyzing coccolithophore calcite is essential due to the fact that coccolithophores precipitate low-Mg calcite (<0.1% mol), and that Mg has an essential role in cellular biochemical reactions and has a 20,000 times higher cytosol concentration than Ca (Brownlee et al., 1995; Bose et al., 2011). It might be possible that the lack of a visible trend in DMg in regard to temperature (Figure 1C) is superimposed by the relatively high associated error of the here conducted cleaning procedure and analysis.

Transferring results from single species laboratory experiments to the sediment record is not trivial because single strain responses have to be disentangled from shifts in population strain diversity, especially in regard to the high phenotypic variability observed in coccolithophore species (Blanco-Ameijeiras et al., 2016). Addressing this issue will give us important notions on the question if physicochemical parameters alter/control changes in Sr/Ca and Mg/Ca of calcareous sediments and/or if this change can be biological buffered or enhanced. Additionally, future experiments will greatly benefit from exploring distinct physiological states of coccolithophores, such as comparing controlled nutrient limitation (using chemostat cultures) and nutrient starvation (using batch cultures) with additional investigation of elemental fractionation, coccolithophore allometry, and the content of the cellular organic material (Aloisi, 2015; Müller et al., 2018, 2021).

The presented results clearly indicate the importance of investigating the full reaction norms (i.e., non-linear physiological responses) of coccolithophores to understand the underlying physiological and thermokinetics of elemental Sr fractionation in coccolithophore calcite. We postulate that investigations and experimentations above the temperature growth optimum have the potential to give new and useful insights on the physiological influence on coccolith geochemistry. The application of coccolith Sr/Ca ratio as proxy for population growth or productivity is not necessarily influenced by our findings because natural populations of coccolithophores predominantly occur below or at their species specific temperature optimum.
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