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Associate editor: Claire Rollion-Bard Isotopic offsets in biogenic calcite from equilibrium values can provide unique insights into the physiology and

mechanisms of carbon regulation in calcifying phytoplankton. This study examines the impact of varying COy

Keywords: (controlled via pH) on five coccolithophore species chosen for varied cell sizes, physiology, and calcification. The
Vital effects study investigates isotopic offsets in coccolith calcite and organic matter, in relation to carbon demand and
Coccolithophores

supply (u/CO3). Species-specific CO2 and/or pH optima for growth (uop) were derived from variations in growth
rates with varying CO, concentrations. Growth rates for all species declined with rising CO; (decreasing pH) due
to H*-driven inhibition. C. braarudii and C. leptoporus exhibited pqp at high CO; concentrations (suggesting high
carbon-demand) and limited growth under low COy (high pH) suggesting carbon limitation. Under low CO3
supply, when growth rates were CO»-limited, both species exhibited coincident isotopic depletion in calcite and
organic matter as a consequence of CO; diffusion into the cell that experienced no equilibration as a result of a
highly depleted internal carbon pool. In these two species, isotopic values in calcite remained unaffected by
growth rates and CO; concentration (u/CO2) when CO; was sufficient for optimal growth. G. huxleyi and
G. oceanica displayed optima for growth (uopy) at low CO3 concentrations and showed no growth limitation under
low CO;, (indicating low carbon-demand). Both species experienced depleted (negative) vital effects caused by an
excess of CO. diffusion into the small internal carbon pool of the cell when diffusive carbon supply outpaced low
demand (low u/COy). Enriched (positive) vital effects were observed under low carbon supply and high demand,
likely due to increased HCO3 uptake and diffusive CO loss from the intracellular carbon pool due to a lower
intracellular pH than the seawater pH. C. carterae exhibited a uep; at intermediate CO, concentrations and
isotopically equilibrated intracellular carbon pool such that 5'3C values in calcite and organic matter suggested a
shared carbon pool. This study illustrates that pH and CO, driven vital effects and fractionation into organic
matter indicate the residence time for carbon in the intracellular carbon pool, where the size of the pool is
proportional to cell size. Due to the increased buffering afforded by a larger pool, C. leptoporus and C. carterae
may have elevated intracellular pH which minimises CO, leakage, whereas vital effects in G. huxleyi and
G. oceanica are caused by CO. diffusion in or out of their small internal carbon pool with limited buffering
capacity owing to its small size.

Carbon demand and supply
Internal carbon pool
Carbon residence time

1. Introduction

Stable isotopes in biogenic calcite offer insights into paleoclimate
reconstructions spanning a sizeable portion of Earth’s geological history
and enhance our understanding of Biosphere-Geosphere interactions.
However, “vital effects”, the isotopic offset from calcite precipitated in
equilibrium, due to factors within the biomineralizing organism, often
complicate the interpretation of climate signals in biologically mediated
carbonate precipitation. These “vital effects” are caused by a multitude
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of chemical, physical, and biological processes, which introduce de-
viations in the biogenic calcite from equilibrium and calculated inor-
ganic compositions.

Purely inorganic calcite precipitation causes equilibrium fraction-
ation effects, inducing isotopic fractionation between the solution and
calcite due to differences in the strength of molecular bonding (Zeebe
and Wolf-Gladrow, 2001). Additionally, thermodynamic factors stem-
ming from environmental variables such as temperature can also
contribute to the differences in molecular energies and impact
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equilibrium fractionation. Urey (1947) first demonstrated the utility of
temperature-related fractionation in foraminiferal calcite for paleo-
temperature reconstruction.

McCrea (1950) established the relationship between solution pH and
the isotopic composition of precipitating calcite. The study revealed the
dependence of the calcite oxygen isotopic composition (referred to as
5'80) on the concentration of CO3~ ions, which is proportional to pH.
They showed that with increasing pH, as the abundance of CO3™ ion
increases, the 8'%0 of the precipitating calcite becomes more depleted.
This is because the §'80 of CO% is isotopically depleted compared to the
other carbonate species and the proportion of CO3~ ion within the DIC
increases with rising pH (Zeebe, 1999).

The 5'80 — pH relationship has since gained significance as the iso-
topic composition of temperature-corrected calcite could function as a
proxy for seawater pH or carbonate ion (Spero et al., 1997). Conversely,
pH-mediated effects on the isotopic composition of calcite could inter-
fere with the temperature signal. Subsequent advancements unveiled
the mechanism of isotopic equilibration in the HyO-DIC-CaCOj3 system
for the carbon and oxygen isotopes which have been explained here
briefly (referred to as §'3C and 5'%0 respectively; Zeebe and Wolf-
Gladrow, 2001).

Isotopic equilibration in §'3C is controlled by interconversion re-
actions between CO5, HCO3, and CO3™ driven by the different binding
strengths of the carbon in each molecule. Among these reactions is the
hydration/hydroxylation of CO, to HCO3 and its reverse, which is the
rate limiting step in carbon isotopic equilibration. The hydration reac-
tion can cause the HCOj3 to be (-)13 %o more depleted in 5'3C than CO.,
whereas the dehydration reaction can cause the CO; to be about (-)22 %o
more depleted in 5!3C than HCOj3 (O’Leary et al., 1992; Zeebe and Wolf-
Gladrow, 2001). The slow carbon isotopic equilibration rate between
CO2 and HCO3 can cause a significant depletion in the isotopic
composition of the precipitating calcite. A depletion of (-)10 — 15 %o in
the 8'3C and (-)4 %o in 880 of corals was reported to be caused by such a
mechanism (McConnaughey, 1989a).

Carbonic anhydrase (CA) is suggested to significantly influence the
rate of hydration/hydroxylation between CO, and HCOj3 (the rate
limiting step) by catalysing this reaction, therefore, allowing faster
equilibration in both 8'3C and 5'80 and alleviating kinetic fractionation
effects caused by hydration/hydroxylation of CO, to HCO3 (Chen et al.,
2018; Thaler et al., 2017; Uchikawa and Zeebe, 2012).

Isotopic equilibration in 8'80 occurs through the equilibration be-
tween CO; — HCO3 — CO%’ (DIC) through interconversion reactions
described above and equilibration between Hy0 and CO3, which occurs
more slowly than that for carbon isotopes. 5'80 isotopic equilibration
needs to take place between one oxygen atom in HoO and three atoms in
each carbonate and bicarbonate molecule (HO-COO™ and COOOz’), and
two atoms in the COy molecule. Isotopic equilibration between H,0 and
DIC is also influenced by pH, as the proportion of DIC present as COy
becomes significantly low at high pH. For instance, the time required for
99 % isotopic equilibration in the carbonate system of seawater can take
about 12.4 h at pH 8 at 19 °C (Zeebe and Wolf-Gladrow, 2001). Under
alkaline conditions (common during calcite precipitation), isotopic
equilibration is even slower, and can cause significant deviations in the
calcite isotopes from equilibrium values, causing kinetic isotopic effects
(Adkins et al., 2003; McConnaughey, 1989a, 1989b, 2003).

Kinetic isotope effects in 8'3C and §'%0 caused by disequilibrium in
the DIC-H,O system have also spurred investigations into kinetic frac-
tionation in inorganic CaCOj3 due to calcite crystal growth rate, where a
high calcite-crystal growth rate causes isotopic depletion in the §'3C and
5180 of calcite due to non-equilibrium fractionation factors (Watkins
et al., 2013). Additionally, CO5 diffusion to the site of precipitation in an
organism can lead to mass-dependent kinetic isotope effects (Eiler,
2007; Schauble, 2004). According to the kinetic diffusion model, lighter
isotopes (e.g., 2C'%0'%0) diffuse more rapidly than their heavier
counterparts (e.g., 13¢1601%0 and 12C180160; Wanner & Hunkeler,
2019). Although a limited number of studies have attempted to quantify
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the extent of isotopic depletion caused by aqueous-phase CO5 diffusion,
experimental evidence suggests a potential depletion of (-)0.7 to (-)0.87
%o in 8!3C (Jihne et al., 1987; O’Leary, 1984) and (-)1.6 %o in 520
(Thiagarajan et al., 2011).

Furthermore, biogenic calcite can also be influenced by metabolic
processes such as respiration and photosynthesis. Isotopic changes due
to the preferential uptake of depleted CO5 by RuBisCO, the key enzyme
in photosynthesis have been highlighted in §'3C (McClelland et al.,
2017; McConnaughey, 1989a). However, it is worth noting that frac-
tionation by RuBisCO is recognised in both §'3C and §'80 (Guy et al.,
1993; Tcherkez et al., 2006).

Understanding the variability of vital effects with environmental
factors can provide significant additional information about the physi-
ology of biomineralizing organisms. Noteworthy candidate organisms
are coccolithophores, offering a promising avenue for paleoenvir-
onmental reconstruction owing to their geological history spanning over
200 Ma (Bown et al., 2004). Much like foraminifera, stable isotopes in
different species of coccolith calcite are known to display distinct offsets
from equilibrium which have been used for the reconstruction of past
environments (Bolton and Stoll, 2013; Claxton et al., 2022; Dudley et al.,
1986; Hermoso et al., 2020).

Prior studies have suggested that vital effects in coccolithophores
diminish as carbon supply increases, but species-specific deviations from
abiogenic calcite occur at low DIC/CO, concentrations (Hermoso et al.,
2016a; McClelland et al., 2017; Rickaby et al., 2010). These studies
simulated an increase in COy by increasing DIC concentrations at a
constant pH. Moreover, they suggested a mechanistic link between the
magnitude of coccolith vital effects and the species-specific ratio of
particulate inorganic carbon (PIC) to particulate organic carbon (POC)
and carbon demand vs supply (analogous to 1/CO2).

It remains unclear whether the physiological and isotopic effects
observed stem from an increase in CO5, from changes in DIC concen-
tration, or from an interplay of both factors. This is because vital effects
in coccolithophore calcite were reported to become increasingly
depleted with increasing CO5 (Hermoso, 2015), where CO, was modi-
fied through pH manipulation at constant DIC concentration. This
discrepancy indicates that the isotopic response of coccolithophores
may vary depending on the specific parameters of the manipulated
carbonate chemistry and on the effect of those chemical manipulations
on their physiology.

In the diffusive model for organic isotopic fractionation, isotopic
fractionation in organic matter increases with CO» concentration but can
be affected by growth rate (Laws et al.,, 1995; Rau et al., 1996).
Accordingly, carbon demand to supply (denoted by p/CO,) has been
correlated with isotopic fractionation in the organic matter and attrib-
uted to Rayleigh fractionation of an internal pool of carbon and used as a
proxy for past pCO, (Henderiks and Pagani, 2008; Pagani, 2002). This
correlation comes with limitations due to factors that impact the rela-
tionship between isotopic fractionation and p/CO», such as active car-
bon uptake (Keller and Morel, 1999; Stoll et al., 2019; Tchernov et al.,
2014).

There have been few studies reporting isotopic fractionation in both
calcite and organic matter, and in 8'3C and 5'®0 simultaneously. The
carbon demand to supply models in coccolith calcite (McClelland et al.,
2017) and organic matter (Rau et al., 1996) suggest that this parameter,
possibly with active bicarbonate uptake, plays a crucial role in under-
standing vital effects and their relationship with species-specific coc-
colithophore physiology. Further investigation is needed to understand
the relationship between isotopic fractionation in the calcite and organic
matter of coccolithophores and seawater carbonate chemistry.

This study delves into the effects of pH and CO5 variations on isotopic
signatures within coccoliths and organic matter. Through dilute batch
cultures, stable isotopes in calcite and organic matter of five coccoli-
thophore species of varying cell sizes, carbon demands, and PIC:POC
ratios were investigated to understand the mechanisms of carbon
regulation and isotopic fractionation in calcifying phytoplankton. The
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results obtained from this study will provide a context within which size-
separated coccolith fractions can be interpreted during paleoclimate
reconstructions that use coccolithophore calcite and organic matter
isotopes specifically pointing to periods when carbon limitation of
different size fractions emerged (e.g., Gonzalez-Lanchas et al., 2021;
Bolton et al., 2016). Moreover, the broader application of the findings of
this study will be useful in constructing numerical cell models to
quantify the fluxes of carbon and calcium, and intracellular reservoirs,
involved in coccolithophore calcification (Holtz et al., 2017, 2015).

2. Methodology
2.1. Coccolithophore Culturing

Live coccolithophore monocultures were sourced from the Roscoff
Culture Collection (https://www.roscoff-culturecollection.org) and the
Marine Biological Association (MBA, https://www.mba.ac.uk). Strains
RCC 1198 (Coccolithus braarudii), RCC 1130 (Calcidiscus leptoporus), RCC
1314 (Gephyrocapsa oceanica), PLY 837 (Gephyrocapsa huxleyi, mor-
photype A; Bendif et al., 2019), and PLY 406 (Chrysotila carterae) were
grown in filter-sterilised artificial seawater prepared using the Synthetic
Ocean Water (SOW) recipe from Aquil* synthetic medium (Price et al.,
1989), modified from Morel et al. (1979) with a starting constant DIC
concentration of ~2100 pmol KgSW™'. These species were selected
based on their unique physiological characteristics. For instance,
C. carterae is a coastal species with a large cell size and small PIC:POC
ratio (Houdan et al., 2004). PIC:POC ratios were taken from previously
published data (Table S1, Supplementary Information; Gafar et al.,
2019a; McClelland et al., 2017). G. huxleyi and G. oceanica are ubiqui-
tous bloom forming species that are widely studied in the paleoclimatic
records and the modern ocean (Gonzalez-Lanchas et al., 2021; Paasche,
1964; Wheeler et al., 2023). These species have small cell sizes and in-
termediate PIC:POC ratios. C. leptoporus and C. braarudii have long
ancestral lineages and are key calcifiers in the modern ocean (Agnini
et al.,, 2014; Backman, 1980; Ridgwell, 2005; Young, 1998). These
species have large cell sizes, and relatively higher PIC:POC ratios
(Table S1). The SOW was enriched with 100 pmol kg’1 nitrate, 6.25
pmol kg~! phosphate, and 27 pmol kg~ silicate, supplemented with
vitamins based on the f/2 protocol (Guillard and Ryther, 1962) and trace
metals according to the K/2 protocol (Keller et al., 1987; Keller and
Guillard, 1985), with modifications according to (Rickaby et al., 2010,
Supplementary Material). pH was adjusted using 1N NaCl and 1N HCI
and measured with a 3-point calibrated benchtop pH meter (Mettler
Toledo SevenEasy). The seawater was filtered through a sterile 0.22 pm
Merck Steritop® bottle top filter, UV sterilised, and filled into acid-
clean, sterile 2.3L polycarbonate bottles with no headspace.

Dilute batch cultures were employed, with a maximum 5 % change in
[DIC] as recommended by (Langer et al., 2006; LaRoche et al., 2010;
Rickaby et al., 2010; Hermoso, 2015; Supplementary Material). Cultures
were grown in triplicate within a PHCbi MLR-352 Climate Chamber at
17 £ 0.1 °C. A 14-hour light:10-hour dark cycle was maintained, with
the photon flux density ranging between 55 and 80 pmol m~2 s~ ! during
the light phase, depending on the position relative to the light source,
which was randomised during the acclimatisation and experiment in-
cubation phase. The strains were acclimated in the experimental media
for a minimum of 14 generations (2 subsequent batch cultures of ~7
generations each, transferred at mid-exponential growth) prior to their
use as initial inoculates for the main experiment. Culture bottles were
gently shaken daily and opened for less than a minute each to measure
growth. Only 600 uL of culture was extracted at once yielding a negli-
gible effect on gas exchange and headspace.

Cell counts were measured using a Beckman Coulter Counter Z2
analyser. Isotopic measurements were conducted on the day of optimal
cell density. All measurements were taken at the same time of day,
starting 6 h after the beginning of the light phase, and lasting approxi-
mately 2 h. Coccosphere sizes were measured using SEM images
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obtained on a Zeiss Sigma 300 FEG-SEM.
2.2. Measurement of growth

Specific growth rates were calculated based on in vivo log change in
chlorophyll fluorescence per day using a TECAN Spark® Multimode
Microplate Reader (excitation = 485 + 20 nm, emission = 680 + 30 nm;
Andersen, 2005). The specific growth rate (u) was determined using the
following equation:

InChliflo, — In Chiflo,
At

Here, Chl flosrepresents the blank-corrected chlorophyll fluorescence
of the cell culture on the harvest day, Chl flo; represents the blank-
corrected chlorophyll fluorescence one or two days before cell harvest,
and At is the difference in days between the two measurements. Sterile
culturing media was used as blanks. See Methods (Supplementary Ma-
terial) for an overview of the challenges faced in this study with tradi-
tional cell counting methods at such dilute concentrations to justify in
vivo log change in chlorophyll fluorescence per unit time being used for
measuring specific growth rates.

2.3. Calculation of carbonate chemistry parameters

To determine pH, alkalinity, and DIC drift, approximately 12 mL of
seawater sample was collected on the day of inoculation and at harvest
after filtering through a 0.22 pm syringe filter unit and stored in Labco
Exetainer® vials with no headspace. The seawater samples were titrated
in technical duplicates with a 0.01N HCI standardized solution on a
Metrohm 916 Ti-Touch titrator to determine Total Alkalinity (TA) and
pH. The pH probe was calibrated daily using NIST standard reference
material (Thermo Scientific), and the precision and accuracy of the
machine were assessed using Dickson CO5 in seawater reference mate-
rial (Batch 126, 197) provided by A. Dickson, Scripps Institution of
Oceanography, La Jolla, CA. See Methods (Supplementary Material) for
an overview of the precision and accuracy of the Dickson standards.
Carbonate chemistry parameters were calculated using CO2Sys v2.1
(Pierrot et al., 2006) with the measured pH, TA, temperature, and
calculated initial phosphate and silicate concentrations. The K; and Ky
constants were obtained from Mehrbach et al. (1973) and refit by
Dickson & Millero (1987).

2.4. Isotopic measurements

For the analysis of 513C of organic matter (6*3Corg), 200 mL (per
technical replicate) of culture was filtered through pre-combusted
(450 °C, overnight) GF/F filters, washed with sterile seawater, acidi-
fied using 230 uL of 0.1N HCI and oven-dried overnight at 40 °C. Sam-
ples were analysed on an Elementar Vario Isotope Select Elemental
Analyser linked to an Isoprime 100 continuous flow IRMS at the Stable
Isotope Ratio Mass Spectrometry Laboratory, School of Ocean and Earth
Science, University of Southampton, National Oceanography Centre in
Southampton, UK.

To measure 6'°C and 6'®0 of coccolith calcite (613CcOcconth,
5"80coccolith), approximately 600 mL of culture was filtered on a poly-
carbonate filter with a 0.8 pm pore size. The collected material was
cleaned according to (Lee et al., 2016, Supplementary Material). Inter-
nal standards were treated in the same manner as samples to evaluate
the isotopic offset from absolute values due to cleaning.

For 6'3C and §'80 of DIC (513CDIC and 5180D1C), culturing media was
collected on the harvest day in the same way as the alkalinity samples.
All calcite and DIC samples were analysed on a Thermo Delta V
Advantage at the Stable Isotope Laboratory, Department of Earth Sci-
ences, University of Oxford.

5'3C of CO, was calculated from 6136131@ and the absolute tempera-
ture (Tg) according to Mook et al. (1974) and the following equation
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taken from Rau et al. (1996)
5 Ceo, = 8" Cpic +23.644 — (9701.5/T)

53¢ of inorganic calcite (613C1N0Rc,) was calculated as 513CD1c +1
(Romanek et al., 1992) and §'0org was calculated to be —0.72 %o V-
PDB, based on the equation from Kim & O’Neil (1997) and Watkins et al.
(2013) for a temperature of 17 °C and the 5180 of the seawater of 0 %o V-
SMOW (Table S2, Supplementary Material). The effect of pH was
considered from Zeebe (1999), where the 50 of the precipitating
calcite becomes lighter (depleted) with increasing pH as a consequence
of the increasing proportion of the isotopically depleted CO%".

Reproducibility of replicated standards (NBS 18 and NBS 19) was
always better than 0.07 %o VPDB for 513CCalcite and better than 0.11 %o
VPDB for §'%0caicite. In addressing the impact of the cleaning process on
isotopic values, an internal calcite standard was employed to account for
offsets. The cleaning process resulted in a depletion of (-)0.13 %o in
5'3Ccaicite values relative to the expected absolute values, while
5180ca1cite values exhibited a corresponding enrichment of (+)0.04 %eo.
The standard error associated with isotopic analysis using external
standards found from the influence of the cleaning process on the ab-
solute isotopic values of the internal standard was non-significant. The
influence of sample treatment with similar magnitudes has been docu-
mented in prior studies (McConnaughey, 1989a). A comprehensive ex-
amination using Scanning Electron Microscopy did not reveal any
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indications of inorganic CaCO3 overgrowth or coccolith dissolution after
cleaning. For 513C values of cellular organic matter (6*3Core), repro-
ducibility on replicated standards (USGS 40 and 41a) was 0.00 — 0.04 %o
VPDB for USGS 40 and 0.05 - 0.43 %0 VPDB for USGS 41a.

3. Results
3.1. Carbonate chemistry

During the dilute batch culture experiments, the average change in
dissolved inorganic carbon concentration, [DIC], was approximately
4.7 %, with an average pH drift of 0.04 units. We used the initial alka-
linity and pH values to compute and visualise other carbonate chemistry
parameters, such as CO; concentration (hereafter [CO-]). It is noted that
the method of altering carbonate chemistry (through acid/base addi-
tion, COz bubbling, or changing DIC concentration) can impact spe-
cies-specific responses to varying carbonate conditions (Bach et al.,
2013; Hoppe et al., 2011; Iglesias-Rodriguez et al., 2008; Kottmeier
et al., 2016a,b). The observed responses in this study are a consequence
of modifications in both [CO5] and [H'].

3.2. Effect of [CO2] and pH on growth rates

All species consistently exhibited a decrease in growth rate

pH
8 7.8 76

 (day™)

C. braarudii
C. carterae
G. huxleyi

C. leptoporus
G. oceanica

ol

0 10 20

30 40 50

CO, pmol KgSw-1

Fig. 1. Growth rates (day’l) for C. braarudii (M), C. leptoporus (@), C. carterae (4), G. huxleyi (¥), and G. oceanica (¢). Each point is an average of 3 biological
replicates. The curved lines represent 2nd-degree polynomial fits. Vertical bars indicate maximum growth rates (uop), defined as the maximum of the polynomial fit
curve. A plot of growth rates of all biological replicates can be found in the Supplementary Material (Fig. S3).
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(minimum of ~0.2 day’l) when exposed to high [CO-] and low pH (CO»
> 40 pmol kg_l, pH < 7.75), while species-specific effects were
observed at low [CO3] (high pH; Fig. 1). These observed changes in
growth rates are in line with previous research findings, as all species
exhibited an optimum growth curve in response to variable [CO5] and/
or pH (Gafar et al., 2019b; Kottmeier et al., 2022).

The estimates for growth rate optimum (uep) for COz and/or pH
differed among species: C. leptoporus exhibited a modelled pop at 16.3
pmol kg~! (pH 8.1), C. braarudii at 21.05 pmol kg™* (pH 8.02), C. car-
terae at 13.5 pmol kg ! (pH 8.22), and G. oceanica at 3.5 pmol kg~ * (pH
8.7). G. huxleyi did not reach a CO optimum for growth (< 5 pmol kg !,
pH >8.8).

G. huxleyi exhibited the highest growth rate of 0.91 d~! at [CO5] of
5.1 pmol kg ™! (pH 8.6) and continually declined with increasing [CO5]
(Fig. 1). Similarly, maximum u for G. oceanica was 0.94 d'at [CO5] 11
pmol kg™ (pH 8.3) and growth rates declined with increasing CO
(decreasing pH). Growth rates for C. carterae plateaued for [CO2] below
22 pmol kg’1 (pH 8.05). C. braarudii showed maximum u between [CO3]
10-30 pmol kg ™! (pH 7.9 - 8.3) of ~ 0.58 d~! and showed declining x at
higher and lower [CO,]. Overall, C. leptoporus showed the lowest u in
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comparison to other species at all [CO,] conditions and we observed
significant cell clumping at [COs] ~ 40 pmol kg™ (pH 7.7). Similar
observations have previously been reported for C. leptoporus (Langer and
Bode, 2011).

Declining growth rates with increasing [CO5] (decreasing pH) align
with some studies (e.g., Gafar et al., 2019; Kottmeier et al., 2022; Krug
et al., 2011), but differ from others (e.g., Langer et al., 2009; Rickaby
et al., 2010; Hermoso et al. 2016) where growth rates did not change
significantly with increasing [CO.]. This may be owing to carbonate
chemistry parameters in these studies being manipulated through either
CO bubbling or DIC addition, instead of pH manipulation as in this
study. Culture conditions, such as temperature, light intensity, nutrient
concentration, seawater composition and irradiance cycles can also
affect coccolithophore sensitivity to changing carbonate chemistry
(Bach et al., 2015; Rokitta and Rost, 2012; Sett et al., 2014; Zhang and
Gao, 2021; Zondervan et al., 2002). Growth rates can be compared be-
tween experiments within this study to understand species-specific and
interspecific responses. Significant changes in coccosphere size were
only observed in C. carterae, where coccosphere diameter increased from
~12 pm to ~19 pm with increasing [CO3] (Fig. S6, Supplementary

pH pH
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Legend
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C. braarudii
&'3C/ 680 of Inorganic Calcite
C. carterae
G. huxleyi
G. oceanica

¢4 Heo

Fig. 2. () A"*Ceoccotith (8" *Ceoccotith — 8'*Ceo2), (b) A'®Ococeotith (8'*0coceolith — 8'0pic); (€) A'*Corg values (8'*Copg - 8'*Ceo2) for C. braarudii (&), C. leptoporus
(@), C. carterae (4), G. huxleyi (¥), and G. oceanica (¢). Note the change in y-axes. Each data point signifies an average of 3 biological replicates, each with 3
replicate measurements. Measurements for each biological replicate can be found in the Supplementary Material (Fig. S4). Error bars represent one standard de-
viation. The grey line in (a) and (b) represents isotope values for inorganic calcite derived from (Kim and O’Neil, 1997; Romanek et al., 1992; Watkins et al., 2013).
61801n0rganic calcite Values are adjusted for pH according to (Zeebe, 1999). 5'80 values for Inorganic Calcite from Watkins et al. (2013) represent closest 880 values to
thermodynamic equilibrium, while 5'80 values for Inorganic Calcite from Kim and O’Neil (1997) represent inorganic 880 values influenced by kinetic isotope
effects. Note that although the relationship between §'%0 and pH is linear, between §'%0 and CO,, it is logarithmic.
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Material).

3.3. Stable isotopes

The carbon and oxygen isotopic composition of the coccolith calcite,
denoted as A'3Ccoccotith and A'®0coccolith were plotted in the form of
513CCoccolith - 613CCO2 and EISOCOCCOM —5180131(; values, respectively
(Fig. 2a,b). carbon isotopes of the organic matter are represented as
A13C0RG = 613C0RG - 613Cc02, %o VPDB. This allowed the quantification
of the true isotopic fractionation relative to DIC, e.g., A3Cooccolith =
613CC0ccolith - 613C(;02, %o VPDB (Hermoso et al., 2016a; McClelland
et al., 2017; Zeebe and Wolf-Gladrow, 2001). We assume that the DIC
species and their respective isotopic compositions (6*3C and §'®0) were
in isotopic equilibrium with H,O and other ions in the seawater when
the experiment commenced. The magnitude of isotopic offset from
calculated inorganic calcite values (Table S2, Supplementary Material),
deemed the vital effect, were derived as 513CCOcconm - 513cmorgamc calcite
and § 18OCoccolith - 51801n0rganic calcite (Fig~ 3). The A13c:Coccolith and
AlsOCOCCOmh values aligned with previous studies (see Results: Supple-
mentary Material).

3.4. Species-specific coccolith vital effects

A crucial reference point to infer species-specific offsets is the iso-
topic composition of inorganic calcite, which is affected by both equi-
librium and thermodynamic fractionation effects due to pH. At a given
temperature, the 5°C and 5'®0 values of inorganic calcite are deter-
mined by the speciation of carbon species in the DIC according to the pH
(Zeebe, 1999). With increasing pH, the 5180 value of the inorganic
calcite will become more depleted due to the increasing proportion of
isotopically depleted CO3" ions, referred to as the “carbonate ion effect”
(Zeebe, 1999; Ziveri et al., 2012).

Although the §'3C of carbonate species varies within the carbonate
system, with the 513C of CO;, being (-)9 %o more depleted, and 513C of
CO%’ (-)2 %o more depleted compared to that of HCO3 (Zeebe and Wolf-
Gladrow, 2001), the 513C of the calculated inorganic calcite should
exhibit no change at equilibrium. This is because if the inorganic calcite
is precipitated with all DIC species, the 8'3C of the inorganic calcite
should only show a consistent 1%o enrichment in the solid irrespective of
the pH (Romanek et al., 1992).
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G. huxleyi displays slightly positive ABCCocmhm values (up to ()2 %o
enrichment than 613Cmorgamc calcite) When CO; levels are below ~17
pmol kg~ (below pH 8.1; Fig. 3a). However, when CO levels go above
this threshold, G. huxleyi exhibits negative vital effects in A13CCOCCOmh
(Fig. 3a). A similar shift in vital effects is observed in G. oceanica at 17
umol kg’1 CO.. However, G. oceanica shows near-inorganic A13CCOCCOmh
values (< (-)2 %o depletion than 613C1n0rgamc Calcite) at CO2 levels below
17 pmol kg’1 in AISCCOCCOMh. Moreover, A13ccoccoliﬂ1 values for
G. oceanica above 17 pmol kg~! CO, are more negative compared to
G. huxleyi. These observations suggest that both G. huxleyi and
G. oceanica exhibit near-inorganic vital effects below ~17 umol kg™ *
CO3 (corresponding to a pH of 8.1), while above this CO;, concentration,
G. huxleyi and G. oceanica display negative vital effects in A13CcOccohth.
A180C0ccomh values exhibit similar trends to A13CCoccolith (Fig. 3b). When
compared to the inorganic calcite by Kim and O’Neil (1997), G. huxleyi
and G. oceanica display positive vital effects in A0¢occolith values below
~17 pmol kg™! CO,. While above this threshold, G. huxleyi exhibits
near-inorganic AISOCOCCOM1 values, and G. oceanica exhibits negative
A18OCchcolith values.

Vital effects in ABCCQCCOM1 of C. braarudii and C. leptoporus show a
consistent depletion of ~4 %o compared to the inorganic value, except
when CO; falls below 10 umol kg ™!, at which point these species display
large negative vital effects (Fig. 3a). Regarding AlSOchcomh, C. braarudii
only exhibits minor deviations from the inorganic values, while
C. leptoporus consistently departs from the inorganic value by a constant
offset (Fig. 3b). Finally, C. carterae demonstrates that ABCCoccolith values
become progressively depleted as CO2 concentrations rise (due to
lowering pH), while AlSOCoccolith values consistently exhibit negative
vital effects under all CO; and/or pH conditions, similar to C. leptoporus.

4. Discussion
4.1. Growth rate: effect of species-specific [CO2] and/or pH optima

We found distinct growth rate optima (uop) for CO2 and/or pH
among various coccolithophore species. Notably, C. braarudii and
C. leptoporus exhibited uiop values at 21.05 (pH 8.02) and 16.3 pmol kg™!
CO- (pH 8.1) respectively (Fig. 1). C. carterae demonstrated a uop, value
at 13.5 pmol kg ! CO, (pH 8.22), while G. oceanica displayed a Hopt
value at 3.5 pmol kg ! CO, (pH 8.7). G. huxleyi did not exhibit an upper
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Uopt limit (< 5 pmol kg1, pH >8.8). A growth optimum likely sits at the
intersection of H'-induced growth inhibition and CO, fertilisation at
low pH, and alleviation of H'-related inhibition, high pH-related
cellular stress, and CO5 limitation at high pH. Moreover, species-
specific optima exist due to the contrasting physiologies and carbon
requirements of the species studied here.

The uopt values at high CO2 (and low pH), for larger-sized, heavily
calcifying species such as C. braarudii, and C. leptoporus is due to their
high carbon demand (see Table S1 for species-specific PIC and POC
quotas, Supplementary Material). Moreover, the ancestral lineages to
these species existed in more acidic, CO5-rich waters during the Paleo-
gene (Agnini et al., 2014; Ridgwell, 2005; Young, 1998). A significant
growth rate decline in both C. braarudii and C. leptoporus is observed
below 10 pmol kg_1 [CO2l, when approaching the lower limit of their
optimum curve (Fig. 1). The decline suggests a CO, limitation at lower
[CO2] (Bach et al., 2013, 2011). Signs of carbon starvation are also
evident in the coccolith malformations of C. braarudii under low CO,
conditions (Fig. S6, Supplementary Material). The declining growth
rates suggests that these species rely predominantly on passive COy
diffusion as their carbon source and are less able to use HCO3, which is
abundant at the higher pH conditions (Zeebe and Wolf-Gladrow, 2001).
At lower CO; levels, diffusive and active carbon uptake may be insuf-
ficient or have too low affinity to meet the carbon demands of these two
species.

The notion of active carbon uptake has been primarily explored in
the context of G. huxleyi (Mackinder et al., 2010; Rokitta and Rost, 2012;
Sikes et al., 1980). Therefore, it is plausible that the active carbon uptake
capabilities might explain the absence of a lower limit for a growth
optimum for G. huxleyi, which also has a comparably low carbon de-
mand due to its small size and low PIC quotas (Table S1). Similar
mechanisms probably exist in the case of the small sized and lightly
calcifying G. oceanica, as it exhibits a similar trend to G. huxleyi in its
growth rates (Fig. 1). G. huxleyi exhibits high affinity for CO3 and/or an
effective active carbon uptake mechanism as suggested by the reported
half-saturation rate (K.) for growth at 1.7 pmol kg’1 CO4 (Feng et al.,
2017), which aligns with its uop value at low CO; concentrations. This is
noteworthy, given the high half-saturation rates for RuBisCO in
G. huxleyi, reportedly at 39 — 41 pmol kg~ CO, (Heureux, 2016; note the
difference between half-saturation rates for growth and RuBisCO).
These findings further support the presence of an active carbon
concentrating mechanism (CCM) in G. huxleyi, particularly under low
CO; conditions (Kottmeier et al., 2014; Reinfelder, 2010; Zhang et al.,
2021). Given the predominant focus on the active carbon uptake
mechanisms in G. huxleyi, it is important to determine the extent of this
mechanism in other species, particularly those which exhibit uop values
at high CO; concentrations due to their larger size and/or higher
calcification requirements as highlighted in previous studies (Bach et al.,
2015; Daniels et al., 2014).

The popt value for C. carterae at a relatively higher CO; concentration
is possibly due to its large cell size, despite being the lowest PIC:POC
species (Table S1, Supplementary Material). uqp values at a higher CO2
concentration may be due to the large internal carbon pool of C. carterae
(also C. braarudii and C. leptoporus), which requires higher carbon fluxes
into the cell for its replenishment or due to their higher internal pH
buffering capacities. A decrease in coccosphere size for C. carterae was
observed with decreasing [CO2]/increasing pH, resulting in a ~60 %
increase in Surface Area to Volume (SA:V) ratio (Fig. S2, Supplementary
Material). An increase in the SA:V ratio may potentially aid CO, diffu-
sion into the cell under reduced CO; availability. Alternatively, cell size
may increase under low pH due to elevated [H*]-driven reduced cellular
division rates (inferred from reduced growth rates at low pH in Fig. 1).
Nonetheless, the flexibility in cell size and the plateau in growth rates at
a wide pH range (pH 8 — 8.7) can be a trait related to the dynamic coastal
habitat of C. carterae (Houdan et al., 2004).

Increased carbon supply at higher CO, concentrations has been
shown to enhance growth due to its fertilizing effect on phytoplankton,
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as the enzyme RuBisCO utilizes CO5 for carbon fixation (Fiorini et al.,
2011; Iglesias-Rodriguez et al., 2008). This phenomenon has been pre-
viously demonstrated in the case of C. braarudii (Halloran et al., 2008;
Langer et al., 2006), which is consistent with our findings of uop; values
at high CO5 concentrations for the same species.

Our study reveals a consistent decline in growth rates for all species,
especially at [CO,] greater than 30 pmol kg™! (below pH 7.9). This
observation coincides with increased malformation in the coccolith
calcite (Fig. S6, Supplementary Material) suggesting the inhibitory ef-
fect of increased [H'] associated with decreasing pH is experienced
universally (Bach et al., 2015; Suffrian et al., 2011; Taylor et al., 2011).
In terms of pH sensitivity, the inhibitory effect of pH in G. huxleyi and
G. oceanica is observed as a continuous decline in growth rates starting
from pH 8.4 and progressing to lower pH values. However, the inhibi-
tory effect of low pH on the growth rates of C. braarudii, C. leptoporus and
C. carterae is observed only at pH levels below 7.9. This implies that the
larger species (C. braarudii, C. leptoporus and C. carterae) display a
stronger threshold towards sensitivity to declining pH which may be
attributed to their stronger intracellular pH buffering capacity due to
their comparatively large size and small SA:V ratio (Table S1). H' efflux
during calcification through membrane channels has been previously
documented as the mechanism responsible for pH homeostasis in
C. braarudii (Kottmeier et al., 2022; Taylor et al., 2011). It is plausible
that this mechanism is also operative in C. leptoporus and C. carterae,
contributing to their higher tolerance to variable pH.

4.2. The relationship between vital effects and carbon demand to supply
ratio

Species-specific growth rates at varying CO, and pH levels allows the
investigation of vital effects to the carbon demand to supply ratio
(represented as u/CO3) and often used to describe the sensitivity of
carbon isotopic fractionation into organic matter (e.g., Keller and Morel,
1999). While previous research has examined the relationship between
1/CO2 and vital effects in coccolith calcite (e.g., Hermoso, 2015) and
isotopic fractionation in organic matter (e.g., Tchernov et al., 2014),
studies rarely address both the organic and inorganic systems
simultaneously.

Although the parameter u/COs, as a measure of the carbon demand
versus supply, may not incorporate factors such as the additional carbon
demand imposed by a calcifying cell for biomineralisation, or carbon
supply through active HCO3 uptake, it does offer a framework for
interpretation (Hermoso et al., 2016b). This significance is magnified as
the portion of carbon supply via active HCO3 uptake has only been
quantified in one coccolithophore species (Kottmeier et al., 2014;
Kottmeier et al., 2016a). According to Kottmeier et al. (2014), G. huxleyi
used >90 % CO, below pH of 8.1 ([CO,] greater than 17 pmol kg~! for
this study) and the proportion of active HCO3 uptake progressively
increased above pH 8.1, with ~55 % HCOj3 at pH 8.7. The current study
did not measure calcification rates so these cannot be factored into the
carbon demand calculation. SA:V ratio is included to get a better esti-
mate of carbon demand through organic carbon fixation and diffusive
supply of COs, especially with changing cell sizes. In this study, SA:V
calculations were based on coccosphere diameters rather than naked cell
sizes, as measuring the latter resulted in higher inaccuracies.

Vital effects in Fig. 3 suggest that large-sized and heavily calcifying
species such as C. braarudii and C. leptoporus that show up¢ values at high
CO4 concentrations, show a consistent depletion of ~ (-)4 %o from
inorganic calcite under most scenarios, and only exhibit significant
offsets in A'®Ccoccolith under the lowest CO, concentrations. Small-sized
and lightly calcifying species such as G. huxleyi and G. oceanica that
show a uop; value at low CO, concentrations, show a shift towards more
depleted values at 17 ymol kg~! CO, but display a constant offset from
each other across the conditions. Finally, C. carterae that exhibit pop;
values at intermediate CO, concentrations, display progressively
depleted AlaCCocco]ith values with increasing CO, while AlSOCOCCOmh
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values show minimal changes. In the following section, we investigate
the relationship between vital effects and carbon demand to supply ratio
in these three groups, and provide insights into the observed trends in
AIBCCOccohth, AISOCOCCOmh, and A13CORG across varying growth rates,
CO,, and pH levels.

4.2.1. Long carbon residence times in C. braarudii and C. leptoporus allow
isotopic equilibration of their internal pool: vital effects emerge during lowest
carbon supply and high carbon demand

Above [CO3] of 10 pmol kg’l, growth rates decrease at high CO5, and
coccoliths show malformations with increasing CO (Fig. S6, Supple-
mentary Material) for C. braarudii and C. leptoporus. Moreover, their
A13ccoccolith values show a consistent offset from the §'3C of inorganic
calcite (grey line, Fig. 4a), with minor variations in isotopic values with
increasing CO5 (Fig. 4a), and minimal changes with u/CO, ([CO3] >10
pmol kg™Y; Fig. 4c). Similar offsets at high [CO,] have been reported
previously (Hermoso, 2015; Wilkes et al., 2018). At [CO3] above 10
pmol kg’l, A13CORG values become more depleted with increasing CO2
and decreasing growth rates (Fig. 2c, 4b). This observation is consistent
with previous studies that report a depletion in A*Cogg values with
increasing diffusive COy supply due to increasing ambient CO, con-
centration (e.g., Burkhardt et al., 1999a).

Regarding AlSOCOCCDmh values, C. braarudii exhibits minor offsets
from inorganic calcite, while AY®0¢occolith values for C. leptoporus show a
consistent offset towards depleted values from the inorganic value under
all CO,, conditions (Fig. 2b, 3b). The lack of changes in A*®0¢ccolith With
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1/CO suggest that carbon residence times are long enough to allow
isotopic equilibration of the oxygen isotopes with intracellular HoO
(Fig. 4d). The offset in A®0coccolith  towards depleted values in
C. leptoporus can be attributed to the pH of the calcifying fluid within the
coccolith vesicle (described hereafter as intracellular pH) being higher
than the ambient pH, as reported previously (Liu et al., 2021). Specif-
ically, under high intracellular pH, A®0¢occolith becomes depleted due
to the increased proportion of the (isotopically depleted) CO3™ ions.
Although intracellular pH may increase proportionally with ambient pH
(Suffrian et al., 2011), active Ca®t/H™ exchangers can raise the pH of
the calcifying fluid to increase the calcite saturation state, therefore,
affecting the CO%’/HCOg ratio (Anning et al., 1996; Chen et al., 2018;
Mackinder et al., 2010). It is worth noting that the 5180 value of CO35~
itself becomes more depleted with rising pH (Zeebe, 1999). Similar
mechanisms of elevating intracellular pH to promote calcification have
been observed in corals (Venn et al., 2011).

Below [CO3] of 10 pmol kg‘l, AYCcoccolith, A2Corg, and growth
rates for C. braarudii and C. leptoporus show a consistent decline (Fig. 1,
2a,c, 4a,b). This observation points to a unifying factor driving the
concurrent isotopic depletion in the calcite and organic matter, which is
a consequence of alterations in the isotopic composition of the shared
internal pool (Fig. 2a,c, 4b). Under CO,-limiting conditions, where
growth rates are COo-limited and imply a diminished internal carbon
pool, a strong CO, gradient is established between the highly utilised
(and therefore low concentration) intracellular carbon pool and the
ambient seawater that facilitates high rates of passive diffusion of
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isotopically depleted CO5 (~9 %o depleted compared to DIC, for 5!3C)
into the coccolithophore cell. Within the carbon depleted internal pool,
there is very little carbon for isotopic exchange, such that the carbon
isotopes of the internal pool tend towards that of the carbon supply. The
calcite and organic matter then reflect the COs-induced depletion in
isotopic values of the starved carbon pool, which has allowed no carbon
isotopic equilibration as both calcification and organic matter fixation
draw carbon from the same intracellular carbon pool (Holtz et al., 2017;
Kaplan and Reinhold, 2003; Tchernov et al., 2001). A strong coupling
between A*Ceoccotith and A3Corg suggest that the primary substrate for
the internal carbon pool is CO5 (Hermoso, 2015) and that a mechanistic
relationship exists between the cell cycle and calcification, which has
previously been suggested for C. braarudii (Walker et al., 2018).

The internal carbon pool represents carbon dissolved in a water

pH
888684 82 8 7.8 7.6
a
I T I I | l \
P ) 4
8 12 — h 4
% i ¥
s .
o=
< 8 Q? Y
ON
o
O _
e} : _
l-: £ <2 @ <\>
s b
§ 1 I
<. =
g M oy 5
w0 s A=)
2
v
I L
0 10 20 30 40 50
C,_ CO, umol KgSw-!
m
(@)
a _
> b ,,v"“'! i
s v
S=
S 0 — v ——
O —
8 »
£ *%e
g
2
5
3
w
1
%
8
Q
O
o
1o
! | ! | |
0 0.1 0.2 03

px V/CO,x SA (pm KgSW umol'day')

Geochimica et Cosmochimica Acta 373 (2024) 35-51

media such that there are sufficient oxygen atoms available from H50 to
equilibrate the oxygen isotopes given sufficient residence time, which
dilutes the heavy oxygen isotopic signal of the diffusing CO, (Hermoso
etal., 2016). An aggravated CO, gradient stems from the extremely high
carbon demands (uop at high CO, concentrations, high PIC, large cell
size) for these species and severely starved intracellular carbon con-
centrations at low [CO3]. Moreover, passive CO; diffusion can be
enhanced under low [CO»] through H' efflux to maintain pH homeo-
stasis during calcification or during Ca?*/H* exchange (Mackinder
et al., 2010; Taylor et al., 2011).

The difference in AlSOCocmmh offsets for C. braarudii and
C. leptoporus suggest contrasting mechanisms for intracellular pool
equilibration, where C. braarudii possesses a large intracellular pool with
long carbon residence times, allowing isotopic equilibration and wugp
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values at higher CO, concentrations. Moreover, AISOcOccohth values
similar to those of inorganic calcite suggest high intracellular pH buft-
ering capacity in C. braarudii (Fig. 2b, 3b). Whereas C. leptoporus pos-
sesses a smaller intracellular carbon pool (compared to C. braarudii),
which is more susceptible to depletion, but higher intracellular pH and
long residence times for carbon causing an isotopic offset in AlSOCocmmh
values and i, values at higher CO, concentrations. The size of the in-
ternal carbon pool can be said to be proportional to the size of the cell
(Fig. S2). Moreover, the contrasting size of their intracellular carbon
pool is marked by the magnitude of isotopic change under CO,-limiting
conditions where C. braarudii exhibits small offsets in §!3C due to a large
intracellular carbon pool but C. leptoporus displays large depletion in
513C due to a comparatively smaller internal pool.

Observations reported here are unlikely to be caused by hydroxyl-
ation/hydration of CO, to HCO3 as changes in A0coccolith values with
changing CO; are negligible (Fig. 2b, 3b, 4d). Moreover, the depletion in
A'3Copg as observed at CO4 below 10 pmol kg‘1 should not occur during
hydration/hydroxylation of CO5 into HCO3 because CO- serves as the
primary substrate for RuBisCO and therefore should not be affected by
hydration/hydroxylation reactions. Also, the likely presence of carbonic
anhydrase in coccolithophores would catalyse this reaction (Reinfelder,
2010).

4.2.2. Vital effects for G. huxleyi and G. oceanica show greatest change
during low carbon demand and high carbon supply due to the short carbon
residence times in their internal carbon pools.

The isotopic shift in AY3Cqoccolith values for G. huxleyi and G. oceanica
at ~ 17 pmol kg ™! (pH 8.1) is caused by changes in the mode of carbon
uptake (Kottmeier et al., 2014). CO; diffusion driven carbon uptake is
prominent at high [CO,], causing isotopic depletion in the 5'3C of the
carbon pool, while active uptake of isotopically heavy (5'3C) HCO3
brings the pool closer to inorganic values at low [CO,] (Fig. 5a). Active
carbon uptake is also evident as growth rates are not limited under low
CO4 conditions. Indeed, the best growth conditions for these species
appear to be at low CO» (Fig. 1; 5a-inset). Alternatively, heavier
AY3Ceoccolith values at low COy/high pH can also be attributed to pref-
erential leakage of lighter CO, from the internal carbon pool. CO,
leakage was previously suggested to be prominent in G. huxleyi at low
[CO2] (Rost et al., 2006). Under low COs, the intracellular carbon pool
has a higher carbon concentration than ambient seawater, causing COy
leakage, while at high CO, (>17 pmol kg1, pH < 8.1), diffusion of
lighter CO into the cell causes isotopic depletion of the intracellular
carbon pool, and consequently, the coccolith calcite. This indicates that
the intracellular carbon concentration in these species is > 17 pmol kg !
(Liu et al., 2021).

Although shifts in carbon uptake mechanism have been documented
through A13CORG (as &) at [CO2] of ~13 pmol kg’1 (Burkhardt et al.,
1999b; Keller and Morel, 1999; Laws et al., 1998; Tchernov et al., 2014),
in this study, G. huxleyi and G. oceanica exhibited only minor changes in
A13CORG (Fig. 2¢, 5b), suggesting minimal changes in the isotopic frac-
tionation of carbon into the organic matter. Moreover, the ABCorg
values for G. huxleyi are significantly more enriched (6 — 9 %o) than those
reported for G. huxleyi RuBisCO previously (11.1 %o, Boller et al., 2011).
These observations can be due to ample carbon supply that is meeting
the cell’s carbon demand owing to their small size (large SA:V ratio), and
active carbon uptake under low CO, concentrations (Table S1). More-
over, no changes in Rayleigh fractionation are observed (through min-
imal changes in A'®Corg) due to carbon supply being higher than
demand under all pH/CO5 conditions.

The lack of changes in A3Copg values for G. huxleyi and G. oceanica
in contrast to the observed changes in AlBCCOccohth and Alsoc(,cmmh
values indicate a short carbon residence time for these species. A short
residence time causes calcification and photosynthesis to “see” different
carbon pools as if the processes were offset in time and/or space. The
small cell size of G. huxleyi and G. oceanica (compared to other species in
this study), corresponds to a small internal carbon pool in these species,
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and reduced internal pH buffering capacity. The higher SA:V ratio and
fast calcification rates as reported previously (Balch et al., 1993; Daniels
et al., 2014) lead to high CO, fluxes in and out of the cell, causing short
residence times for carbon in the intracellular carbon pool. Alterna-
tively, the lack of changes in A'3Corg values are possible if resource
allocation favoured towards photosynthesis rather than calcification.
This seems plausible since G. huxleyi exhibits evidence towards a
decoupling between calcification photosynthesis as it can still grow non-
calcified in nature or when calcification is disrupted through calcium
limitation in the laboratory (Paasche, 2001; Trimborn et al., 2007).

ABCCOCCOmh and AlSOCOCCOﬁth values for G. huxleyi and G. oceanica
exhibit kinetic isotopic fractionation as both isotopic systems show
depleting isotopic values with increasing diffusive CO, supply (Fig. 5c,
d). This observation agrees with Hermoso (2015), where it was sug-
gested that the source of carbon for the internal carbon pool in cocco-
lithophores is mainly CO2. Moreover, there is a pronounced change in
the gradient of A3Cqoccolith and AM™®Ococcolith values with increasing
1/COo, illustrated by the line fits in Figure 5c, d. Under conditions of
high COy/low pH and reduced growth rates, diffusive (isotopically light)
CO, appears to imprint a small internal carbon pool, therefore,
A13CC0ccolith values become depleted in proportion to the excess CO5
supply (Fig. 5¢). As the u/CO> ratio increases, the demand for carbon
escalates while the diffusive carbon supply diminishes, which results in
enriched isotopic values in these species (Fig. 5¢,d; Fig. 4 in McClelland
et al., 2017).

Diffused CO5 should experience a more pronounced depletion in
5180 compared to 8'3C (Thiagarajan et al., 2011). This is because the
mass difference between '°0-180 is larger than that of 12C-13C, leading
to greater fractionation between O isotopes (Wanner and Hunkeler,
2019). In contrast, our study exhibits a larger depletion in the
ABCCOCCOmh (depletion of up to ~ 6 %o from inorganic values at highest
CO», Fig. 5¢) compared to the Algoc(,ccomh (depletion of ~ 2 %o from
inorganic values at highest COy, Fig. 5d). The smaller magnitude of
change in §'%0 compared to 5'3C could be due to the small size of the
internal carbon pool and rapid turnover time (fluxes in and out of the
cell) for carbon which allows for larger isotopic shifts in '3C due to the
addition of COy, but a greater abundance of oxygen through H50 allows
for partial equilibration of !0 in the intracellular carbon pool.

A departure from the steep gradient between AY3Coccolith and u/COy
emerges at high u/CO, (Fig. 5c, d), indicating an impact of the active
HCO3 uptake as is predicted for photosynthetic fixation (Laws et al.,
2002). This observation points to an active carbon supply mechanism
within the cell, which could alleviate carbon limitation as suggested in
previous studies (Kottmeier et al., 2016b; Zhang et al., 2021). This is
consistent with our growth rate optima for G. huxleyi and G. oceanica,
which is at lower CO, concentrations compared to other species.
Alternatively, a higher intracellular carbon concentration could enhance
CO; leakage, driving the internal pool isotopically heavy. Distinguishing
between active HCO3 uptake and CA-facilitated inter-conversion of
HCO3 and COg, however, remains challenging due to the similarity in
resultant isotopic compositions (Uchikawa and Zeebe, 2012; Zeebe and
Wolf-Gladrow, 2001), despite evidence for the presence of external
carbonic anhydrase in G. huxleyi (see for example, Rost et al., 2003;
Stojkovic et al., 2013).

It is important to note that G. oceanica consistently exhibits more
depleted AY3Ccoccolith and A0coccolith values but isotopically enriched
A3Corg values than G. huxleyi. Similar offsets between these two spe-
cies have been previously observed (Hermoso et al., 2016b). Such an
effect could be causal, that is, removal of depleted carbon from the
intracellular carbon pool into calcite leaves the pool isotopically
enriched from which the organic matter draws its carbon. Alternatively,
the smaller carbon isotopic fractionation into A13CORG for G. oceanica
compared to G. huxleyi could imply a smaller internal carbon pool in
G. oceanica, which is then more susceptible to overprinting from the high
diffusive supply rate of CO; at low pH and has less CO5 to lose diffusively
at low CO» (high pH) due to its larger cell size. However, since the size of
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internal carbon pools are proportional to cell size, we suspect a
comparatively larger internal pool in G. oceanica.

The A'®Cgoccolith and A®0coccolitn trends observed for G. huxleyi and
G. oceanica in this study could also be a consequence of hydration/hy-
droxylation related kinetic isotope effects. However, the known pres-
ence of carbonic anhydrase negates this hypothesis (Rost et al., 2003).
Moreover, the trends in A'3Cgoccotith and A0coccolith Show a significant
shift in isotopic values at CO5 of 17 pmol kg ™! (pH 8.1), which cannot be
explained by hydration/hydroxylation related kinetic isotope effects.
Such a scenario is only possible if hydration/hydroxylation related ki-
netic isotope effects were taking place in addition to CO; leakage / HCO3
uptake (as seen through the horizontal lines and enriched/heavy iso-
topic values in Fig. 3 and 5c,d). Moreover, photosynthetic carbon fixa-
tion and calcification would need to have distinct intracellular carbon
pools such that carbonic anhydrase and Rayleigh fractionation due to
RuBisCO do not affect the carbon pool allocated to calcification only.
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Such a mechanism could resolve the discrepancy between A13CCOCCOmh
and A'3Cgpg values.

4.2.3. Carbon vital effects in C. carterae are sensitive to changing carbon
supply but long carbon residence times alleviate oxygen vital effects
AISCCOCWhth values in C. carterae exhibit a linear trend despite
varying growth rates across different CO, concentrations (Fig. 6a). This
species lacks a covariation in AIBCCOCCOMh and AlSOCocmmh unlike any
other species studied here (Fig 3, 6¢,d). Moreover, depletion in the
AY3Cgoccolith (R% = 0.86) and A'3Coprg (R? = 0.88) linearly correlate with
increasing [CO3], suggesting that organic carbon fixation and calcifi-
cation in C. carterae source their carbon from a shared intracellular
carbon pool, with the same change in the carbon pool being reflected in
both organic and inorganic carbon reservoirs (Fig. 6b). Such a shared
intracellular carbon pool appears to be integral, a concept previously
observed (Liu et al., 2021, 2018). The linear relationship also suggests
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Fig. 6. (a) 8'3Ceoccolith — 8 2Ccos for C. carterae (4) with growth rate (y, day’l) plotted as a subset. Grey line denotes inorganic calcite. (b) AY3Cloccolith VS. ACorg
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- 83Cpyc vs uxV/CO3 x SA can be found in the Supplementary Material (Fig. S5). 8'3Corg - 6'°Cpic Vs uxV/CO, x SA can be found in the Supplementary Mate-

rial (Fig. S5).



N. Chauhan and R.E.M. Rickaby

high sensitivity to CO5 concentrations across high growth conditions as
well as H'-inhibited growth rates, and that the carbon pool assimilates
its carbon mainly from CO, (Hermoso, 2015). It is important to note,
however, that the plateau between Al?’CcOcconth values and u/COq
(Fig. 6¢) highlights either a notable contribution from HCO3 uptake at
lower [CO3], or a diffusive loss of isotopically light COy from the
intracellular pool. A similar change is also evident in ABCorg (Fig. S5),
further suggesting a shared internal carbon pool.

Regarding AlSOCOCCQm}1 values, our observations align with the iso-
topic pattern of pH-corrected inorganic calcite, albeit influenced by a
significant vital effect of ~2 %o (Fig. 2b, 3b, 6d). This finding suggests
that the calcite precipitation occurs in oxygen isotopic equilibrium with
the DIC, and the intracellular carbon pool comprises CO5 fully isotopi-
cally equilibrated with HyO. The observed isotopic offset towards
depleted values is attributed to elevated intracellular pH during calci-
fication across all treatments, a phenomenon comparable to observa-
tions in C. leptoporus. This highlights the physiological similarity
between C. carterae and C. leptoporus where an offset towards depleted
values in A®0¢qccolith values and a Uopt at relatively higher CO; con-
centrations could be caused by a higher intracellular pH and long resi-
dence times for carbon allowing sufficient time for isotopic
equilibration.

C. carterae stands out from the other species in this study, with a
distinctive cellular composition characterised by a low PIC content and a
high POC content (Gafar et al., 2019; McClelland et al., 2017). In
conjunction with the propensity of this species for rapid calcite pro-
duction (yielding potentially more than 100 coccoliths per cell), and a
large intracellular carbon pool that is likely due to a large cell size, the
relatively modest extraction from this pool (due to the low PIC content)
ensures ample time for intracellular carbon pool replenishment and
equilibration with the DIC-H30 system. Moreover, a small SA:V ratio
due to its large cell size reduces the area available for unequilibrated
CO4, diffusion/leakage to take place (Table S1). This can be observed in
the unchanging A0coccolith values suggesting ample equilibration time
for the oxygen isotopes across the different carbon species of the intra-
cellular carbon pool, which is generally the rate limiting equilibration
within the calcification fluid-DIC-H5O system. Additionally, high car-
bonic anhydrase activity can cause rapid isotopic equilibration and
therefore, alleviate kinetic isotope effects (Uchikawa and Zeebe, 2012;
Thaler et al., 2017).

4.3. Trends in carbon and oxygen isotopes as a measure of species-specific
intracellular carbon residence times

Interrogation of the data indicated a relationship between the
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species-specific gradient of the A13CCQCCOmh vs. A180C0ccolith relation-
ship, and the gradient of the AIBCORG vs. A13CC0cmmh relationship
(Fig. 7a). The residence time of carbon in an internal carbon pool may be
the unifying factor driving this correlation. Carbon residence time is
controlled by either the size of the internal pool and/or the rate of
supply/demand (Hermoso et al., 2016b). The steepness of the A®Cgqc.
colith VS. A¥0coccolith gradient is likely driven in part by the time avail-
able for equilibration of oxygen isotopes amongst all the carbon ionic
species and water, the longest equilibration time among the isotope
systems (Zeebe and Wolf-Gladrow, 2001). Further, the degree to which
carbon utilisation of an internal carbon pool drives Rayleigh fraction-
ation within that internal carbon pool, and whether calcification and
photosynthesis draw from an isotopically similar carbon pool also acts as
measures of the residence time of carbon inside the cell (Bolton and
Stoll, 2013; Hermoso, 2015; Hermoso et al., 2016b; Holtz et al., 2015;
Rickaby et al., 2010; Sekino and Shiraiwa, 1996).

The AY3Ceoccoith and A'®0coccolith values of coccolith calcite can be
compared against theoretical maximums of pH-related and CO»-diffu-
sion-related change in A¥3Ceoccolith and A®Ococcolith values (Fig. 7a;
Chen et al., 2018). pH-related depletion in 5'80 values is a primary
process that influences stable isotopes in coccolith calcite and is given by
a horizontal slope (slope = 0; Zeebe, 1999). However, it is important to
note that pH does not influence the §'3C values of calcite, despite the
distinct isotopic compositions of various DIC species because, within an
isotopically closed system, any alterations in 5'3C solely result from
shifts in the 8'3C of the overall DIC (e.g., by adding or removing carbon
of a certain 5'3C value; Zeebe and Wolf-Gladrow, 2001).

Another theoretical maximum can be given by diffusive CO5 that
influences stable isotopes in coccolith calcite (Chen et al., 2018). This
process primarily results in a depletion of §'3C values, provided that
equilibration is established between diffusive CO, and the DIC-H,0
system (Fig. 7a-inset). This depletion occurs because the §'3C of CO; is
~9 %o more depleted than HCO3. The introduction of CO, to an isoto-
pically closed system (e.g., intracellular carbon pool) results in an
overall depletion of the §!3C in the system in proportion to the amount of
carbon therein. Furthermore, the equilibration of H,O and CO, causes
isotopic equilibration in 5!80 values, but with slow (pH-dependent)
kinetics, thus yielding a vertical slope (slope = infinity, Fig. 7a-inset;
Zeebe and Wolf-Gladrow, 2001). Under non-equilibrium conditions
between diffusive CO5 and H»0, the 5'80 of CO, is heavier than that of
C0%, HCO3 and Hy0 (Zeebe and Wolf-Gladrow, 2001).

The emergence of a linear trend with a finite, non-zero slope in this
dataset is a result of kinetic isotope effects impacting both 5'%0 and 5'3C
(Adkins et al., 2003; Chen et al., 2018; McConnaughey, 1989b, 1989a).
Two primary processes contributing to these kinetic isotope effects have
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been identified in this study: (unequilibrated) CO, diffusion, and COy
leakage related fractionation (Fig. 7a-inset). The unequilibrated diffu-
sion of CO; across the cell membrane is driven by concentration gradi-
ents, which lead to depletions in both §!%0 and §'3C compared to the
residual reservoir (i.e., ambient seawater). Furthermore, isotopic frac-
tionations in the diffusing CO, are a consequence of the isotopic
composition of CO, (depleted in 8'3C, enriched in 5'0 compared to
DIC), which is coupled with the kinetic isotope effects of diffusion
(depletion in both §!°C and §'%0; O'Leary, 1984; Thiagarajan et al.,
2011; Zeebe and Wolf-Gladrow, 2001). Moreover, 880 of the diffusing
CO; can equilibrate with intracellular H,O. The combination of these
processes leads to a more substantial depletion in 5'°C than §'%0.

If complete equilibration of §'80 of CO, in the intracellular carbon
pool with the ambient seawater results in a vertical slope, the gradients
observed here can be attributed to the extent of equilibration between
the intracellular carbon pools and the DIC-H20 system. This in turn,
serves as an indicator of the residence time of the intracellular carbon
pool (Fig. 7a). The gradient between Alr“"‘CCOm,]m1 and AlSOCocmmh
values can be calculated as follows (Table S3):

A 13 CCoccolith — Mln(AIB CCoccolith) - Max(A 13 CCoccoliLh )
A 18 OCoccolilh Min (A 18 OCoccolilh ) - Max( A 18 OCoccolilh )

Residence Timex

As previously discussed, the pronounced correlation between
AY3Ceoccolith and A®0coccolith Values for G. oceanica and G. huxleyi arise
due to kinetic isotope effects as a consequence of the short residence
time for carbon within their intracellular carbon pool (Fig. 7a, 8;
McConnaughey 1989a). Conversely, A13CCoccolith and AISOCOCCOmh
values for C. braarudii are a consequence of long residence times for
carbon, and intracellular pH buffered with the ambient pH. C. leptoporus
exhibits long residence times for carbon in its relatively smaller internal
carbon pool due to elevated intracellular pH compared to the ambient
seawater. C. braarudii and C. leptoporus produce relatively steep
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gradients in their A13CC0ccolith and AlsoCmamh values due to isotopic
depletion caused by CO, diffusion under COj-limiting conditions
(Fig. 7a, 8). Finally, C. carterae exhibits a large and well-equilibrated
internal carbon pool with long residence times for carbon (Fig. 8).
Similar to C. leptoporus, C. carterae shows elevated intracellular pH, as
evidenced by its consistently depleted A180C0ccolith values (Fig. 7a).
Notably, C. carterae exhibits a near-vertical slope, i.e., minimal change
in 8'®0 with a trend closely resembling equilibrated diffusive CO,,
characterised by 53¢ depletion solely due to addition of (9 %o depleted)
COa.

Gradients between A'3Corg and A'3Cgoccoich values for each species
can also offer insights into the internal dynamics of the intracellular
carbon pool (Fig. 7b). A steep gradient (e.g., C. carterae) implies a shared
carbon pool between calcification and organic matter fixation such that
each process draws from the same carbon pool, while a shallow gradient
(e.g., G. huxleyi) suggests a decoupling of these processes due to a short
residence time of carbon within the intracellular carbon pool. Therefore,
the gradient between A13C0RG and A13CCoccolith is directly proportional
to the residence time of carbon within the intracellular carbon pool, and
can be calculated as follows (Fig. 7b; Table S3):

Residence Timecx: ABCORG = Min(AlSCORGa) — MM(ABCORGQ)

13 - . 13 13
A CCoccolim Mln(A CCoccolilh) - MﬂX(A CCoccolilh)

#Note that the gradient is calculated using A13C0RG values at CO
concentrations of 2.83 pmol kg~ (CO-limiting) and 11.13 pmol kg !
(lowest non-limiting CO5 concentration) for C. braarudii. This choice is
made because A'3Cqpg values again show depletion with increasing CO»
(Fig. 2¢, 7b).

The relationship between the gradients of ABCCoccomh vs. AlSOCOC_
colith and A'3Corg vs. A3Cgoccotith can therefore be used as two inde-
pendent measurements for characterising species-specific residence time
of carbon within the intracellular carbon pool (Fig. 9). The carbon

C. carterae

Low PIC:POC
Large Cell Size

Nucleus

Fig. 8. A diagram elucidating the three primary carbon regulation categories identified in this study. The magnitude of the blue and orange arrows signifies the
extent of carbon fluxes, with inflows and outflows regulated by the SA:V ratio and PIC:POC ratio, respectively. The size of the internal carbon pool corresponds to cell
size, and the colour of the internal carbon pool signifies its ability to raise intracellular pH (blue — higher pH; purple - pH similar to ambient; red — pH lowered by CO,
fluxes). Although C. leptoporus is categorised alongside C. braarudii because of its high PIC:POC ratios and similarity in isotopic trends, it serves as an intermediary
between C. braarudii and C. carterae. This positioning is attributed to its capacity to elevate intracellular pH akin to C. carterae. M: mitochondrion, CP: Chloroplast.
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residence times obtained from this method agree with studies that have
previously quantified the size of the internal carbon pool using stable
isotopes. For instance, in agreement with Hermoso et al. (2016), this
study suggested that high CO diffusion into the cell leads to heavy
5'80¢occolith values and small cell size (high SA:V ratio, Table S1) results
in short residence times for carbon in the cell. Additionally, this study
shows that the COg is the primary carbon substrate for the internal
carbon pool; and that the degree of utilisation of the carbon pool (e.g.,
through PIC production) determines the extent of equilibration possible
for its isotopes with the ambient DIC and H,0, such that for species with
large internal carbon pools, long carbon residence time allows re-
equilibration of its isotopes, especially under non-CO; limiting condi-
tions (Hermoso, 2015, 2014).

The differential isotopic responses across various coccolithophore
species presented in this study can offer a valuable tool to understand
the dynamics of carbon regulation in coccolithophores that reveal sus-
ceptibility to environmental change and can be used to trace changing
physiology in response to past environmental change. With recent in-
sights into the mechanism of coccolith calcification in G. huxleyi, the
diffusion-limited rates of calcification provide further insights into the
turnover times for carbon in a small coccolithophore cell (Avrahami
et al., 2023). Furthermore, species-specific responses of coccolitho-
phores to varying CO, concentrations have implications for under-
standing how these organisms might fare in the face of ocean
acidification. This study contributes to a more comprehensive view of
the geochemical dynamics that lead to vital effects and highlights the
use of stable isotopes as a tool to understand the mechanisms of carbon
regulation within coccolithophores and broadly for phytoplankton. Or-
ganisms such as coccolithophores, with a calcification regime akin to a
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“closed system” due to their intracellular calcification mechanism pro-
vide significant differences to “open system” calcifying organisms such
as foraminifers and corals. By harnessing clumped isotopes, numerical
modelling and isotopic analyses on a finer scale, the implications of this
work can be expanded to unravel carbon regulation in more complex
organisms, thereby providing insights into the marine carbon cycle.

5. Summary

This study provides insights into the isotopic responses of coccoli-
thophores to changing environmental conditions. The findings gleaned
from this research, which employs carbon and oxygen isotopic ap-
proaches, show that isotopic gradients between A'3Ceoccolith
—A180cOccolith values and A13CCOCCO1M1 - A13CORG values offer a quanti-
tative indicator of the residence time of carbon within the intracellular
carbon pool. This residence time plays a critical role in the physiological
dynamics of coccolithophores, and the size of this internal carbon pool is
proportional to the size of the coccolithophore cell. Moreover, certain
species, such as C. carterae and C. leptoporus can elevate their intracel-
lular pH to minimise CO; leakage. An exception to the cell size — internal
carbon pool size relationship is G. huxleyi, which likely has a carbon pool
larger than that of G. oceanica despite having a smaller cell size. This is
evidenced by the isotopic offsets in the calcite and organic matter, which
are heavier in the coccolith calcite for G. huxleyi compared to
G. oceanica. Such an offset can be brought forward if G. huxleyi has a
larger internal carbon pool, perhaps due to better HCO3 transport that
allows better equilibration at high CO,, but the larger carbon pool
causes more CO; loss under low CO4 conditions due to its higher SA:V
ratio (due to the small cell size) compared to G. oceanica.
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The decoupling of carbon isotopes in calcite and organic matter for
G. huxleyi and G. oceanica suggest a short residence time for carbon and a
small size of the internal carbon pool. On the other extreme lies
C. carterae, which exhibits extended residence times for carbon and the
capacity for full equilibration. Such observations underscore species-
specific nature of carbon residence times, reflecting a spectrum of
physiologies in coccolithophores and possibly broadly in phytoplankton
communities.
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