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Abstract Environmental impacts related to the Ocean Alkalinity Enhancement (OAE) on marine biota
remain underexplored. Ocean Alkalinity Enhancement aims to increase the ocean's total alkalinity (TA),
shifting the carbonate buffer system to prompt air-sea gas exchange and CO, drawdown. These conditions
might be favorable for calcifiers, leading to increased removal of alkalinity in CaCOj; and reversing some of the
intended benefit of the OAE. Here, we parameterize the impact of increased ocean alkalinity on two dominant
end-member coccolithophore species: Gephyrocapsa huxleyi and Coccolithus braarudii. The growth rate of
each species increased significantly with increased alkalinity, likely driven by increasing resupply rates of CO,
from higher HCO;™ concentrations. Both species increased growth rates relative to the control even at the
lowest alkalinity treatments (~3,000 pmol kg™"), which could lead to population expansion under air-
equilibrated OAE, and higher population levels of calcification. At higher TA (i.e., >3,000 pmol kg™"), rates of
calcification were increasingly limited by CO, supply to the faster growing cells which resulted in malformation
suggestive that cell division is prioritized over calcification when CO,-limited. Divergent species-specific
responses may arise because large and heavily calcified C. braarudii have a far greater carbon demand, and rely
on CO, for calcification compared to the smaller, lightly calcified rapidly-growing G. huxleyi which have the
additional capacity to use HCO;~ when CO,-limited. Our study suggests constraints to ensure safe ecosystem
boundaries (i.e., alkalinity 3,000 pmol kg™"), and provides mechanistic insights to understand the impacts of
carbonate chemistry on physiology and calcite production by major calcifiers.

Plain Language Summary The marine Carbon Dioxide Removal industry is expanding rapidly,
highlighting the need for a better understanding of its environmental impacts. One underexplored area is the
effect of Ocean Alkalinity Enhancement (OAE) on marine calcifiers. This study investigates the effects of OAE
on two coccolithophore species, Gephyrocapsa huxleyi and Coccolithus braarudii, which play significant roles
in carbon cycling. Our findings indicate that the rate of CO, supply, correlated with bicarbonate concentration,
is the primary factor influencing growth and calcification rates in both species. Notably, the larger, heavily
calcified C. braarudii had a higher carbon demand than the smaller G. huxleyi, which could explain their
differing responses to OAE treatments. Both species growth faster with increasing total alkalinity, suggesting
they could thrive under air-equilibrated OAE conditions. However, higher total alkalinity levels constrained
calcification rates for faster-growing cells, leading to malformations. While our experimental conditions exceed
typical field trial parameters, this study provides important insights into safe operational boundaries and the
likely impacts on major calcifying organisms in marine ecosystems.

1. Introduction

Reducing emissions will not be sufficient to meet targets to keep global warming within 2°C (GESAMP, 2019;
Gore et al., 2019; Oschlies et al., 2023; Renforth & Henderson, 2017); additional efforts to actively remove
carbon dioxide (CO,) from the atmosphere using Carbon Dioxide Removal (CDR) technologies are needed to
achieve the goal (Fuss et al., 2014; Gagern et al., 2022; IPCC, 2001). Ocean Alkalinity Enhancement (OAE) is
one of the promising marine CDR pathways that can generate alkalinity directly in seawater through the addition
of alkalinity-enhancing materials (Bach et al., 2019; Gagern et al., 2022; Hartmann et al., 2013; Kheshgi, 1995;
Oschlies et al., 2023). It has been estimated that through OAE, if the alkalinity of the global surface ocean were
raised by an additional 100 to >2,000 pmol kg™" by the year 2100, this would result in a potential drawdown of
225-5,550 Gt CO, (Bach et al., 2019; Feng et al., 2017; Ilyina et al., 2013; Kohler et al., 2010, 2013; Taylor
et al., 2017). The CDR industry is growing rapidly, with an estimation of market growth from $370.0 million in
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2022 to $8.1 billion in 2028 by BCC Research LLC, and marine Carbon Dioxide Removal deployments are
planned to occur in the next 5 years. In practice, it is unlikely that significant local perturbations will be pursued in
the next 5 years during commercial deployments, due to environmental permitting limits, public acceptance, and
an appreciation that minimizing carbonate system perturbations is sensible at this nascent stage of the industry
(Isometric, 2024).

OAE raises ocean pH and carbonate saturation state (2CaCO5) to higher values (Ilyina et al., 2013), and therefore
it could also contribute to the reversal of ocean acidification, which would have positive co-benefits for many
marine organisms at risk due to the inherent rising acidity from equilibration of the increased atmospheric burden
of CO, with the ocean (Albright et al., 2016; Bach et al., 2019; Doney et al., 2009; Silverman et al., 2007).

Despite being a promising tool for CO, drawdown and mitigation of global warming, OAE results in shifting of
the surface ocean carbonate buffer system, especially during an initial addition of alkalinity, prior to air-sea
equilibration (Bach, 2024; Bach et al., 2019, 2023). At this stage, depending on the concentration of alkalinity
added, OAE may cause extreme carbonate chemistry perturbations due to a lower rate of air-sea gas exchange
compared to the rapid increase of alkalinity in solution, leading to “hotspots” of alkalinity addition with severely
decreased pCO, in addition to increased pH and QCaCO; (Bach et al., 2019; Ilyina et al., 2013). Hartmann
et al. (2023) found that an application of reactive alkaline solids ~600 pmol kg~ above control conditions for
some hydroxide treatments reduced OAE efficiency (i.e., net loss in alkalinity), although the authors noted that
more research is needed to establish sustainable application boundary conditions and management procedures
for OAE.

While there is a growing body of research on OAE, some unknown impacts of OAE in the marine environment,
particularly on marine biota, have not yet been assessed extensively in laboratory (Faucher et al., 2025; Iglesias-
Rodriguez et al., 2023) or field experiments (BednarSek et al., 2024; Dupont & Metian, 2023; Oschlies
et al., 2023). Calcifiers may be one of the most sensitive organisms to proposed OAE schemes because they are
the most sensitive organisms to carbonate system perturbations induced by ocean acidification (Gattuso
et al., 2018). The lowered H* and elevated saturation state associated with OAE could promote calcification
(Bach et al., 2015; Cyronak et al., 2016; Monteiro et al., 2016). Coccolithophores are one of the three major
groups of calcifying plankton in the modern oceans, alongside foraminifera and pteropods (Monteiro et al., 2016;
Sarmiento & Gruber, 2013). They are also estimated to be responsible for up to 10% of global organic carbon
fixation (O’Brien et al., 2016; Perrin et al., 2016; Poulton et al., 2007). Previous studies mostly focused on the
impacts of ocean acidification on coccolithophores (Beaufort et al., 2011; Iglesias-Rodriguez et al., 2008;
Kottmeier et al., 2016; Richier et al., 2011; Xu et al., 2023). Documentation of the effects of OAE on different
coccolithophores are still limited, while manipulations of total alkalinity (TA) were found to have insignificant
impact on the growth and calcification of the species Emiliania huxleyi (Faucher et al., 2025; Gately et al., 2023).
More studies are needed to understand how different coccolithophore species respond uniquely to OAE, both in
culture and in natural settings (Chauhan et al., 2024; Subhas et al., 2022).

Gephyrocapsa huxleyi (previously known as Emiliania huxleyi, Bendif et al., 2019), a small coccolithophore from
the family Noelaerhabdaceae, genus Reticulofenestra (Stevenson et al., 2014), is by far the main bloom-forming
coccolithophore (Tyrrell & Merico, 2004), and is the model organism for most coccolithophore studies due to its
ubiquitous presence in our surface oceans (Blanco-Ameijeiras et al., 2016; Mayers et al., 2016). G. huxleyi is a
significant contributor to global coccolithophore biomass, accounting for more than half of the organic standing
stocks of coccolithophore worldwide (de Vries et al., 2021). Coccolithus braarudii is a much larger coccoli-
thophore and evolved from the Coccolithus genus. Despite being much less abundant in the modern surface
ocean, C. braarudii produces a comparable amount of calcite to G. huxleyi globally (Poulton et al., 2007) and in
some communities/regions may produce more than G. huxleyi, for example, the Arctic Ocean (Daniels
et al., 2014). These two contrasting genera of coccolithophores are often used as “endmembers” in previously
published studies (Hermoso et al., 2014; Rickaby et al., 2010; Walker et al., 2018). This is because (a) the
physiologies of these small and large coccolithophore genera have been inferred to differ in their control of
internal pH and modes of carbon acquisition (Chauhan & Rickaby, 2024; Rickaby et al., 2010), (b) the cellular
calcite content of C. braarudii is often 30—80 times higher than that of G. huxleyi (Daniels et al., 2014), and (¢) G.
huxleyi generally grows faster than C. braarudii even under identical conditions (Daniels et al., 2014). Addi-
tionally, the differing responses of G. huxleyi and C. braarudii to ocean acidification highlight the importance of
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examining the potential of these two species and the genera from which they originate to differ in their response to
significant shifts in carbonate chemistry, such as those might occur during OAE (Meyer & Riebesell, 2015).

Recently, isotopic vital effects, of coccolith calcite grown at different CO, have revealed the contrasting carbon
species dominating the supply for calcification by C. braarudii compared to the Gephyrocapsids, including G.
huxleyi (Chauhan & Rickaby, 2024). It has long been assumed that seawater HCO5™ is the major source of carbon
for calcification, based on the close correlation of stable C isotopes in coccolith calcite with the HCO;™ of
seawater (Buitenhuis et al., 1999; Sikes et al., 1980). In practice, it is hard to distinguish between these mech-
anisms based on the isotopic correlation with seawater HCO;™, because it is difficult to distinguish isotopic
signals of directly imported HCO;™, from CO, that diffuses and then re-speciates via internal hydration to
intracellular HCO;™.

A multi-species experiment across a wide range of CO, availabilities revealed the characteristic signature of a
diffusive supply of CO, as a source of carbon to the internal site of calcification in the Coccolithales. The ten-
dency of the C isotopic signal toward —10%¢ during extreme CO, limited growth of C. Leptoporus, and C.
braarudii, both large, slow growing heavily calcifying species points to the quantitative transformation of
isotopically unequilibrated carbon dioxide into calcite inside the cells. This is suggestive that these large, carbon-
demanding species are characterized by a highly depleted internal pool, and points to diffusive CO, being the only
carbon source, so providing a definitive fingerprint of this carbon species dominating the carbon supply for the
internal calcification (Chauhan & Rickaby, 2024).

By contrast, for the small, fast growing Gephyrocapsid species grown under varying CO, availability, the coc-
coliths display a covariation of C and O isotopes, with a gradient close to the mass-dependent fractionation slope
of 0.5. During carbon limited growth, these species generate liths with isotopes that are heavier in both C and O
isotopes- at the other extreme of the isotopic gradient than the light isotopes of the CO, limited growth of C.
leptoporus and C. braarudii. Such a gradient in the small, faster growing cells, and isotopically heavy compo-
sition, points to a kinetic isotopic fractionation, underlying the isotopic vital effect associated with the diffusion of
isotopically light CO, out of the cells when grown under low CO, conditions. At low CO, availability, the cells
are able to concentrate carbon at levels inside the cell to levels higher than those outside of the cell. But the
buffering of carbon is poor due to the low residence time of Ca and C in the small internal pool (Branson
et al., 2025), such that there is an outwards CO, diffusive flux and loss of isotopically light CO, from the site of
calcification. Such observations align with the MIMS experiments run by Rost & Riebesell., 2004, showing the
outwards diffusion of CO, from G. huxleyi when the light is switched off, and also develops further the concept
that these species upregulate HCO;~ at low CO, (Bach et al., 2013; Kottmeier et al., 2014, 2016). The
Gephyrocapsids use a co-transport mechanism facilitated by proteins belonging to the SLC4 family of bicar-
bonate transporters (Mackinder et al., 2011) and so have an additional capacity for HCO;™ uptake to supplement
diffusive CO, supply when it is less available, a pathway which may be absent in the Coccolithales (Accession
number: PRINA1321905).

Given the representativeness of these species, with contrasting size, growth rate and calcification intensity, for the
two dominant, anciently divergent groups of modern coccolithophores, and their contrasting carbonate chemistry
dependence, our data can provide insights into the likely responses of the majority of coccolithophores in the
contemporary ocean. Here we examined the growth, calcification response, and morphology of these two key
“endmember” species of coccolithophore (G. huxleyi and C. braarudii) to OAE using in vitro laboratory culture
experiments. We also compared how the addition of the monovalent cation Na* and divalent cation Ca®* to raise
TA affected growth and calcification responses.

2. Materials and Methods
2.1. Simulation of Air-Equilibrated OAE

Two different pathways to simulate OAE were used: (a) adding NaHCO; to Synthetic Ocean Water (SOW), and
(b) adding Na,CO; + CaCl, to SOW. These pathways compare the effect of alkalinity added as Na™ versus Ca’*.
Since calcium bicarbonate, Ca(HCO3),, does not exist in solid-state, Na,CO5; + CaCl, were applied to simulate
Ca(HCOs), addition to SOW to make it comparable to the SOW + NaHCOj; pathway. In both pathways, the TA
was set from control SOW values representing natural seawater condition (~2,500 pmol kg™') up to
~1,500 pmol kg™' above the control as the most extreme OAE scenario (~4,000 pmol kg™', Table S1 in
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Figure 1. Correlation analysis on carbonate chemistry parameters in growth media before (a, c¢) and after (b, d) the culture
experiments under CO,-replete (low cell density, a, b) and CO,-limited (high cell density, c, d) conditions.

Supporting Information S1). Solutions were then bubbled with ambient air for 120 min to equilibrate the seawater
carbonate system with atmospheric CO,. In both pathways, [CO,] did not change after 120 min and the solutions
were therefore inferred to have achieved equilibration with the atmosphere in that time (Figure S1 in Supporting
Information S1). Before inoculating the experimental cultures, the media was 0.22 pm filter-sterilized and sealed
in parafilmed 2 L polycarbonate bottles. Samples for initial TA for the culture media were taken from this 0.22 pm
filter-sterilized culture media, parafilmed to prevent any evaporation which would affect alkalinity levels and
stored at 4°C before analysis. The starting carbonate chemistry of all experimental manipulations relative to
increasing TA is shown in Figures S2 and S3 in Supporting Information S1 and Table S1 in Supporting Infor-
mation S1, and the correlations of different carbonate system parameters are shown in Figure 1.

2.2. CO,-Replete Versus CO,-Limited Cultures

Coccolithophore G. huxleyi strains RCC911 and SO 14-2, and C. braarudii strain RCC1198 were cultured in
incubators at a constant temperature of 16 + 1°C and illuminated with 100 + 5 pmol photons m s~ on a day-to-
night cycle of 14:10 hr in all experiments. For the two G. huxleyi strains, RCC 911 is in genetic subgroup A2, and
SO14-2 (OA15) in Ald (Bendif et al., 2023), but morphologically they are very similar in cell size and calci-
fication intensity; these cellular traits may be more important than genetic differences in dictating response to

ocean chemistry.
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Figure 2. Drifts in carbonate system parameters in CO,-replete and CO,-limited cultures (legend on right-hand side) between pre-inoculation and cell harvest.

In our experiments, culture medium was prepared using SOW with different levels of TA, and enriched with
882 pmol L~ nitrate, 36.2 pmol L' (37.286 pmol kg SW ~') phosphate, and 106 pmol L~ silicate
(109.18 pmol kg SW ~1), with trace metals and vitamins according to the L1 medium recipe (Guillard &
Hargraves, 1993).

Before inoculation of the experiments, all cultures were pre-acclimated to the control or enhanced alkalinity
conditions in small-volume, dilute cultures for a minimum of 5 generations, to ensure that growth and calcifi-
cation responses measured in the final experiments were adapted growth responses (Riebesell et al., 2010). These
small-volume acclimated cultures were manually agitated during pre-acclimation by daily gentle inversion and
subsampled at dilute culture densities in the exponential phase for inoculating the experimental cultures to avoid
significant drift in the carbonate system.

CO,-replete experiments were done with G. huxleyi strains RCC911 and C. braarudii strain RCC1198 and were
carried out following best practices (Riebesell et al., 2010) for dilute culturing ensuring that CO,(aq) was above
10 pmol/kg throughout the experiment. In these experiments, Dissolved Inorganic Carbon (DIC) drawdown over
the course of culturing was <5% (Figure 2, Table S2 in Supporting Information S1), meaning that there was no
significant drift in the carbonate chemistry of the media, and so [CO,] was replete throughout the experimental
incubations: these experiments were representative of an air-equilibrated OAE scenario. At the beginning of the
CO,-replete experiments, ~100 cells mL™" of G. huxleyi (Riebesell et al., 2010) and ~400 cells mL™" of C.
braarudii (Hermoso, 2015) in each experimental alkalinity treatment were inoculated in 600 mL triplicates, and
culture flasks were manually agitated daily. The cultures were harvested after growing for a minimum of five
generations in the exponential phase when cell densities reached a maximum of 60,000-100,000 cells mL ™" for
G. huxleyi (Bach et al., 2013; Riebesell et al., 2010), and 5,000-6,000 cells mL~! for C. braarudii
(Hermoso, 2015).

The coccolithophore G. huxleyi is known to form algal blooms, during which the cell density could attain more
than 107 cells/mL (Harlay et al., 2010; Kubryakov et al., 2019). Such a high cell density could lead to a greater rate
of uptake of CO,, than the rate of replenishment to the surface waters via air-sea exchange which alters the
temporal carbonate chemistry and can feed back on cell physiology during OAE. We also inoculated the
phytoplankton at much higher cell densities (~1,000 cells mL™", ~10 times greater than recommended value
(Riebesell et al., 2010)) and then allowed the cultures to grow to very high densities (2-3 X 10° cells mL™})
before the point of harvest at the late exponential phase, to mimic potential blooming conditions (Harlay
et al., 2010; Kubryakov et al., 2019). [CO,] reached <1 pmol kg™! in these experiments by the time of harvest
(Table S2 in Supporting Information S1, Figure 2), below G. huxleyi's threshold for CO,-limitation (Sett
et al., 2014) so the cells were severely CO,-limited at the end of the experimental incubations. To keep
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Table 1
Experimental Conditions Used for Different Strains in This Study
CO,-replete (non-blooming) CO,-limited (blooming)
Species P1 — SOW + NaHCO, P2 — SOW + Na,CO; + CaCl, P1 — SOW + NaHCO;, P2 — SOW + Na,CO; + CaCl,
Gephyrocapsa huxleyi v v v/ v
Coccolithus braarudii v v X X

consistency in alkalinity treatments, CO,-limited experiments were achieved by using the same alkalinity
addition pathways and equilibration methods as in the CO,-replete experiments. The CO,-limited experimental
incubations were done on G. huxleyi only (strain SO 14-2 (morphotype A)).

The strains for CO,-replete and CO,-limited G. huxleyi experiments are different due to constraints on strain
availability before and after the COVID-19 pandemic. Both RCC911 and SO 14-2 are morphotype A. G. huxleyi
in the same morphotype commonly show similarities in growth, calcification, morphology and share similar
genetic material (Cook et al., 2011; Rigual-Hernandez et al., 2020). Therefore, the results from both strains can be
robustly compared. A summary of the experiments completed on the different strains and conditions is shown in
Table 1. Under each condition, at least three replicates were cultured for each strain to account for variation in
biological responses to OAE manipulations.

2.3. Growth Rates

Cell count (cells mL™") and coccosphere size (um) were measured every day using a Beckman Coulter Counter
Z?2 analyzer. Specific growth rates were calculated using the following equation during the exponential phase of
growth (Figure S8 in Supporting Information S1):

InN, —In N,
HETTT

where N, represents the initial cell count, N, represents the current cell density after a time ¢ with a growth rate y
(d_l) (Rickaby et al., 2002; Zondervan et al., 2001).

2.4. Alkalinity Measurement and Carbonate System Calculation

During the experiments, 9 mL alkalinity samples were collected each day by 0.22 pm syringe-filtering the culture
medium. Total Alkalinity (TA) of the solutions at each timestamp was measured with an average precision of
~9 pmol kg™ on duplicate samples by Gran titration using a Metrohm Ti-touch 916. The 9 mL samples were split
into 3 mL triplicate samples to analyze on the autotitrator. The autotitrator was calibrated daily against a certified
seawater reference material (Dickson Batch 174, Scripps Institute of Oceanography, measured at ~21 pmol kg™*
precision). The pH of each solution was measured using the 867 pH module, which was calibrated daily against
standard NBS buffers. Subsequent calculation of the rest of the carbonate system was completed using CO2SYS
v2.1 (Pierrot et al., 2011), with inputs of TA and pH, K, and K, constants (Roy et al., 1993), KHSO, values from
Dickson, pH on the NBS scale and [B] value (Lee & Morse, 2010) and showed the expected inverse relationship
between TA, HCO;™ and for example, CO,(aq) was preserved across all of our treatments (Figure 1).

2.5. Calcification Rates

Since coccolithophores extract alkalinity from the culture medium as they calcify, we applied the alkalinity
anomaly technique for calculating calcification rates in this study (Chisholm & Gattuso, 1991; Cohen
et al., 2017). This technique generally assumes that the uptake of nutrients negligibly affects the change of TA
(ATA) in the medium, and that the processes of respiration and photosynthesis do not affect ATA. Chisholm and
Gattuso (1991) confirmed that all underlying assumptions of the alkalinity anomaly technique are correct, and no
correction for nutrient changes are required in the calculation of calcification because these changes are smaller
than the variation in actual calcification values (Chisholm & Gattuso, 1991).

Here, calcification rate (RCa) for the cultures is calculated using the equation below:
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RCa(pg cell”'d™") = (1 ATA ) -1

2 ACells mL™!

Where ATA is the change in TA in the final culture medium compared to the initial culture medium.

2.6. Scanning Electronic Microscopic (SEM) Analysis

SEM samples were taken at harvest from the triplicate 600 mL cultures by pipetting 10 mL of culture onto a
47 mm polycarbonate filter (0.6 pm pore size) and filtering gently using a Whatman filter pump. Cells on the filter
were alternately washed with 10 mM CaCl, solution and 100% Ethanol 3-5 times before drying in a laminar flow
hood overnight. Samples were then gold-coated and imaged on a Zeiss Sigma 300 Field Emission Gun Scanning
Electron Microscope.

Malformation statistics were generated from a collection of SEM images using a combination of manual ob-
servations and ImagelJ. For each image of either coccospheres or free liths from each experimental condition,
every individual lith was categorized as follows: (a) not malformed if there was no evidence of malformation, (b)
mildly malformed if <50% of the total lith was malformed, or (iii) severely malformed if >50% of the total lith
was malformed. Examples of liths that fit into each of these categories for G. huxleyi and C. braarudii and the total
number of liths analyzed for each experimental treatment are included in full in Table S3-S5 in Supporting
Information S1.

2.7. Statistical Analysis

Data generated from different alkalinity treatment groups were tested for significant difference using one-way
ANOVA and the post- hoc Tukey-Kramer test. Before these statistical analyses, data were tested for normality
using the Shapiro-Wilks test (Gore et al., 2019; Shafiee et al., 2021). If data did not pass the test for normality
using Shapiro-Wilks, the Kruskal-Wallis test for significant difference and Dunn's multiple comparison test were
used following best practice guidelines for statistical analysis.

3. Results
3.1. Growth and Calcification Response to Enhanced TA

Under CO,-replete conditions, similar trends of growth and calcification responses were observed from both
coccolithophore species investigated in this study, but the degrees of change were different. The growth rates of
G. huxleyi generally increased with HCO;™ and TA (Figures 3b and 3c, p < 0.001) but decreased with the
inversely related carbonate system parameters [CO,] under CO,- replete conditions (Figure S4a in Supporting
Information S1, p = 0.004). The change in growth rates in C. braarudii was not as significant as in G. huxleyi
under different TA treatments (Figures 3a—3c) but did record a significant increase in growth rates with increasing
CO32_ (p < 0.001) and pH (p < 0.001) which both correlate with TA (Figure S4 in Supporting Information S1;
Figure 1). However, C. braarudii exhibited a much stronger decrease of calcification rates in response to the
increase of TA and the other co-varying parameters (Figures 1 and 3d-3f), compared to the less stark decrease in
calcification observed in G. huxleyi in response to the increase of TA. An increase of calcification rate was
observed in G. huxleyi with [CO,],q and pCO, (p < 0.001), while the correlations of calcification rates of C.
braaurudii with [CO,] and pCO, were insignificant (Figure S4 in Supporting Information S1, p > 0.05). Inte-
grating all data together from all experiments with G. huxleyi (CO, limited and CO, deplete) with the mean
CO,(aq) of the culture (Faucher et al., 2025), suggests that growth rates and calcification rates increased in
proportion to the availability of CO,(aq) (Figure 5, p < 0.0001).

3.2. Responses of Coccolithophores to the Two Pathways and CO,

Under CO,-replete conditions, for both species investigated in the study, no significant difference in the growth
and calcification response was observed between the two pathways employed for increasing TA (Figure 3,
Figures S4, S5, S7a, and S7b in Supporting Information S1). However, under CO,-limited conditions (high cell
density), the growth and calcification responses to the increase of TA and other co-varying parameters were
clearly distinguishable in the two pathways (Figure 4, Figures S6 and S7c¢ in Supporting Information S1). Within
each pathway, the growth of G. huxleyi did not change significantly between different TA treatments, but the
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Figure 3. Specific growth (a—c) and calcification rates (d—f) of C. braarudii and G. huxleyi in response to individual initial
carbonate system parameters under CO, replete conditions in culture media: (a, d) [CO,], (b, e) HCO;™, (c, f) Total
Alkalinity. Each symbol represents an individual replicate of the culture experiment. Error bars represent the standard
deviation of samples from each group (n = 3). The lines show the linear fitting of the data, with 95% confidence intervals
shown in gray shade. For the linear fittings, p < 0.05 indicates that the fitting is statistically significant. The relationships
between specific growth and calcification rates of the two species in response to other carbonate system parameters are
shown Figures S4 and S5 in Supporting Information S1.

growth rates in Pathway I (Na-pathway) were much higher than those in Pathway II (Ca-pathway). The significant
difference in the Na- and the Ca-pathway appears to have arisen by an unintended difference in the initial
concentration of [CO,], which is highly sensitive to small changes in carbonate chemistry, in the pathways
(Figure 4a) with a growth rate (u ~ 0.3 day™") for G. huxleyi in the Na-pathway double that of the lower CO, Ca-
pathway (¢ ~ 0.15 day™"). Furthermore, the growth rates of the CO,-limited G. huxleyi cells were ~3 times lower
compared to those at CO,-replete conditions (Figures 3 and 4) in all alkalinity groups, which highlights the
importance of the availability of [CO,] for the growth rate of this species (Figure 5). In Pathway I, a general
increase of growth rates with HCO; and TA was observed, but no correlation was found in Pathway II,
potentially because the cells were so extremely limited by the availability of CO,. There are relatively strong
positive correlations between cellular calcification rates and both the HCO;~ and TA (Figures 4e and 4f,
p < 0.05). There is also a reasonably strong trend of decreasing cellular calcification rate with increasing [CO,],
especially in pathway II (the Ca-pathway) (Figure 4d, p = 0.002).

3.3. Coccosphere Size and Malformation

There is strong evidence that coccosphere size increased with increasing TA for CO,-limited cultures of G.
huxleyi, whereas coccosphere size did not change with increasing TA in CO,-replete conditions (Figure 6a). As
shown in Figure 4f, cellular calcification rate increased with increasing TA under CO,-limited conditions. In both
CO,- limited and CO,-replete conditions, G. huxleyi showed an increased tendency toward malformed liths with
increasing TA (Figures 7a—7d and 8).

As for C. braarudii, there were no trends in coccosphere size that were linked to increasing TA. C. braarudii
cultures showed no particularly clear trends in malformation with increasing TA but were generally more
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Figure 4. Specific growth rates (a—c) and calcification rates (d—f) of CO,-limited G. huxleyi in response to initial carbonate
system parameters in culture media: (a, ¢) [CO,], (b, ) HCO;™, (c, f) Total Alkalinity. Each symbol represents an individual
replicate of the culture experiment. Error bars represent the standard deviation of samples from each group (n = 4). The lines
show the linear fitting of the data in each group, with 95% confidence intervals shown in shade. The solid lines represent the
linear fitting of the data from the Na pathway, while the dash lines represent those from the Ca pathway, except that for
subfigure m, the linear line represents the linear fitting for all data from both pathways. For the linear fittings, p < 0.05
indicates that the fitting is statistically significant. The relationships between specific growth and calcification rates of the
CO,-limited G. huxleyi in response to other carbonate system parameters are shown Figure S6 in Supporting Information S1.

malformed (most notably severe malformation increased) with increasing TA relative to control conditions
(Figures 7e—7f and 8).

4. Discussion

In all our experiments, we maintained consistent light intensity, light-dark cycles, and temperature and the ex-
periments were started with the same nutrient concentrations which are more replete than the typical natural
environment. The only variable in the experimental conditions was the carbonate chemistry which allowed a
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Figure 5. Specific growth (a) and calcification rates (b) of G. huxleyi in response to the mean CO, concentrations experienced
during the culture experiment under different total alkalinity treatment groups. The mean CO, concentrations were calculated
as the mean of the initial and final CO, concentrations in each group.
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Figure 7. Scanning Electronic Microscopic images taken of G. huxleyi (a—d) and C. braarudii (e, f) at cell harvest. Trendline shown for increasing total alkalinity.
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Figure 8. The percentage of malformed liths observe at different total initial alkalinity (total alkalinity) levels set in the
experiments. Upper line on each graph = total % of liths malformation observed. Lighter blue area = % of liths exhibiting
severe malformation. Darker blue area = % of liths exhibiting mild malformation. Note that for better visualization, the scales
for y axles are different. The data for severity levels of malformation are shown in Table S3—S5 in Supporting
Information S1.

mechanistic insight into the responses of the different species. Consequently, the variations in physiological
responses of the same species among different alkalinity groups were likely driven by changes in seawater
carbonate chemistry. Nonetheless, our experiments assessed only short term adapted responses over a few
generations, and only investigated single strains. We minimized carbonate chemistry drift in the CO,-replete
cultures (Figure 2), but there was carbonate chemistry drift in the CO,-deplete experiments as evident in other
published studies (Faucher et al., 2025; Gately et al., 2023) due to the inevitable reduction in CO,(aq) as a
consequence of elevated alkalinity. Unlike the natural environment where waters are in constant motion, our
cultures may have experienced some degree of boundary layer development around the cells despite regular
agitation.
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Seawater alkalinity is predominantly composed of bicarbonate (HCO,™), carbonate (CO,>7) and to a much
smaller extent hydroxide (OH™) anions that are charge balanced by cations other than H*. The preceding
chemical bases then constitute nearly all of seawater's carbonate alkalinity. During OAE, different components of
the surface ocean carbonate system will shift their speciation as a result of TA addition to the surface ocean and
such change can be directly sensed by marine biota and induce their different physiological responses. Under
conditions of rapid growth, such as during a spring bloom, phytoplankton activity might significantly alter
temporal seawater carbonate chemistry after TA addition, due to fast CO, utilization by cells which could not be
equilibrated with sea-air exchange, and such perturbation could further impact phytoplankton responses to
varying degrees of TA addition.

4.1. Growth Under OAE

For G. huxleyi, from the observations of the biggest range in growth rate being driven by varying CO, availability
relative to biomass, via our different pathways of manipulation, then the most significant factor determining
growth rate is likely to be the CO, availability (Figure 5a). This linkage is presumably due to the passive diffusion
of [CO,],q into the cell, which determines photosynthesis and therefore growth rate (Bach et al., 2013; Gafar &
Schulz, 2018; Monteiro et al., 2016; Sett et al., 2014). It is not surprising that deplete [CO,] suppresses G. huxleyi
growth rates in the CO,-limited cultures compared to the CO,-replete cultures in our study (Bach, 2011; Riebesell
et al., 1993; Sett et al., 2014).

Despite the biggest range in growth rates depending on CO, availability in different pathways, isolating the data
for a single pathway, yields a significant relationship between [HCO;™] and growth rate in G. huxleyi both in
CO,-limited and CO,-replete regimes (Figures 3b—4). One possibility to explain this observation is that G. huxleyi
made use of HCO;™ uptake via some Carbon Concentrating Mechanisms (CCMs) in our experiments (Giordano
et al., 2005; Kottmeier et al., 2014; Monteiro et al., 2016; Raven et al., 1999) to accumulate CO, at the active site
of Rubisco and increase rates of carbon fixation (Beardall & Raven, 2013). This may be through the use of HCO;™
ion exchange transporters, which are solute carrier family 4 (SLC4) proteins (von Dassow et al., 2009; Richier
etal., 2011; Taylor et al., 2017) shown to be upregulated under limiting CO,. Alternatively, the enzyme carbonic
anhydrase (Bach et al., 2015; Richier et al., 2011; Rost et al., 2003; Sikes & Wheeler, 1982), may allow this
species to utilize HCO; ™ in CO,-limiting conditions to aid growth, or by enhancing calcification through the use
of HCO;™ as substrate to generate H" and CO, intracellularly or extracellularly (Hoppe et al., 2011). Although
not as significant, the same trend of increasing growth rate with HCO5™ is also apparent in C. braarudii, although
the increase in growth rate is more significantly correlated with CO5>~ and pH (Figure S4 in Supporting In-
formation S1). To date, it has not been possible to identify an analogous SLC4 transporter supporting HCO;~
transport in our newly sequenced C. braarudii genome (Accession number: PRINA1321905).

OAE results in a higher pH in seawater. High pH (>8.5) has been shown to depress phytoplankton growth in
several studies (Chen & Durbin, 1994; Hansen, 2002; Sgderberg & Hansen, 2007; Taraldsvik & Mykles-
tad, 2000), although evidence suggests that some components of diverse coastal and open ocean phytoplankton
communities may be stimulated by pH ~ 9 (Chauhan & Rickaby, 2024; Hinga, 2002; Pedersen & Hansen, 2003),
which covers the range of pH values in the CO,-limited cultures of this study (Figure S5g in Supporting In-
formation S1). Therefore, species-optima in pH could at least partially be driving the growth rate responses
observed in this study, especially in Pathway I. It should be noted that high pH at constant DIC in the modern
ocean leads to lower CO, availability. Under these conditions, coccolithophores display species specific pH
growth optima with the smaller, faster growing species outcompeting the larger slower growing species at higher
pH (Chauhan et al., 2024; Chauhan & Rickaby, 2024). But under these conditions of fixed DIC, these optima
emerge due to contrasting species thresholds for CO, limited growth, such that the larger more carbon demanding
species appear more severely limited at higher pH and lower CO, availability. In the experiments presented here,
where higher TA with higher pH was accompanied by increasing DIC, there appears to be a fertilization of growth
in both species, but more significantly in the less carbon demanding G. huxleyi (Figure 3b; Figure S4g in Sup-
porting Information S1). This fertilization could be driven by the use of HCO;™ directly for carbon fixation.
Alternatively, since there is no current evidence to support the active uptake of HCO;™ by C. braarudii, then an
increased rate of generation of CO, in the external media, in proportion to the concentration of ambient HCO;™
may explain the elevated growth rates. This rate depends on both the concentration of HCO;~ and H*.
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Figure 9. A simplified schematic to demonstrate the hypothetical contrasting use of carbonate chemistry for calcification
between the two endmember species in our study as evidenced by the stable isotopic composition of their liths (Branson
et al., 2025; Chauhan & Rickaby, 2024). The larger slower-growing and heavily calcified C. braarudii has a larger, better
buffered internal pool due to the longer residence time of Ca and C inside the cells which relies on a diffusive supply of CO,
as the carbon source for calcification which re-equilibrates in the internal pool. By contrast, the smaller faster growing and
less intensely calcified G. huxleyi, although able to use the diffusive supply of CO, when sufficiently available, under CO,-
limited growth, has the additional capacity to actively transport HCO;™. Due to the reduced buffering capacity of the smaller
internal pool with lower concentrations and shorter residence times of Ca and C, CO, can diffuse out of the pool at lower
external CO, availabilities. The size of the text of the ions is intended to represent the very rough proportional concentrations
in the environment. The growth rates of cells are sensitive to the rate of supply of carbon and calcium for photosynthesis and
calcification such that ocean alkalinity may inhibit the calcification rate of faster growing cells, when the rate of resupply of
carbon for diffusion into the cells is limited by either the external HCO;~ or H" availability.

Rate of CO, production ~ k [HCO;™][H]

where k is a rate constant. Since G. huxleyi has a low PIC/POC (particulate inorganic carbon/particulate organic
carbon ratio) any fertilization by OAE acts as positive feedback on carbon draw-down by the short-term carbon
cycle due to the fixation rate of carbon outweighing the removal of alkalinity.

4.2. Calcification

The exact species of the carbonate system which affects calcification in coccolithophores has not been well
established. Biochemically, the transporters supplying Ca>* and carbon as the base materials for CaCO, pro-
duction (Bach et al., 2015) are poorly characterized (Tsuji & Yoshida, 2017). When pressure (P), temperature (T)
and salinity (S) are constant, there is an inevitable proportionality between CO,>~ and QCaCOs, and HCO;™ and
[H*] (Bach et al., 2015; Cyronak et al., 2016; Figure 1). QcaCOj is not a direct physiological driver for calci-
fication, despite correlating well with calcification rates (Waldbusser et al., 2015), but it does control the solu-
bility of CaCO; (Zeebe & Wolf-Gladrow, 2001) and therefore could affect how favorable is the environment for
calcification.

It has generally been assumed that HCO;™ is the substrate that must be supplied from bulk seawater to the site of
calcification. Stable isotopes measured in the liths are suggestive that G. huxleyi may use HCO;™ for calcification,
but only when external CO, supply is limiting. In contrast C. braarudii appears to rely on the diffusive supply of
CO, (Figure 9; Chauhan & Rickaby, 2024). For the Gephyrocapsids, increasing QCaCO; should promote a more
favorable environment for calcification and increasing DIC or HCO;™, as the substrate for calcification, should
promote more calcification. By contrast, increasing OAE may be more challenging for the Coccolithales since
CO,(aq) is inevitably reduced.

Under CO,- replete conditions, both G. huxleyi and more significantly, C. braarudii decreased calcification in
response to increasing TA, DIC, and HCO;~ (Figures 3e and 3f, Figure S4 in Supporting Information S1). It is
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unlikely that increased concentrations of these carbonate species were inhibiting the calcification rate. The
HCO;™ ion can be ruled out as the only substrate for calcification due to the differing trends of calcification with
HCO;™ availability among our experiments. Calcification rates in G. huxleyi increased in proportion to HCO;™ in
CO,-depleted experiments (Figure 4e), where these cells may have been upregulating HCO;™ transport
(Mackinder et al., 2011; Trimborn et al., 2014), but calcification decreased in proportion to HCO5™, in CO,
replete experiments (Figure 3e). The most likely explanation is that there is an inverse relationship between
growth rate and calcification rate in both species under CO, replete conditions (Figure 3). The faster the cells fix
carbon photosynthetically and divide, the less time each cell has to accumulate carbon into the calcifying vesicle
from the external environment. This could result in a rate of carbon demand for calcification that exceeds the rate
at which CO, can be replenished in the external media, and CO, can diffuse into the cells. Given the higher
demand for carbon for cellular calcification compared to growth rate in high PIC/POC (particulate inorganic
carbon/particulate organic carbon or calcification rate relative to organic carbon fixation rate) species like C.
braarudii (PIC/POC >1), the decline in calcification rate is more significant than in lower PIC/POC species such
as G. huxleyi, which also may be supplying HCO;™, and have a faster turn-over rate of their internal pool
(Chauhan & Rickaby, 2024). In this case, it is the rate at which molecular species diffuse/are transported and are
resupplied that is key to keeping pace with calcification rather than their concentration alone. As a result, under
high TA conditions, with a higher growth rate, the demand for carbon for calcification became CO, limited such
that liths were made at a rate faster than their CO, supply rate potentially explaining their increasing degree of
malformation (Figures 7 and 8). Visual evidence to suggest the role of the diffusive supply of CO, for calcifi-
cation limiting the complete formation of liths under higher pH, low CO, can be seen in SEM (Chauhan
et al., 2024). Furthermore, an inverse correlation between abundance of C. pelagicus and their size-normalized
thickness, a proxy for calcification intensity, is evident in high latitude North Atlantic core top sediments, sug-
gestive of a CO, limitation of calcification when growing under optimal conditions in the modern environment
(Gonzalez-Lanchas et al., 2025).

[H*] is the waste product that must be removed from the site of calcification to bulk seawater during the pro-
duction of CaCOj; (Cyronak et al., 2016) It has been proposed that higher external pH should provide an easier
environment in which to carry out calcification for either group since high external pH means a low concentration
of [H*] and thus it should be easier to expel H produced during calcification (Bach et al., 2011, 2013, 2015).
Notably, due to the stoichiometry of the reaction, the uptake of HCO;™ generates only 1 mol of protons per mole
of carbon used for calcification, compared to the 2 mol generated by calcification from use of CO,:

HCO;™ + Ca’* = CaCO, + HY
CO, + H,0 + Ca®* = CaCO; + 2H"

The expulsion of protons from the cell (in exchange for Ca>*) promotes a high rate of replenishment of CO, from
HCO;™ in a microenvironment around the cell (Flynn et al., 2016) for inwards diffusion. It is notable that the
doubled expulsion rate associated with the use of CO, for calcification, compared to HCO5 ™ is insufficient under
high alkalinity, low H" conditions to supply sufficient CO, for growth and calcification demand. Growth appears
to be prioritized under these limiting conditions. As a consequence of increased growth but reduced calcification
rate/cell, the PIC/POC of both species is likely to decrease with increasing OAE but overall productivity is
increased.

Since morphological control is of secondary importance to cellular function (Miiller, 2019), under carbonate
chemistry conditions where essential functions (i.e., growth, calcification) are perturbed, morphological abnor-
malities may reflect the turnover of the calcification vesicle occurring at a rate faster than the supply of CO, to
complete the coccolith and so could be indicative of CO, limitation of calcification. Such disruption of coccolith
morphology may affect the mechanical resistance of coccolithophores to their predators in the marine environ-
ment, making them more vulnerable in the marine ecosystem (Xu et al., 2023).

In CO,-deplete conditions, growth rates in G. huxleyi were constrained by the instantaneous availability of CO,
(Figure 5) but it appears that calcification rates, even though significantly depressed relative to their CO,-replete
experiments, were fertilized at higher TA under these circumstances (Figure 4f). At higher TA, there is a higher
availability of HCO5™ throughout the experiment. This elevated external HCO;™, likely fueled calcification, due
to upregulation of HCO;™ transport in these CO, limited cells. The carbon supply, from both CO, diffusion and
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induced HCO;™ transport can keep pace with the higher growth rates. The lack of change in severe morphological
abnormality in these experiments, together with the increase in size of the coccospheres (Figure 6), supports this
observation of sufficient carbon for calcification to keep pace with the elevated growth rates with higher TA, in
contrast to the CO,-replete experiments where carbon demand was much higher.

It is interesting to note the anticorrelation between growth rate and calcification rate in the two species in the CO,-
replete experiments (Figures 3¢ and 3f). This suggests that lower calcification rates do not affect or limit growth
rates, but that fast growth rates can limit calcification. The two processes do not seem to be mutually beneficial or
are independent. Calcification may not act as a CCM, or at least not with a linear relationship which is dependent
on the rate of the two processes; it may be an on or off benefit. The lack of impact of morphological disruption on
growth rates further suggests that calcification does not feedback on the core cellular process.

4.3. Understanding Coccolithophore Physiology Under OAE

From the data obtained in this study, we have suggested physiological mechanisms to explain the growth and
calcification of different species of coccolithophores in response to OAE, and the carbonate system. If both
growth rate, and calcification rate are to a first order, dependent on the rate of CO, supply to the cells, which is
replenished by HCO;~ and H™, at a rate proportional to their concentrations in the external media, and boosted by
the rate of H* expulsion, then with application of OAE, and assuming equilibration with the air, growth rate of
different coccolithophore species will generally be fertilized. Coccolithophores appear to be CO, limited under
modern ocean conditions (Bolton & Stoll, 2013; Branson et al., 2025; Chauhan & Rickaby, 2024; Chauhan
et al., 2024; Rickaby et al., 2010). It is likely that, with air-equilibrated OAE application, smaller species such as
G. huxleyi and G. oceanica with a lower cellular carbon demand, and with the additional ability to utilize HCO;™
when CO, depleted, will experience a greater degree of fertilization, and will outcompete the larger, higher carbon
demand species such as C. braarudii. Since the Gephyrocapsids have a lower PIC/POC, then their increased rates
of carbon fixation and carbon export may have greater positive feedback on CO, draw-down, than negative
feedback due to alkalinity removal. Similarly, under an OAE induced fertilization, the calcification rate partic-
ularly of any high PIC/POC species could be additionally limited by CO, supply with morphological abnor-
malities emerging, leading to their outcompetition by smaller lightly calcified species. This demand for higher
alkalinity and HCO;™ could also explain the more restrictive geographic distribution of Coccolithus compared to
the Reticulofenestra in the modern ocean (Henderiks & Rickaby, 2007; O’Brien et al., 2013). These implications
for OAE suggest a latitude dependency to the response. Fertilized growth but with distinct inhibition of calci-
fication may occur at high latitudes where C. pelagicus dominate, and reverse the trend toward their increased
dominance and calcification in response to anthropogenic CO, (Halloran et al., 2008). Further south of 40°N,
fertilization of the Gephyrocapsids is more likely.

Overall, it would be expected that the calcification rate of the coccolithophore population will increase due to the
fertilized production of cells, which will act to remove some proportion of the added alkalinity from the ocean.
This is consistent with periods of the geological past being characterized by high pelagic carbonate production
rate when alkalinity input has been high (e.g., Claxton et al., 2022).

The greatest peril for coccolithophores on short timescales, is that the addition of alkalinity has the immediate
impact of reducing the CO,(aq), and reducing the H™s that may be key to the regeneration of CO, in the im-
mediate microenvironment around the cells. It is only once the slow process of air-sea exchange has taken place
that the CO, will be replenished for further use by the biota. For the already CO, limited coccolithophores, such a
perturbation will reduce their growth and tend to align coccolithophore growth rates with air-sea exchange rates.
Unless deployed at levels of alkalinity perturbation below the thresholds shown in this study, it is unlikely that
OAE has no impact on calcifying organisms.

4.4. Implications for Ocean Alkalinity Enhancement in the Global Ocean

In this study, the CO,-replete culturing experiments with G. huxleyi and C. braarudii are analogous to an air-
equilibrated OAE scenario, and the CO,-limited culturing experiments with G. huxleyi are analogous to a non-
equilibrated OAE scenario. Under CO,-replete conditions, G. huxleyi slightly decreased its cellular calcifica-
tion rate in response to raised TA but C. braarudii decreased the cellular calcification rate significantly. It is
important to bear in mind that the levels of TA in this study are raised to levels far above what is likely for early
field trials and commercial deployments. However, even if G. huxleyi calcification per cell does not change by a
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large amount, the growth rate of G. huxleyi significantly increases with the supply of HCO;™ in our study, even in
our lowest alkalinity treatments at TA ~3,000 pmol kg™" (~500 pmol kg~" above control conditions). A larger
population size of G. huxleyi would result from this, and so by virtue of there being a higher number of cells
calcifying, the overall amount of calcification from the G. huxleyi population might be significantly increased,
depending on the balance between increase of population size versus any change in calcification rate. This sit-
uation could be analogous to the high alkalinity Black Sea (~3,300 pmol kg™') where blooms of G. huxleyi are
ubiquitous (Kopelevich et al., 2014, 2020) and population levels of calcification are extremely high, as evidenced
by the thick layers of calcareous ooze overlying bottom sediments (Hay, 1988). Further, there were increases in
coccolithophore calcification during the higher alkalinity ocean of the last glacial maximum (Beaufort
et al., 2011) and the increased weathering input of the Eocene climatic optimum (Claxton et al., 2022). A similar
value for an upper threshold for alkalinity addition (of <1,000 pmol/kg additional alkalinity) has been proposed to
avoid inorganic calcium carbonate precipitation (Hartmann et al., 2023; Suitner et al., 2023). This suggests that a
convergence on operating boundaries is beginning to emerge from both an inorganic and biotic perspective.

G. huxleyi cellular calcification rates and quota may however increase in non-equilibrated OAE scenarios,
resulting in CO, re-release after drawdown into the surface ocean from alkalinity addition. However, probably,
non-equilibrated OAE scenarios will only occur on initial point-source additions of alkalinity, so any possible re-
release of CO, would be short-lived, and it is likely that once the surface ocean and atmosphere have equilibrated
that coccolithophore calcification would then decrease or remain the same relative to control conditions. Addi-
tionally, our laboratory experiments were conducted under nutrient-replete conditions, but calcification response
to OAE may be limited by lack of available nutrients in natural environments (Miiller et al., 2017; Zhang &
Gao, 2021).

In the global ocean, it is not just the process of calcification that induces changes in the carbon cycle. Although
PIC:POC was not determined in our study, we must note that a change of PIC:POC values of coccolithophores
would also affect the overall carbon fixation. It was predicted that if PIC:POC < 1, organic carbon export would
offset the CO, emission from the counter carbonate pump (Renforth & Henderson, 2017). This would need to be
further studied to answer the question of to what extent the interaction between PIC and POC formation will
impact overall carbon drawdown during OAE. Calcium carbonate formation by biota contributes to the ballasting
of organic carbon particulate matter to the deep ocean (Honjo et al., 2008; Rost & Riebesell, 2004; Ziveri
et al., 2007). Therefore, it follows that more calcite formation could lead to more ballasting and more organic
carbon export to the deep ocean. This could have wide-ranging impacts on global carbon cycling. Again, while
showing evidence for calcification responses in coccolithophores, we reiterate that our study still leaves unan-
swered questions concerning the interaction between biotic organic and inorganic carbon formation during OAE.
This is particularly relevant given that our data were obtained from batch cultures experiments, which may not
fully capture natural bloom dynamics, such as the impacts from nutrient competition and grazing pressure.
Further research is necessary to validate our experimental findings via chemostat experiments, and mesocosms as
well as interrogation of field analysis and the geological record at times in the geological past when ocean
alkalinity was elevated (Subhas et al., 2023).

5. Conclusions

Increased ocean alkalinity has a greater impact on G. huxleyi growth and C. braarudii calcification processes. The
growth and calcification responses of the two species to the carbonate chemistries resulting from OAE suggest
that each species is CO,-limited under modern conditions and growth is fertilized by additional alkalinity and
DIC. The fertilization arises from an increase in the HCO;™ ion under higher alkalinity leading to either greater
availability of the substrate or a higher rate of CO, resupply as the coccolithophores utilize CO, during photo-
synthesis and maintain high growth rates. The difference in their calcification response relates to the much greater
carbon demand of the larger C. braarudii cells, and their reliance on CO, for calcification which leads to
significantly decreased calcification in this species under OAE compared to G. huxleyi which has the ability to
utilize HCO;™ at low CO,. Our results indicate that there is a possibility of re-release of CO, during OAE due to
enhanced growth of calcifying coccolithophores, in response to greater carbon supply rate, leading to increased
calcification rates and removal of the alkalinity. High levels of alkalinity enhancement may induce severe coc-
colith malformation due to the fertilized growth rate of the cells, requiring a greater supply rate of CO, for the
associated enhanced rates of calcification resulting in CO, limitation of calcification. This study examines
alkalinity enhancement scenarios at much more extreme perturbations than are likely during early field trials and
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commercial deployments of OAE, and so we advocate based on our results for careful strategic planning during
implementation of OAE, to ensure any carbonate chemistry perturbations are kept within the levels at which we
observed significant growth responses in our study (responses observed at ~3,000 pmol kg ™), both to ensure safe
ecosystem boundaries are maintained, and any reduction in the efficacy of OAE is avoided.
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