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Abstract The carbon isotope fractionation in algal organic matter (gp), including the long-chain
alkenones produced by the coccolithophorid family Noelaerhabdaceae, is used to reconstruct past
atmospheric CO, levels. The conventional proxy linearly relates €, to changes in cellular carbon demand
relative to diffusive CO, supply, with larger €, values occurring at lower carbon demand relative to supply
(i.e., abundant CO,). However, the response of Gephyrocapsa oceanica, one of the dominant alkenone
producers of the last few million years, has not been studied closely. Here, we subject G. oceanica to
various CO, levels by increasing pCO, in the culture headspace, as opposed to increasing dissolved
inorganic carbon (DIC) and alkalinity concentrations at constant pH. We note no substantial change in
physiology, but observe an increase in ¢, as carbon demand relative to supply decreases, consistent with
DIC manipulations. We compile existing Noelaerhabdaceae ¢, data and show that the diffusive model
poorly describes the data. A meta-analysis of individual treatments (unique combinations of lab, strain,
and light conditions) shows that the slope of the ¢, response depends on the light conditions and range of
carbon demand relative to CO, supply in the treatment, which is incompatible with the diffusive model.
We model ¢, as a multilinear function of key physiological and environmental variables and find that
both photoperiod duration and light intensity are critical parameters, in addition to CO, and cell size.
While alkenone carbon isotope ratios indeed record CO, information, irradiance and other factors are also
necessary to properly describe alkenone ¢,

1. Introduction

Anthropogenic CO, emissions are perturbing the global carbon cycle more rapidly than at any time in the
last 66 million years (Zeebe et al., 2016). A key component of the natural carbon cycle is coccolithophores,
which modify oceanic dissolved inorganic carbon and alkalinity inventories through photosynthetic carbon
fixation and the biogenic production of calcium carbonate plates (Balch et al., 1992). These eukaryotic
algae are abundant and widely distributed throughout the global oceans today (Geitzenauer et al., 1976;
Hagino & Young, 2015; McIntyre & Bé, 2003) and in Cenozoic sediments (Burky, 1971; Gartner, 1969).
Certain coccolithophores in the family Noelaerhabdaceae—such as Emiliania huxleyi and Gephyrocapsa
oceanica (Young et al., 2003)—are well known for the long-chain unsaturated ketone molecules they pro-
duce (Marlowe et al., 1984). These lipid biomarkers, called alkenones, have been found in sediments as old
as 120 Ma (Brassell & Dumitrescu, 2004) and can easily be isolated from sediments and other co-occurring
organic compounds. Because alkenones are produced only by the Noelaerhabdaceae, the carbon isotope
ratios of these molecules (§"*Cyya7-2) have been used to estimate atmospheric CO, concentrations over the
last ~45 Ma (e.g., Jasper and Hayes, 1990; Jasper et al., 1994; Pagani et al., 1999, 2005).

The carbon stable isotope fractionation recorded in algal organic matter has been used for decades as a CO,
paleobarometer (Freeman & Hayes, 1992; Popp et al., 1989). The carboxylating enzyme Ribulose 1, 5-bis-
phosphate carboxylase/oxygenase (RuBisCO) in plants and algae prefers '>C to *C by ~11-30 %o, depending
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on the specific form of RuBisCO employed by the organism (Boller et al., 2011, 2015; Falkowski & Ra-
ven, 2007; Goericke et al., 1994). This kinetic preference makes photosynthetic particulate organic carbon
(8"Cpoc) depleted in °C relative to the ambient aqueous CO, (513Cc023q). The carbon isotope fractionation
is termed ¢, and is calculated using Equation 1.

&y = (8" Coonug *+ 1) /(6™ Croc +1) -1 o))

The magnitude of carbon isotope fractionation during photosynthesis (g,) has been found to be inversely
related to the ambient CO,(,q) concentration. All else constant, as [COx,q)] declines, so too does the diffusive
influx of CO,, reducing the apparent carbon isotope fractionation in organic matter relative to the external
CO, source (Rau et al., 1989, 1992). In addition to [COxq)], culture experiments have identified other en-
vironmental and physiological factors that influence algal 8"*C values, including algal growth rate, species,
and growth conditions, such as irradiance or nutrient limitation (Burkhardt et al., 1999; Laws et al., 1995;
Riebesell, Burkhardt, et al., 2000; Rost et al., 2002; Thompson & Calvert, 1995).

The original framework for interpreting alkenone §'*C values was modified from a model of carbon isotope
fractionation in plants (Farquhar et al., 1982), and was formulated with cellular CO, supply only by passive
diffusion. In this framework, ¢, values are linearly related to the ratio of cellular carbon demand to diffusive
CO, supply. Throughout this paper, the term “diffusive model” refers to this quantitative framework of the
alkenone-CO, proxy, as formalized by Rau et al. (1996). Many studies have considered how non-diffusive
CO, supply affects the carbon isotope ratio of DIC entering the cell and the resulting €, values (Badger, 2021;
Francois et al., 1993; Freeman & Pagani, 2005; Laws et al., 1997; 2002; Pagani, 2014; Rau et al., 2001; Stoll
et al., 2019). However, the majority of alkenone ¢, records to date have been interpreted using the diffusive
model (Badger et al., 2019; Bae et al., 2015; Pagani et al., 1999, 2011; Zhang et al., 2013, 2017, 2019, 2020). Fur-
thermore, many studies have used this framework to account for cell size changes, using scaling factors that
are predicated on diffusive supply (Badger et al., 2019; Henderiks & Pagani, 2007; Popp, Laws, et al., 1998;
Zhang et al., 2017, 2020).

The application of the diffusive model is undermined by evidence for pervasive non-diffusive CO, supply in
algae (Bach et al., 2013; Badger et al., 1998; Beardall & Raven, 2013; Laws et al., 2002; Rost et al., 2003; Stojk-
ovic et al., 2013) and recent measurements of much smaller kinetic fractionation by RuBisCO in E. huxleyi
(Boller et al., 2011). Non-diffusive CO, supply in algae counteracts photorespiration (Andersson, 2008), car-
bon limitation at [COy,q)] levels found in many parts of the ocean (Heureux et al., 2017; Olsen et al., 2016;
Young et al., 2016), and the requirement by RuBisCO of an additional CO, molecule to activate the enzyme
(Andersson, 2008; Lorimer & Miziorko, 1980). Non-diffusive supply through carbon concentrating mecha-
nisms (CCMs) is not included in the diffusive model and will change the relationship between €, and carbon
demand/supply (Freeman & Pagani, 2005; Laws et al., 1997, 2002).

Recent direct measurement of the carbon isotope fractionation by RuBisCO in E. huxleyi presents a further
challenge to the diffusive model. For conventional alkenone paleobarometry applications, the maximum
possible €, is set by the kinetic fractionation by RuBisCO (termed &f in the diffusive model). Based upon the
value of RuBisCO (form IB) fractionation in higher plants (Goericke et al., 1994; O’Leary, 1984; Roeske &
O’Leary, 1985) and inference from algal cultures (Popp, Laws, et al., 1998), a value of ~25 %o is used for Ru-
BisCO form ID (the form found in alkenone-producing coccolithophores). However, in vitro measurements
of RuBisCO extracted from E. huxleyi yielded egypisco = 11.1 %o (95% CI: 9.8-12.6 %o0) (Boller et al., 2011).
Here, “g” denotes the maximum fractionation in vivo, and egupisco denotes the measured fractionation
in vitro (Wilkes & Pearson, 2019). This low egypisco value suggests that other fractionating mechanisms
must generate 13C-depleted CO; at the site of carboxylation to allow ¢, to exceed epypisco- Wilkes and Pear-
son (2019) proposed a photocatalytic CCM that is capable of explaining the discrepancy between the meas-
ured in vitro RuBisCO fractionation and the inferred in vivo value of 25 %.. The hypothesized pathway is
enhanced under excess photon flux and involves hydroxylation of CO, to HCO3 during DIC transfer across
the thylakoid membrane, then conversion of HCO3 to CO, to be used for carbon fixation. This process is pro-
posed to produce highly *C-depleted CO, surrounding RuBisCO and ¢, values that approach & (25 %o). This
and other studies have identified an influence of environment on ¢, that is independent of carbon demand
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and diffusive CO, supply, which needs to be considered when attempting to use algal €, as a paleobarometer
(Holtz et al., 2017; Rost et al., 2002; Stoll et al., 2019; Wilkes & Pearson, 2019).

Here, we report new measurements of carbon isotope fractionation (g,) in G. oceanica in response to varia-
ble [CO,uq)] achieved through pCO, headspace manipulation, the first investigation of the photosynthetic
carbon isotope response of this alga to modified pH. We compile and carefully standardize published data-
sets to probe the relationship between g, and carbon demand relative to diffusive CO, supply. We evaluate
the results in the framework of the diffusive model that has been used to infer past CO, levels. We find that
more of the variance in ¢, can be explained by the light conditions in cultures than by the diffusive mod-
el. We show that accounting for both irradiance and photoperiod is necessary to describe photosynthetic
carbon isotope fractionation in alkenone-producing algae in culture, and suggest irradiance is likely a key
variable in the natural environment.

2. Methods
2.1. G. Oceanica Cultures
2.1.1. Culture Set-Up

We grew non-axenic batch cultures of G. oceanica (Roscoff Culture Collection RCC1303; isolated from the
Bay of Biscay in 1999) in triplicate at five different CO, partial pressures, with target pCO, of 200, 400, 600,
800, and 1000 patm. Cultures were conducted simultaneously, and the stock strain was pre-acclimated to
each CO, level for ~5 generations prior to the experimental treatment. The experimental design followed
Hennon et al. (2019). CO, concentrations were set in 2.5-L polycarbonate culture flasks (filled with 1 L of
media) by continuously aerating the headspace of the bottle with gas from tanks with ~79% N,, 21% O,,
and either 200, 400, 600, 800, or 1000 ppmv CO, (acquired from TechAir, NY, USA). Culture media were
not bubbled because this has been shown to have adverse effects on the physiology of algal cultures (Juhl
& Latz, 2002). Instead, gas streams of pre-mixed CO, partial pressures were directed through sterilized
glass pipets and positioned just above the media surface to break the boundary layer, thereby the [COx(,q)]
of each vessel was set by diffusion from the headspace. The gas stream tubing was held in place above the
headspace-media interface by wrapping the tubing in cheesecloth and wedging the cheesecloth between
the tubing and the mouth of the polycarbonate vessel. Cells were grown in 0.2-um filtered natural seawater
collected from Avery Point, CT, USA. Nutrients were based on the L1 recipe (Guillard & Hargraves, 1993)
but reduced as follows: L1/15 phosphate, L1/10 nitrate, and L1/25 vitamins and trace metals. The salinity
was 32.53, and cultures were incubated at 18°C. Light intensity was measured using a QSPL-2100 light me-
ter (Biospherical Instruments Inc., San Diego, CA, USA) and was delivered in a 14:10 photoperiod (light on
from 08:00 to 22:00 h). Light intensity in the culture chamber varied slightly depending on flask location but
averaged 99 + 14 pmol photons m™* s™* (mean and one standard deviation of all replicates). We calculated
integrated daily irradiance as the product of the light intensity (umol m™*s™") and the number of seconds of
illumination and convert the units to mol m=>d™".

2.1.2. Cell Physiology

Cells grew exponentially for 5 days and were harvested in the late morning to early afternoon on day 5. This
duration was chosen to ensure sufficient material for geochemical and physiological analyses while pre-
venting the cells from encountering nutrient limitation and entering stationary phase. Cell density in each
culture vessel was monitored daily using relative fluorescence as a proxy for cell concentration, measured
with an AquaFlash fluorometer (Turner Designs, San Jose, CA, USA). 1-mL samples were also collected
daily, preserved in paraformaldehyde (1.5%), flash frozen in liquid nitrogen, and stored at —80°C. Preserved
samples were subsequently thawed and measured by flow cytometry on a Guava EasyCyte Mini cytometer
(Millipore, Darmstadt, Germany) within 6 months. Cell counts from the day of harvest were determined
in technical triplicate by microscopy on a hemocytometer. Cellular growth rates (4, day™") were calculated
from the slope of the relationship between In(cell concentration) and time in days after inoculation.

Changes in cell volume between treatments and replicates were constrained using forward scatter estimates
from the Guava flow cytometer. Using 1-um diameter reference beads (Fluoresbrite, YG) to calibrate the
flow cytometer response, we compared the forward scatter from aliquots of each culture to the reference
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beads and across the range of treatments to examine relative differences. We calculated a response factor by
dividing the natural logarithm of the forward scatter of each aliquot to the forward scatter of the reference
beads. To convert this relative response factor to a cell volume, we compared all treatments to a “baseline”
value. We chose the 400-uatm treatment because it is closest to natural conditions for these cells (mean
response factor = 0.75; n = 3). We prescribed a mean cell diameter of 5.2 um for the 400-patm treatment
group—equivalent to a mean cell volume of 73.6 um®—and calculated changes in cell volume relative to
this baseline. This prescribed cell diameter is based on eight micrographs of our culture stock of this strain
and agrees with measurements of cell diameter of this strain from other batch cultures (Aloisi, 2015; Fau-
cher et al., 2017). We estimated the mean cell volume from each flow cytometry measurement by dividing
the response factor (forward scatter of sample relative to standard bead) by the baseline response factor,
then multiplying by the prescribed baseline cell volume. We used the standard deviation of the 400-yatm
response factor (1 s.d. = 0.07, n = 3) as the uncertainty on our estimate and propagated this into a cell diam-
eter uncertainty of +£0.15 um. Cell size estimates were corrected for differences in time of sampling between
treatments using the approach of Aloisi (2015) (see Equation 5). The cell size at time of sampling and the
time-normalized sizes can be found in the Supplementary Material.

2.1.3. Carbonate Chemistry

Carbonate chemistry was monitored using measurements of pH and total alkalinity. The pH of the media
in each culture vessel was measured daily using the m-cresol purple method (Dickson et al., 2007) using a
Shimadzu UV-1800 spectrophotometer (Kyoto, Japan), calibrated by pH certified reference materials from
the Dickson Lab (Scripps Institution of Oceanography, La Jolla, CA, USA). Total alkalinity was assayed by
titration at the start and end of the experiment using a closed cell titration with a Metrohm Titrando autoti-
trator (Herisau, Switzerland) and calibrated by certified reference materials from the Dickson Lab (Scripps
Institution of Oceanography, La Jolla, CA, USA). Alkalinity and pH measurements were made at standard
temperature (25°C), and the speciation of the carbonate system was calculated at 18°C using CO2Sys_v2.1
(Lewis & Wallace, 1998). pH is reported on the total scale; we used K; and K, CO, constants of Lueker
et al. (2000) with KSO, from Dickson and total boron from Uppstrom (1974).

12-mL samples for dissolved inorganic carbon concentrations and 8"Cpic were taken from each culture
vessel at the beginning (t,) and end (t;) of the experiments. Samples were sterile filtered through a 0.2-um
polycarbonate filter in a laminar flow hood to remove bacterial contamination from the culture vessels,
sealed without headspace in glass vials with septa (model E2852, EA Consumables, Pennsauken, NJ, USA),
and shipped to the Stable Isotope Facility at UC Santa Cruz (California, USA) for analysis within 6 months.
Each t, and t; sample was analyzed 1 to 8 times. The average precision (average one standard deviation of all
replicates) was 100 pmol kg™ for DIC and 0.21 %o for 5"Cp;c. We calculated 8"Ccozq using Equation 2 of
Rau et al. (1996). Because cells grew exponentially, the vast majority of the total biomass—and its average
carbon isotope ratio—was generated during the last two cell divisions (Figure S7), which is much closer to
the t; measurement than t, measurement. We therefore used t; carbonate chemistry measurements.

2.1.4. Lipid Extraction and Carbon Isotope Measurements

Approximately 150 mL of culture medium from each treatment was gently vacuum-filtered onto pre-com-
busted glass fiber filters. Free lipids from these filters were extracted via Dionex ASE 350 using a dichlo-
romethane and methanol mixture (9:1 v/v, respectively) at 100°C and 10.3 kPa (1500 psi). The total lipid
extract (TLE) was evaporated to dryness under a stream of purified N, gas. Alkenone carbon isotope ratios
were measured using a Thermo TraceGC coupled to an Isolink device and a Thermo DeltaV mass spectrom-
eter using a J&W DB-1 gas chromatographic column (60 m X 0.25 mm i.d. X 0.1 um phase thickness) and
a 10 m guard column. Sample TLEs were injected in toluene into a programmable temperature vaporizing
inlet at 90°C, held isothermal for 1.5 min, then heated to 325°C with a splitless time of 5 min, and followed
by a cleaning phase with a 50:1 split ratio at 350°C for 5 min. The GC oven temperature started at 90°C, was
held isothermal for 1.5 min, ramped 25°C/min to 250°C, then ramped 1°C/min to 313°C, then ramped 10°C/
min to 320°C, and held isothermal for 20 min. This method achieved baseline separation of the Cs;, and Cs;;
alkenones; here, we only report Cs;., 8'3C values. An in-line Nafion membrane was used to remove water
from the analyte stream. TLE samples were run in duplicate or triplicate. Carbon isotope ratios were trans-
lated from the laboratory reference gas scale to the VPDB scale using n-alkane standards of known isotope
composition (Mix A5 and Mix B4; produced by A. Schimmelmann, Indiana University), and the uncertainty
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in our isotope measurements was calculated using a MATLAB routine based on the method of Polissar and
D’Andrea (2014). Sample-specific uncertainties (1 s.d.) are provided in Dataset S1 and are <0.4 %eo.

Because the cultures were contaminated with cotton cheesecloth fibers during sampling, we could not relia-
bly measure bulk particulate carbon or its stable isotope composition. Instead, we estimated cellular 8"*Cpoc
using our alkenone carbon isotope data (8"Cpa7-2) and a constant biomass-lipid isotopic offset (eyio/ac)s the
same approach as used in sediment studies. We recalculated the weighted-mean &0/, following the meth-
ods of Popp, Kenig, et al. (1998) after Laws (1997) using the published 8Cpoc and 8Cyysy., data of Popp,
Kenig, et al. (1998), Riebesell, Revill, et al. (2000) and Wilkes et al. (2018). The weighting function uses the
uncertainties of the §Cpoc and 8"Cypes7, measurements and gives more weight to values with smaller
uncertainties. The standard deviation of this estimated e,/ iS calculated from the inverse square-root of
the sum of the inverse of the variances (see Popp, Kenig, et al., 1998, their Table 2). Our new calculations
with all available data yielded an ek value of —4.44 %o =+ 0.05 %o, which we applied to our samples to
calculate g, values.

2.2. Culture Compilation and Standardization

2.2.1. Calculating Carbon Demand and Supply

Evaluating the dependence of ¢, on cellular carbon demand and diffusive CO, supply requires the fol-
lowing parameters: cell size (surface area, volume), particulate organic carbon per cell, cellular growth
rate, [COxg), the 8" °Cpyc of the culture media, and the 5"°C of organic matter (8 °Cpoc) or of alkenones
(8"Cs72). We examined carbon isotope fractionation with respect to carbon demand relative to carbon
supply using the non-dimensional variable “z” introduced by McClelland et al. (2017) (Equation 2), which
is equivalent to the classical carbon demand to diffusive CO, supply ratio found in the literature (Burkhardt
et al., 1999; Rau et al., 1996). We slightly modified the formulation of 7 to explicitly include POC cell™* and
cellular surface area instead of cellular carbon density, because we believe 7 defined with these terms better
delineates their intrinsic proportionality, though our expressions are mathematically equivalent. We recast
Tas:

POC x

=i h o~ @)
SAx P xC,

where POC is the organic carbon content of the cell (mol C), y; is the photoperiod-adjusted growth rate of

the cell (often termed “instantaneous,” in seconds™"), SA is the surface area over which CO, diffuses into the

cell (m?), P¢ is the permeability of this cell membrane to diffusion of aqueous CO, (here we use 2> m s™%;

see below), C, is the aqueous CO, concentration (mol m™>; which requires an estimate or assumption about

the density of the culture media, here assumed to be 1023 kg m™).

Photoperiod-adjusted growth rate (y;) is calculated by:

,ux(L+D)
=D @

where p is the specific growth rate (d™"), L and D are the lengths of the light period and the dark period
(hours), and r is a coefficient for the effect of respiratory carbon loss in the dark. Here, we take r to be
0.15, following Laws and Bannister (1980) and previous studies (e.g., Riebesell, Revill, et al., 2000; Rost
et al., 2002).

2.2.2. Data Compilation

We compiled data from the literature, and in our analysis, only included studies in which all components
of 7—CO,, POC or cell size, and growth rate—were measured or could be estimated with confidence (Bi-
digare et al., 1997; McClelland et al., 2017; Popp, Kenig et al., 1998; Popp, Laws, et al., 1998; Riebesell,
Revill, et al., 2000; Rost et al., 2002; Wilkes et al., 2018). We did not include the G. oceanica data of Rickaby
et al. (2010); recent batch culture experiments of G. oceanica under similar culture conditions (McClelland
et al., 2017) yielded dramatically different 8"*Cpoc results, and McClelland et al. (2017) also excluded the G.
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oceanica data of Rickaby et al. (2010) in their analysis and interpretation. We also did not include the batch
culture experiments of Moolna and Rickaby (2012) because we could not reconcile the reported “end” car-
bonate system data with the reported [CO,q)]: calculating [CO,q)] using the reported DIC and alkalinity
returned estimates an order of magnitude higher than the reported [COy,q)]. In our multilinear regression
models, we did not include the maximum ¢, treatment from Bidigare et al. (1997) (24.9%o) because it was
achieved at extremely high [CO,q)] (274 uM). It is an important observation and demonstrates that ¢, val-
ues of ~25 %o can indeed be achieved, but this CO, treatment is unreasonably high for the natural habitat
of coccolithophores, is >9 standard deviations away from the mean of the dataset, and exerts exorbitant
leverage on the regression coefficients.

2.3. Approach to Constraining ¢

Few datasets reported enough information to calculate 7 directly. However, this is also the case in sediment
studies because input variables, such as POC and cell counts of the alkenone-producing population to cal-
culate POC cell™ are not quantitatively preserved. We approximated components of T as necessary using
well-constrained transfer functions.

2.3.1. Particulate Organic Carbon and Cell Dimensions

There is a robust relationship between algal cell volume and cellular organic carbon content (Montagnes
et al., 1993; Popp, Laws, et al., 1998; Verity et al., 1992). These studies used a variety of algal species that cov-
ered many orders of magnitude of algal biovolume and found that the relationship between POC cell " and
cell volume followed a power law with the exponent close to one. More targeted work on coccolithophores
(Aloisi, 2015), and one study of alkenone-producing algae specifically (McClelland et al., 2017), found a
constant organic carbon density of ~15 and 18.5 fmol C um™, respectively. We use 17.5 fmol C um™ +

0.75 fmol C pum™ to incorporate this range of measured values. Volume and POC are related by:

POC =17.5+0.75 fmol C gm™ x V ym® 4)

where POC is the particulate organic carbon content in femtomole C and V is the cell volume (um?®). Alk-
enone-producing coccolithophores are very nearly spherical, and a spherical geometry is commonly em-
ployed for these organisms (Bolton et al., 2016; Henderiks & Pagani, 2007; McClelland et al., 2016; Popp,
Laws, et al., 1998; Stoll et al., 2019). In treatments where only one of POC cell™ or cell size was reported,
we estimated the other parameter using Equation 4. We calculated surface area assuming a spherical cell.

2.3.2. Cell Growth During a Light: Dark Cycle

As emphasized by Aloisi (2015), the time at which samples were collected must be considered when com-
paring results across experiments and treatments because cell growth and division is synchronized with the
light:dark cycle (Miiller et al., 2008). Under continuous light, there is no synchronization of cell division, so
harvesting the culture at any time draws an unbiased sample from the probability distribution of the differ-
ent growth phases of the organism. However, cells grown under a discontinuous photoperiod add biomass
and increase in size throughout the light period. The time at which the sample is collected can therefore bias
the estimate of cell diameter or POC cell™". To account for differences in sampling time, we used the method
outlined in Appendix A1 of Aloisi (2015), which normalizes POC cell™* to a given time in the photoperiod.
Here, we normalized to the middle of the photoperiod. POC at a given sample time under a light:dark cycle
is calculated by:

_ LxPOC(Sy) t

where POC is the particulate organic carbon (pg C), t is the normalization time in hours after the start of the
light period, L is the length of the light period in hours, and Sy is the sample collection time in hours after
the start of the light period.
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2.3.3. Membrane Permeability

To compare the Rau et al. (1996) model to the experimental data in the framework of 7, the cellular carbon
demand relative to diffusive CO, supply, we require an estimate of the cell membrane permeability to CO,
diffusion (P¢). This parameter has recently been determined for Emiliania huxleyi, with measured values
around le™* m s (Blanco-Ameijeiras et al., 2020). However, with this value, the diffusive model solution
does not overlap with the data (Figure S9). This suggests that the effective permeability to CO, diffusion to
RuBisCO (which includes the chloroplast membrane) is lower than the permeability of the cell membrane.
We choose a permeability of 2e™> m s~ as this visually fits the experimental data on a plot of gp versus T and
allows us to show the Rau et al. (1996) model in relation to the data. The exact value is not critical in our
overall analysis because it is a constant in 7.

3. Results
3.1. G. Oceanica Cultures

These batch culture experiments targeted 200, 400, 600, 800, and 1000 patm pCO,. All treatments were
conducted in triplicate (e.g., 200A, 200B, and 200C). We treat each individual cultivation as a unique ex-
periment and conducted all measurements on seawater and particulate matter collected from each vessel.
Data are reported in the Supplementary Materials and Dataset S1 and can be found in the DRYAD database
(https://doi.org/10.5061/dryad.bcc2fqzc7).

3.1.1. Cell Growth

Measured cellular growth rates ranged from 0.78 to 0.99 days™. Photoperiod-normalized growth rates (us-
ing Equation 3) ranged from 1.51 days™ to 1.91 days™, demonstrating a low-amplitude growth rate re-
sponse to our experimental range of pCO, under the nutrient-replete, constant light, and constant temper-
ature conditions. Maximum growth rates were found at minimum pCO, (201 + 3 patm, 0.97 % 0.03 days™;
mean + one standard deviation of three replicates), while average minimum growth rates occurred in the
800-patm treatment. In batch cultures of this same strain (RCC1303) at 20°C, Sett et al. (2014) found rough-
ly similar growth rates over a similar pCO, range (0.79-1.06 days™" from 280 to 1000 patm). We note that
the 600 ppm treatment yielded more variable growth rates (0.78-0.94 days™, ~20%. variability) than other
treatments in our study. Similar relative within-treatment variability was found by McClelland et al. (2017)
in biological replicates of G. oceanica RCC1211 and RCC1314 CO, response experiments. Visualization of
cells at the time of harvest confirmed they calcified during these experiments. Final cell concentrations
ranged between 1.89 x 10* and 1.24 x 10° cells mL ™", with an average of 6.39 x 10* cells mL ™.

3.1.2. Carbonate Chemistry

The realized pCO, was generally slightly lower than the target pCO, of each treatment due to biological
uptake, which resulted in a pCO, range of 168-965 patm. At 18°C and salinity of 32.53, this results in
a [COyg)] range from 5.8 to 33.4 umol kg™ (we assume +10% uncertainty). The mean t; alkalinity was
2131 umol kg~' with a standard deviation across all treatments of 47 umol kg™, and a mean percent chang-
es from t, to t; of 1.75%. The mean pH drift from t, to t; across all treatments was 0.05 units. The carbonate
system was therefore relatively chemically stable throughout the majority of the experiments. The largest
drift in pH occurred in the 1000C treatment (0.1 units), and the largest drift in alkalinity was found in the
400C treatment (85.5 pmol kg™*). The pH and total alkalinity changes are shown in Figure S8, and the initial
and final values are reported in Table S2.

‘We measured the carbon isotope ratio of DIC (8"Cprc) at to and t; for all experiments. The CO, of the culture
vessels was set by headspace modification; we continuously pumped air with pre-mixed pCO, into the cul-
ture vessel directly above the boundary layer of the culture seawater. Because photosynthesis preferentially
removes 2C, in a closed system, 8'3Cpyc values would become more positive as the experiment progresses.
However, because our system was open to the atmosphere and continuously purged by *C-depleted CO,,
8'3Cpyc values became more negative from t, to tr. In some cases (e.g., the 400-patm experiments), the drift
is large, with a maximum of —9.1 %.. However, the vast majority (81%—-89%) of the total algal biomass in
each treatment is synthesized during the last two cell divisions, with a mean of 62% generated during the
final division (Figure S7). Because we do not have a full-time series of carbonate chemistry or §"*Cpyc, we
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Figure 1. Physiological and geochemical results from Gephyrocapsa oceanica (RCC1303) batch cultures (this study). (a) Growth rates with respect to media
pCO;, in batch cultures; dashed black line is a quadratic fit. (b) Estimated cell radius from flow cytometry as a function of pCO,; dashed line shows linear fit to
our culture data. Shown for reference in gray circles are cell diameters estimated using measured POC cell™" (Equation 4) from Sett et al. (2014) (same strain in
batch culture at 20°C). (c) Carbon isotope fractionation (g,) in our G. oceanica cultures determined from alkenone 813C as a function of carbon demand relative
to carbon supply. Error bars in (b) and (c) are 1 standard deviation (see methods). Dashed regression lines and black text in panels (a) and (b) indicate statistical
significance at the p < 0.1 threshold; red text and solid regression line in (c) indicate significance at the p < 0.05 level.

use the t; measurements as the benchmark against which to calculate carbon isotope fractionation (g,) in
our cultures.

3.1.3. Cell Size

Cell diameters estimated from cytometer scattering at the time of sampling ranged from 5.0 to 5.7 um.
When normalized to a common time (the middle of the photoperiod, Equation 5) to account for cell growth
and expansion throughout the light period, cell diameters range from 5.1 to 6.1 um. There was no signif-
icant relationship between cell size and pCO, across treatments (* = 0.18, p > 0.05; Figure 1b), although
the largest cells were found in the highest pCO, treatment (~1000 ppm). Our mean cell-size estimates from
flow cytometry agree well with POC-estimated cell size from the same strain in the batch cultures of Sett
et al. (2014) (Figure 1b) and Faucher et al. (2017) and are therefore representative for nutrient-replete batch
cultures of this strain.

3.1.4. Carbon Isotope Fractionation in Organic Matter

Alkenone 8"C reflects the source 8" Cpyc as well as the effect of CO, concentration and physiology on iso-
tope discrimination by RuBisCO. In our cultures, 8" Cpya is highly correlated with [COyqq)] (# = 0.78)
because the pCO, of the culture vessels was established by continuously aerating the headspace with *C-de-
pleted COy; this is further evident from the relationship between 8'*Cpyc and [COy,g] (¥ = 0.83) (Figure S1).
The slope of a linear regression between [CO,,q)] and 8" Chxara2 is ~20% steeper than that of [COxaq)] versus
8"Cpic, demonstrating the presence of the CO, effect on 8"*Cyyasz in addition to the carbonate system
manipulation (Figure S1). This CO, effect is clear when isotope fractionation is examined as €, the isotope
fractionation with respect to 513CCOZaq values (Figure S2). Measured ¢, values were between 7.4 and 11.5 %o,
a range comparable to that observed in many batch cultures and in marine sediments of the past ~23 Ma
(Pagani, 2014; Pagani et al., 2010). As observed in many other datasets, we find an inverse relationship be-
tween g, and 1/[COy,q)] (Figure S2). Under these growth conditions, lower growth rates and higher [COx(,q)]
lead to higher ¢,

3.1.5. Carbon Demand and Diffusive CO, Supply

In the conventional framework, carbon demand is set by the photoperiod-normalized growth rate and the
carbon content per cell; diffusive supply is calculated as the product of the cellular surface area, the perme-
ability of the cell membrane to CO,, and the [COx,q)]. Alkenone carbon isotope fractionation and r are sig-
nificantly correlated in our dataset, demonstrating a strong effect of physiology and CO, supply on alkenone
gp values (Figure 1c). In our culture experiments, 7 variations were primarily driven by changing [CO,.q)] (a
5.8-fold change) rather than growth rate, and ranged from approximately 0.5 to 3. The strongest correlation
between ¢, and the components of 7 was found with 1/[CO,q)] (Figure S2). Estimated cell radius varied by
less than 20% across treatments, and photoperiod-normalized growth rate changed by a maximum of ~25%.
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Our results support the foundational observations that carbon isotope fractionation carries a signature of
the ambient [CO,.q)]. However, our experiments covered a small €, range and did not reach low 7 values
where carbon demand is very low relative to supply, so we are unable to determine the continuity of the g,
response to 7 from our experiments alone.

3.2. Culture Synthesis

We synthesized existing culture data of alkenone-producing coccolithophores that reported ¢, values and
sufficient physiological information and metadata to estimate 7 in each sample. These additional data in-
clude E. huxleyi strains BT6 (Bidigare et al., 1997; Popp, Kenig, et al., 1998; Popp, Laws, et al., 1998), PML
B92/11 (Bidigare et al., 1997; Popp, Kenig, et al., 1998; Popp, Laws, et al., 1998; Riebesell, Revill, et al., 2000;
Rost et al., 2002), RCC1216, and RCC1256 (McClelland et al., 2017), and G. oceanica strains RCC1211, and
RCC1314 (McClelland et al., 2017). While there may be differences at the strain level, including data from
all strains in our analysis is most applicable to sediment studies, as one cannot distinguish alkenones at the
strain level in the sedimentary record. Our synthesis, accounting for differences in sampling times, permits
a robust evaluation of the carbon isotope response of alkenone-producing algae to changes in CO, supply
and cellular carbon demand. In this dataset, g, values range from ~7 to ~23 %o, consistent with alkenone
gp records from the Cenozoic (Pagani, 2014). Calculated 7 values span ~2 orders of magnitude (~0.1 to ~6
units; absolute values depend on the choice of membrane permeability because the membrane permeability
is a multiplier on the denominator of 7).

Combining our G. oceanica data with published Noelaerhabdaceae ¢, data, we observe a highly scattered
inverse relationship between ¢, and 7. This indicates that diffusive CO, supply—or CCM activity that re-
sponds to the ambient CO, concentration like diffusive supply—is one aspect controlling carbon isotope
fractionation. In contrast, we observe a strong effect of irradiance (photoperiod and light intensity) on ¢,
values. At low values of 7 (<1), the compiled culture data span a wide range of photoperiod and irradiance
values, and we observe a large range in ¢, values: both the maximum and minimum ¢, and irradiance values
occur at T < 0.2. Across these cultures, where light conditions are different, the variability in ¢, values is
more closely related to irradiance than 7 (Figure 2b). The influence of irradiance on ¢, is not apparent at
high 7 values because the range of irradiance values in this subset of experiments is comparatively small
(~5-11 mol photons m™>d™%).

4. Discussion

Our analysis of existing and new ¢, and 7 determinations from cultures of alkenone-producing algae demon-
strates a number of relationships that will be important to address in the paleoenvironmental interpretation
of alkenone ¢, values:

(i) &pasafunction of 7 is poorly predicted by the linear Rau et al. (1996) model used in the alkenone-CO,
proxy,

(ii) while there is a CO, effect on ¢, variance in ¢, across cultures is better explained by irradiance than r,

(iii) the values of ¢, in many cultures exceed the value of in vitro erupisco measured in the alkenone-produc-
ing E. huxleyi (Boller et al., 2011).

Here, we present an empirical analysis of the relationship between ¢, and 7, where we consider the ability
of the diffusive model—the traditional framework for the alkenone paleobarometer—to explain the meas-
ured g, data. We then evaluate the influence of irradiance on g, through multiple linear regression analysis,
demonstrating a significant role of both light intensity and photoperiod in determining photosynthetic car-
bon isotope fractionation. Finally, we conclude with a discussion of future directions for alkenone carbon
isotope ratios as a proxy of past environmental conditions.

4.1. Sensitivity of ¢, to Carbon Demand and Supply (z)

The alkenone paleobarometer invokes a linear relationship between carbon isotope fractionation (g,) and
carbon demand relative to carbon supply (7) (Bidigare et al., 1997; Pagani et al., 2000; Popp, Laws, et al., 1998;
Rau et al., 1996). Overall, the highest ¢, values only occur at low 7 values, and high 7is associated with low ¢,
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Figure 2. Carbon isotope fractionation in organic matter (¢,) from G. oceanica cultures (this study) and published data from other alkenone-producing algae.
(a) g, plotted against carbon fixation relative to diffusive CO, supply (7), colored by total daily irradiance. Black line is the solution using the Rau et al. (1996)
diffusive model (Equation 1). (b) €, as a function of total daily irradiance, colored by 7. Red line is an ordinary linear regression. Symbols are the same in both
panels and indicate the publication and species, where the abbreviation is the first initial of the first author's last name, the publication year, and the species
studied (ehux = Emiliania huxleyi; goc = Gephyrocapsa oceanica). “TS” is “This Study.” Error bars omitted for clarity. The diffusive model poorly predicts €, as a
function of 7; more variance in ¢, can be explained by irradiance than the diffusive model.

values. This relationship is an important feature of the dataset: it suggests that organic carbon isotope frac-
tionation by alkenone-producing algae is indeed recording information about the cellular carbon budget,
including ambient [CO,qq)]. This general finding echos the observations of many individual studies and the
G. oceanica data we present here, in which increasing 7 leads to lower ¢, values. There is, therefore, utility
in algal paleobarometry if other physiological and environmental factors can be constrained. However, the
diffusive model does not accurately predict isotope fractionation: as 7 increases, the diffusive model diverges
from the data (Figure 2a) and in fact leads to negative €, values at 7 values greater than 1. When 7 exceeds
1, cellular carbon demand is greater than diffusive CO, supply and the modeled rate of diffusion of COyq)
through the boundary layer is insufficient to support cell growth. This implies that the model is not properly
parameterized, or CCMs are enhancing carbon supply beyond what is possible by simple diffusion, which
is suggested to occur at low CO, concentrations (Bach et al., 2013; Isensee et al., 2014). Furthermore, appli-
cations of the alkenone paleobarometer that attempt to account for changes in cell size or growth rate (e.g.,
Pagani et al., 2000; Henderiks and Pagani, 2007) following the scaling factors of Popp, Laws, et al. (1998)
would only be valid if the €, response was accurately and universally described by the linear diffusive model.

While the data in aggregate show ¢, values decrease as 7 increases, there are differences between ¢, 7, and
irradiance across studies that underpin the observed combined response. To evaluate how the range of ex-
perimental conditions in each study affects ¢,, we conduct a meta-analysis to isolate the slope of ¢, versus T
in each treatment (Figure 3). We define a “treatment” as a unique combination of lab, algal strain, and light
conditions. From five studies with sufficient data to calculate the statistics on this relationship, there are
16 unique treatments, which subject a total of four strains of E. huxleyi and three strains of G. oceanica to
various CO, conditions. We find that the slope of ¢, versus 7 decreases as the mean 7 value in the treatment
increases, and that all slopes are either negative (decreasing €, with increasing 7) or indistinguishable from
0 at the 90% confidence level (Figure 3). Therefore, the T range of the treatment is important in determining
the amplitude of the €, response and further highlights that the €, data are not described by a universal
linear function of 7. As shown in Figure 2, more of the variance in ¢, is explained by the total daily irradi-
ance in the cultures than by 7. The meta-analysis shows that irradiance is also an important determinant
of the magnitude of the slope, even at very similar 7 values: between 7 of 0 and 1, the slope of ¢, versus ©
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Figure 3. Meta-analysis of individual experimental treatments in cultures of alkenone-producing algae. Slope of

the ;-7 relationship in each treatment is plotted as a function of the mean 7 in each treatment. Error bars are 90%
confidence intervals on the slope; symbols are colored by total daily irradiance. Filled symbols have €, versus 7 slopes
that are different from 0 at the 90% confidence level. Legend abbreviations are similar to Figure 2, with the first initial
of the first author's last name, year of publication, species studied, and algal strain. There are more symbols than legend
entries because one study (Rost et al., 2002) has multiple light conditions for the same strain. Statistics of the meta-
analysis are reported in Table S3.

encompasses the full slope range in the dataset, with more negative slopes at higher irradiance conditions,
and lower slopes at lower irradiance. We caution that the combination of high 7 (>1) and high irradiance
(>15 mol m™ d™*) does not exist in these data, and thus we cannot confirm that the observed relationship
occurs for all combinations of 7 and light. However, there is a clear dependence of ¢, on irradiance that is
not accounted for in the diffusive model and the conventional alkenone paleobarometer (Rost et al., 2002).

Some authors have argued that deviation from a linear ¢, versus 7 relationship is indicative of non-diffusive
CO, supply (Keller & Morel, 1999; Laws et al., 1997; 2002; Stoll et al., 2019). The apparent asymptote in
carbon isotope fractionation as 7 increases suggests that at high 7, the photosynthetic apparatus reaches a
CO, threshold below which carbon fixation does not proceed because O, outcompetes CO, at the active site
of RuBisCO (Raven, 1997). Approaching this threshold where CO, becomes less available, algae rely more
heavily on import and/or transport of HCOj across intracellular membranes to meet their carbon fixation
requirement (Anning et al., 1996; Bach et al., 2013; Holtz et al., 2015; 2017; McClelland et al., 2017). HCO5
movement follows facilitated diffusion or active transport pathways because it is a charged species. It is
then converted to CO,—likely by the enzyme carbonic anhydrase (CA) (Mackinder et al., 2011; Quiroga &
Gonzalez, 1993) or through acid-base equilibrium set by internal pH gradients (Falkowski & Raven, 2007;
Holtz et al., 2015)—and used for carbon fixation. This type of CCM has been termed the “chloroplast pump
model” (Hopkinson, 2014). Greater HCO5 uptake at higher 7 values would raise the chloroplast CO, concen-
tration above what is expected or possible from CO, diffusion alone (Bach et al., 2013; Bolton & Stoll, 2013;
Hopkinson et al., 2011; Isensee et al., 2014). At thermodynamic equilibrium in seawater, CO, §"°C values
are approximately 10 %o lower than HCO; 8"°C values. Dehydration of HCO; by CA imparts a —10.1 %o
isotope effect, generating CO, that is isotopically similar to ambient equilibrium CO, (Riebesell & Wolf-
Gladrow, 1995). This type of CCM is therefore isotopically undetectable and it appears as an artificial en-
hancement of CO, concentrations (Zeebe & Wolf-Gladrow, 2001). Other CCMs may indeed be active and
responsible for some of the ¢, variance we see, but we do not have measurements to directly test for them.
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Another explanation for the deviation from the diffusive model invokes changes in the cell membrane per-
meability to CO,. Measurements of E. huxleyi cell membrane permeability to CO, found no plasticity in in-
cubations at 14°C with 150 and 1000 ppm CO,, and nearly a doubling of permeability from 150 to 1000 ppm
CO; at 22°C (Blanco-Ameijeiras et al., 2020). However, Stoll et al. (2019) demonstrated coccolithophores
would have to plastically modify membrane permeability by over two orders of magnitude to explain the ¢,
data using the diffusive model, which suggests variable membrane permeability is insufficient.

4.2. Kinetic Fractionation by RuBisCO and Implications for the Diffusive Model

The premise of the diffusive model is that the kinetic fractionation by RuBisCO (egyisco) sets the maximum
possible ¢, fractionation associated with CO, diffusion sets the minimum possible ¢,, and carbon demand
relative to CO, supply defines the slope of the line between these two values. The maximum measured €,
values approach 25 %o, yet in vitro measurements of erypisco isolated from E. huxleyi yielded ~11 %o (95%
CI: 9.8-12.6 %o) (Boller et al., 2011). In vitro measurements of RuBisCO isolated from marine diatom S.
costatum, which also expresses the form ID RuBisCO found in E. huxleyi, yielded a value of 18.5 %o (95% CI:
17.0-19.9 %o) (Boller et al., 2015). Alkenone ¢, values exceeding erygisco (€p > 11%0) are common in cultures,
the modern ocean, and Cenozoic marine sediments. The diffusive model cannot explain these observations.
It is possible that the in vitro measurements are not representative of in vivo RuBisCO fractionation in E.
huxleyi and S. costatum. However, there is no reason to assume this is the case, and the egyp;sco measure-
ments suggest that additional fractionation steps occur before fixation by RuBisCO to modify the carbon
isotope composition of the internal DIC pool.

The observed variation in form ID RuBisCO carbon isotope fractionation is a fundamental hurdle to a
mechanistic understanding of algal §"*C values. Given that model alkenone-producer E. huxleyi and marine
diatom S. costatum both possess form ID RuBisCO, why are their measured egypisco values so different?
Further, if there is such diversity in form ID erypisco, could other alkenone-producing coccolithophores (e.g.,
G. oceanica and its ancestors) have dramatically different erypisco values than that measured in E. huxleyi
by Boller et al. (2011)? It is plausible that carbon isotope fractionation is related to the genetic diversity of
the RuBisCO amino acid sequences that encode the catalytic activity of this enzyme. The active site of car-
boxylation is found at the union of two large subunits of RuBisCO (Andersson, 2008). Phylogenies for the
rbeL genes encoding the large subunit of RuBisCO place haptophytes and diatoms as distinct groups (Young
et al., 2012), perhaps consistent with the ~7 %o difference in egpisco measurements of these groups. Howev-
er, G. oceanica and E. huxleyi are statistically indistinguishable in their rbcL and rbcS (small subunit gene)
phylogenies (Young, 2011), suggesting features of RuBisCO activity, including carbon isotope fractionation,
may be conserved. Our observation of a relatively consistent €, signal across strains with respect to changing
T and irradiance suggests that non-RuBisCO fractionation processes are conserved as well. Either egypisco
varies with 7 systematically across the strains that we have examined here, or ¢, is indeed recording changes
in 7 and light for mechanistic reasons that are still being uncovered. In lieu of a robust mechanistic expla-
nation of carbon isotope fractionation, empirical relationships provide a framework for extracting paleoen-
vironmental information from alkenone carbon isotope fractionation.

4.3. What Explains Variations in ¢,?

Wilkes and Pearson (2019) proposed that a photocatalytic CCM, which is more active at high light intensity
and low nutrient conditions, is responsible for the large isotope fractionation in chemostat experiments.
High irradiance and low nutrient conditions must therefore result in more *C-depleted DIC in the vicinity
of RuBisCO. Their model, which includes a biochemical fractionation step during hydroxylation of CO, to
HCOj3 during transit across the thylakoid membrane under high photon flux, was able to explain a large
proportion of the observed culture €, data across several algal groups. In contrast to a mechanistic approach,
empirical models can help identify which parameters can explain the observed variance in g, values. Below
we take an empirical approach to predict €, values and consider the roles of carbon demand and carbon
supply as well as irradiance.
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Figure 4. Calculated carbon isotope fractionation (g,) at the mean 7 of each treatment with respect to (a) the mean 7 of each treatment, (b) ratio of daily
irradiance to the Redfield ratio-adjusted limiting nutrient concentration in the culture media. Error bars on ¢, are 95% confidence intervals on the predicted
€, value at the mean 7 value based on the linear fit from the meta-analysis. Horizontal error bars in (a) show the maximum and minimum 7 values in the
treatment. Legend abbreviations follow Figure 3. Symbols in (a) are colored by the natural log of the ratio of light to Redfield ratio-adjusted limiting nutrient
concentration; symbols in (b) are colored by the mean 7 of the treatment.

The diffusive model, in which ¢;, is a linear function of T with an intercept of ~25 %o, can only explain ~28%
of the variance in ¢, (Figure 2a; black line). With 72% of the variance unexplained, other factors must also
play a role in determining carbon isotope fractionation. Fundamental parameters for algal growth, includ-
ing nutrient concentrations, light intensity, and temperature, are likely candidates. The highest €, values
(>20 %0) were achieved under nutrient-limited, continuous, and high-intensity light experiments (Bidigare
et al., 1997; Popp, Laws, et al., 1998; Wilkes et al., 2018). The next highest ¢, values (~18 %o) were achieved
in the (nutrient-replete) batch incubations of Rost et al. (2002), which were also grown under continuous
light at relatively high light intensity (150 pmol m™ s™). Most batch cultures with a light-dark cycle yield
gp values between 8 and 14 %o (Riebesell et al., 2000; Rost et al., 2002; McClelland et al., 2017; this study).
Across the compiled culture dataset, we see a significant relationship between g, values and the integrated
daily irradiance (umol photons m ™2 d™!), where higher gp values occur at higher total daily irradiance (Fig-
ure 2b). The data, particularly the low-light experiments of Rost et al. (2002) (dark blue inverted triangles,
Figure 2a), also demonstrate that high CO, supply relative to demand (low 7) is necessary for achieving high
gp values, but it is not sufficient on its own.

We explore the role of light and nutrients by examining the relationship between ¢, at the mean 7 of each
treatment and the ratio of daily irradiance to the Redfield ratio-adjusted minimum nutrient concentration
in the growth medium (Figure 4). We find that both 7 and light/nutrients affect €,. At a constant 7, lower
gp values correspond to low light and high nutrient concentrations (Figure 4a), while at a constant light to
nutrient ratio, lower r values correspond to higher ¢, values (Figure 4b). This analysis emphasizes that high
light/low nutrient conditions appear necessary to produce the highest ¢, values. Some studies have suggest-
ed a greater reliance on bicarbonate at lower irradiance and shorter daylength (Rost et al., 2006), raising
a question of where the energy required for such photocatalytic CCM activity is derived. Possibly these
algae are sacrificing inorganic carbon production for organic carbon production at low irradiance. Analy-
sis by Krumhardt et al. (2017) shows that PIC/POC in Emiliania huxleyi generally increases as irradiance
increases. It is therefore possible that at lower light and shorter daylengths, energy used for calcification
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Figure 5. Multiple linear regression models to predict ¢, values in cultures of alkenone-producing algae. Error bars show the 95% confidence intervals on
modeled ¢, values. Samples are colored by integrated daily irradiance. (a) Predictor variables include only the components of 7. (b) Predictor variables add light
intensity (umol photons m~2s™") and light duration (hours), and use growth rate (u) instead of photoperiod-adjusted growth rate (Uphotoperiod adj. OF Mi) because
photoperiod is an independent parameter in this model. (c) and (d) show the magnitude and value of the coefficients for each predictor variable in the linear
regressions for (a) and (b) respectively. Dashed lines indicate 66% confidence intervals on the estimate of the coefficient value.

is redirected to support organic matter production. Bolton and Stoll (2013) showed that HCO; was likely
reallocated away from calcification and to photosynthesis as CO, declined. This process could be operating
at lower irradiance as well. Furthermore, this phenomenon could be associated with enhanced production
of lipids (which are *C-depleted relative to biomass) under high light intensities, though a modeling study
required likely unreasonably large lipid fractionation factors and over-parameterization to produce large
irradiance-driven variations in €, (Holtz et al., 2017).

Although we do not have direct experimental evidence for the mechanism of an irradiance effect on carbon
isotope fractionation, we can probe the influence of light in addition to carbon demand and supply through
multivariate linear regressions (Stoll et al., 2019). First, we develop a linear regression model to predict ¢,
values from the components of 7: photoperiod-normalized growth rate (), cell radius, and [CO,qq)]. With
these variables, we are able to model ~47% of the variance in the ¢, data (Figure 5a). This model is markedly
improved if we include the light parameters. We can explain ~88% of the variance in ¢, if we instead model
&p as a function of growth rate (), cell radius, [CO4ug)] (and a quadratic term), the light intensity, and light
hours (Figure 5b). We allow for a quadratic term in [COxq)] because it improves the quality of the fit and
the sensitivity of €, to [COyq)]- A third model that uses the integrated daily irradiance instead of light hours
and light intensity also performs better than the 7 model (* = 0.65; Figure S6). We elect to use light hours
and cellular growth rate () rather than photoperiod-normalized growth rate (u;) because y; is a function
of photoperiod and requires an assumption about the magnitude of respiratory carbon loss in the dark (see
Equation 3). Consistent with previous work, the linear regression models also identify a strong sensitivity
of €, to cell radius. The irradiance model (Figures 5b and 5d) shows ¢, values decline by 1.55 %o for each
1-um increase in cell radius. These regression models indicate that light intensity and duration as well as
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cell size are essential parameters for predicting carbon isotope fractionation in alkenone-producing algae
(independent of their effects on growth rate) and must be considered in natural samples.

4.4. Next Steps for the Alkenone ¢, Paleobarometer

It would be advantageous to continue to use alkenone carbon isotope fractionation in ancient sediments to
estimate past atmospheric CO, concentrations. The limit of maximum ¢, at 25 %o was previously explained
by CO, supply in such excess of CO, demand that carbon fixation was the rate-limiting step in CO, con-
sumption, leading to a full expression of the kinetic fractionation by RuBisCO. However, if egypisco in alke-
none-producing algae is ~11 %o (Boller et al., 2011), more complex mechanisms must be at play, such as the
photocatalytic CCM proposed by Wilkes and Pearson (2019). Measurements to identify these mechanisms
should be a target of future culture studies and field campaigns.

At present, the data suggest that the diffusive model is not accurately predicting the response of ¢, to CO,
change. As a consequence, it does not describe the quantitative scaling between growth rate, cell size, and
&p- Empirical calibrations, like the ones presented in Figures 2 and 5, are useful, but paleoreconstructions
using these calibrations are only as strong as their calibration treatment matrix. There is a clear distinction
in the ¢, and 7 space that is occupied by different culture conditions: chemostats tend to produce the highest
gp and lowest 7 values, while batch cultures generally yield lower ¢, and higher 7 values. Conditions like
those in the chemostat cultures in our analysis (high-intensity, 24-h light) are rarely achieved in the ocean—
especially not in the subtropical regions that are oceanographically suited for reconstructing atmospheric
CO,. With growth rates between ~0.1 and 1 day~* and modern COxuq) concentrations and cell sizes, 7 would
range between ~0 and 2 units, though 7 values may have been higher in times of lower CO, (glacial peri-
ods), or when Noelaerhabdaceae cell sizes were larger, as is the case in much of the Cenozoic (Henderiks
& Pagani, 2007; 2008; Herrmann & Thierstein, 2012). In this plausible “Cenozoic-equivalent” 7 range, we
observe a stronger dependence of ¢, on irradiance than in the full dataset and an even weaker dependence
on 7 (Figure S10), suggesting irradiance may be significant in marine settings as well. For these reasons, we
recommend caution in the use of the diffusive model and its modifications for CO, reconstructions.

The influence of irradiance presents an additional hurdle because there is no robust paleoproxy for irradi-
ance at the depth of alkenone production. Modern surveys demonstrate that alkenone production generally
occurs within the upper water column (0-100 m), but the depth of maximum alkenone export production
is spatially variable and does not strictly follow in-situ irradiance profiles (Ko et al., 2018; Lee et al., 2014;
Lee & Schneider, 2005; Popp et al., 2006; Wolhowe et al., 2014). Because irradiance decreases exponentially
with depth, it is plausible that the average irradiance conditions contributing to alkenone production and
the sedimentary ¢, signal have changed through time. Sediment samples integrate hundreds to thousands
of years of alkenone production, and may average annual and seasonal irradiance variations in a way that
is not straightforward. An alkenone-based proxy could provide a contemporaneous constraint on the irra-
diance signature in alkenone 5"C records. Some culture experiments suggest the hydrogen isotope ratios
(8°H) of alkenones record a signature of irradiance conditions during growth, though salinity, growth rate,
and species also influence alkenone 8°H values (van der Meer et al., 2015; Schouten et al., 2006; Weiss
et al., 2019). In the natural environment, Wolhowe et al. (2015) found more negative alkenone 5°H values
deeper in the water column, consistent with lower irradiance. While promising, more work is necessary to
disentangle the multiple controls of alkenone 5°H.

In order to apply these empirical relationships to sediments with confidence, future work should focus
on identifying whether the factors investigated here (carbon economics and light energy) are indeed the
primary determinants of carbon isotope fractionation in algae in the modern ocean. There is an abundance
of alkenone carbon isotope data from marine particulates and core-top sediments, but our analysis shows
that previous validation studies (e.g., Pagani et al., 2002) have not yet rigorously tested the fundamental
principles of carbon isotope fractionation in these algae. That analysis is beyond the scope of this study, but
will be the focus of future work.
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5. Conclusions

The alkenone paleobarometer is one of a handful of methods for estimating past atmospheric CO, con-
centrations. The quantitative framework of the proxy assumes (1) that alkenone-producing algae acquire
carbon solely through diffusion, (2) the extent of carbon isotope fractionation ranges between the kinetic
fractionation by the carboxylating enzyme RuBisCO and the fractionation of aqueous CO, diffusion, and
(3) isotope fractionation is linearly proportional to CO, availability. We use culture experiments of alk-
enone-producing G. oceanica in conjunction with a rigorous compilation of existing culture data to test
these fundamental underpinnings of the alkenone paleobarometer. Within tightly controlled experimental
conditions (species, strain, light treatment), we find a dependence of ¢, on carbon demand relative to carbon
supply, indicating that CO, information is indeed recorded in the carbon isotope fractionation of these al-
gae. However, the relationship differs with irradiance and carbon demand relative to supply, indicating ad-
ditional processes are affecting carbon isotope fractionation. We show that including irradiance can explain
almost half (~40%) of the variance in the €, data. The strong covariance between light and ¢, suggests the
occurrence of irradiance-dependent isotope fractionation beyond the effect of light on growth rate. Applica-
tions of the alkenone paleobarometer must take the effects of irradiance into account. We report empirical
relationships between ¢, and irradiance, cell size, CO,, and growth rate. With appropriate validation it may
be possible to reconstruct past changes in CO, using these relationships.
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