N
N

N

HAL

open science

Controls on Alkenone Carbon Isotope Fractionation in
the Modern Ocean
Samuel R Phelps, Heather M Stoll, Clara Bolton, Luc L Beaufort, Pratigya J

Polissar

» To cite this version:

Samuel R Phelps, Heather M Stoll, Clara Bolton, Luc L. Beaufort, Pratigya J Polissar. Controls on
Alkenone Carbon Isotope Fractionation in the Modern Ocean. Geochemistry, Geophysics, Geosystems,

2021, 22 (12), pp.e2021GC009658. 10.1029/2021gc009658 . hal-03561622

HAL Id: hal-03561622
https://hal.science/hal-03561622
Submitted on 8 Feb 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03561622
https://hal.archives-ouvertes.fr

'.) Check for updates

A G s

> SPACE SCIENCE

Geochemistry, Geophysics,

Geosystems’

RESEARCH ARTICLE
10.1029/2021GC009658

Key Points:

e Irradiance is a primary control on
alkenone carbon isotope fractionation
in the natural environment

e Culture-calibrated model can predict
alkenone carbon isotope fractionation
in core-top sediment samples

o Diffusive model “b” value is not
correlated with growth rate: diffusive
model should not be used for
paleobarometry

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

S. R. Phelps,
sphelps @fas.harvard.edu

Citation:

Phelps, S. R., Stoll, H. M., Bolton, C.
T., Beaufort, L., & Polissar, P. J. (2021).
Controls on Alkenone carbon isotope
fractionation in the modern ocean.
Geochemistry, Geophysics, Geosystems,
22, 2021GC009658. https://doi.
0rg/10.1029/2021GC009658

Received 15 JAN 2021
Accepted 1 NOV 2021

© 2021. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

ok

Controls on Alkenone Carbon Isotope Fractionation in the
Modern Ocean

Samuel R. Phelps!?
Pratigya J. Polissar>®

, Heather M. Stoll® (), Clara T. Bolton* (©’, Luc Beaufort* ©’, and

'Department of Earth and Environmental Sciences, Columbia University, New York, NY, USA, *Department of Earth

and Planetary Sciences, Harvard University, Cambridge, MA, USA, 3Department of Earth Sciences, ETH Ziirich, Ziirich,
Switzerland, “Aix-Marseille Université, CNRS, IRD, INRAE, College de France, CEREGE, Aix-en-Provence, France,
Division of Biology and Paleo-Environment, Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY,
USA, ®Department of Ocean Sciences, University of Santa Cruz, Santa Cruz, CA, USA

Abstract Carbon isotope records from alkenone biomarkers (ep37:2) produced by haptophyte algae are
frequently used for atmospheric CO, paleobarometry, but this method has yielded inconsistent results during
periods where CO, variations are known independently. Recent syntheses of algal cultures have quantitatively
demonstrated that €372 indeed records CO, information: €,
relative to carbon demand. However, interpretations of €37, ArC complicated by irradiance, where higher
irradiance yields higher €37 Here we examine the roles of physiology and environment in setting €372 1
the ocean. We compile water-column and sediment core-top €372 data and add new core-top measurements,
including estimates of cell sizes and growth rates of the alkenone-producing population. In support of culture
studies, we find irradiance to be a key control on €372 in the modern ocean. We test a culture-derived model of
€372 and find that the quantitative relationships calibrated in culture experiments can be used to predict €372
sediment samples. In water-column samples, the model substantially overestimates €370 largely resulting from
higher irradiance at the depth of sample collection than the integrated light conditions under which the sampled
biomass was produced and vertically mixed to the collection depth. We argue that the theory underpinning

the conventional diffusive alkenone carbon isotope fractionation model, including the “b” parameter, is not
supported by field data and should not be used to reconstruct past CO, changes. Future estimates of CO,

from €372 should use empirical or mechanistic models to quantitatively account for irradiance and cell size
variations.

3., increases as aqueous CO, concentrations increase

n

m

1. Introduction

Understanding the role of CO, as both a feedback on, and forcing of, global climate is essential for better pre-
dicting how present and future anthropogenic CO, emissions will shape life on Earth. Carbon isotope (8'°C)
fractionation in photosynthetic organic matter has long been used to estimate ancient atmospheric CO, concen-
trations (e.g., Popp et al., 1989). The vast majority of carbon isotope-based CO, records are derived from long-
chain alkenones, unsaturated ketones produced by the algal order Isochrysidales, whose modern coccolithophorid
forms include the widespread genera Gephyrocapsa and Emiliania, as well as the less abundant Reticulofenestra
(Bendif et al., 2016). Because of the constant isotopic offset between alkenone 8'*C and bulk cellular organic
matter §'°C (Popp, Kenig, et al., 1998; Riebesell, Revill, et al., 2000; Wilkes et al., 2018), these molecules are
faithful recorders of the carbon isotope fractionation during photosynthesis (sp) in these algae. €, is calculated
using Equation 1, where 8'3C

is the isotopic composition of aqueous CO,, 8°C,,. is the isotopic composi-

CO2aq POC
tion of algal organic matter (Freeman & Hayes, 1992), and reported on the VPDB scale in units of permil (%o).

g, = 1000 x ((513CCO2aq +1000) / (8°Cpoc +1000)—1) 1)

Past field observations have shown that €, is related to the growth environment, including ambient CO, concen-
trations, temperature, and irradiance, as well as algal physiology (Francois et al., 1993; Fry & Wainwright, 1991;
Laws et al., 1995; Popp, Laws, et al., 1998; Rau et al., 1992; Wolhowe et al., 2015). Variations in g, are classically
interpreted in terms of changes in [COz(aq)] relative to cellular carbon demand and supply modulations, which
include growth rate, cellular carbon content, and surface area, together approximated using the b parameter (Bi-
digare et al., 1997). These interpretations follow quantitative models of carbon isotope fractionation in land plants
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(Farquhar et al., 1982), which are governed by diffusive CO, supply and the relative expression of the kinetic iso-
tope fractionation by the carboxylating enzyme Ribulose-1,5-bisphosphate carboxylase-oxygenase (RubisCO).
Recent syntheses of culture data have elucidated the quantitative relationships between various physiological

and environmental influences, and confirmed that €, does indeed decline as [CO )] decreases (e.g., Phelps

et al., 2021; Stoll et al., 2019). However, culture experiments suggest that light enerzg;, independent of its effect
on growth rate, is nearly as important a control on g, as physiology and CO,, with higher €, occurring at higher
irradiance (Phelps et al., 2021; Rost et al., 2002; Stoll et al., 2019; Wilkes & Pearson, 2019). Though alkenone g,
(8p37:2’ subscript representing the diunsaturated ketone with 37 carbon atoms) has been extensively used to gener-
ate paleo-CO, records, only two studies have quantitatively considered cell size, growth rate, and irradiance when
interpreting alkenone g, in down-core sediment sequences (Stoll et al., 2019; Tanner et al., 2020). How these
quantitative relationships observed in culture experiments can be transferred to the natural environment remains

an area of active research (Hernandez-Almeida et al., 2020).

Here we focus on the modern and late Holocene ocean and conduct an empirical analysis to test whether the same
relationships between physiological and environmental parameters and alkenone €, identified in culture also hold
true in the natural environment. We explore this question with a careful compilation of published alkenone §'3C
measurements from modern suspended particulate organic matter samples and from late Holocene core-tops,
and add new alkenone 8'3C and coccolith size measurements from 22 core-top sediment samples. We estimate
growth rates of the alkenone-producing algae using Michaelis-Menten parameterizations, and compile published
coccolithophore assemblage and size data to estimate cellular carbon demand at each sample location. We exam-
ine the relationship between alkenone €, and carbon demand and carbon supply, as well as the direct influence of
irradiance and nutrients on alkenone €, We evaluate whether a multiple linear regression model of €, developed
from cultures (Phelps et al., 2021) is applicable to the ocean, and test the theory of the conventional diffusive
alkenone €, model using growth rate data.

2. Methods, Samples, and Data Sources
2.1. Alkenone £, Samples

Our sample set can be most broadly divided into “water-column” or “sediment” groups. Water-column samples,
taken from suspended particulate organic matter in the water column (between 0 and 300 m depth), have all
been previously reported (Figure 1a) (Benthien et al., 2007; Bidigare et al., 1997, 1999; Eek et al., 1999; Laws
et al., 2001; Prahl et al., 2005; Wallsgrove, 2008; Wolfshorndl et al., 2019; Wolhowe et al., 2014, 2015). For

inclusion in our compilation and analysis, particulate data must report (a) 8'3C values of the C,,, methyl ketone,

37:2
(b) [COz(aq)] or pCO, during alkenone sampling, and (c) 8'°C . during alkenone sampling. We exclude the sus-
pended particulate data from five datasets (Gould et al., 2019; Harada et al., 2003; Schulte et al., 2003; Tolosa
et al., 2008; Yamamoto et al., 2007) because they failed to meet one or more of these criteria, preventing accurate

calculation of €370

New core-top sediment samples (n = 22) come from the Lamont-Doherty Earth Observatory Core Repository
(LDEO Repository). Several of these samples were obtained during the R/V Oceanus Cruise 437-7 along the NW
African margin (McGee et al., 2013); the remainder come from various sediment cores in the LDEO Repository.
We combine our new sediment data with published core-top data for analysis (Andersen et al., 1999; Benthien
et al., 2002; Pagani et al., 2002).

2.2. Laboratory Methods

All biomarker analyses were conducted at the Lamont-Doherty Earth Observatory of Columbia University
(LDEO; New York, USA). All coccolith measurement work was conducted at the Centre Européen de Recherche
et d’Enseignement des Géosciences et de 1I’Environnement (CEREGE; Aix-en-Provence, France). The details
of lipid extraction, isotope measurement, and nannofossil slide preparation and coccolith size measurements are
described in the Supporting Information S1 and are briefly summarized here.

Sediment samples were freeze dried and free lipids were extracted using a DIONEX ASE 350. Alkenones were
purified from the total lipid extract using small-scale silica gel column chromatography. The dichloromethane
fraction containing the alkenones was saponified to remove interfering long-chain fatty-acid methyl esters.
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Figure 1. Locations of samples used in this study. (a) Water-column and sediment sample locations for g data. Filled aqua circles are “training set” water-column
samples where growth rate () was measured in-situ (n = 108); filled red triangles are new surface sediments (n = 22); open circles and triangles are previously
reported water-column (n = 117) and surface sediment data (n = 49), respectively. (b) Coccolithophore abundance and size data mined from the literature (water-
column n = 803; sediment n = 1019), as well as new sediment samples (n = 22; red, same as above).

Alkenone unsaturation ratios were measured by gas chromatography with flame ionization detection, which were
converted to temperature using the calibration of Miiller et al. (1998). We measured alkenone carbon isotope
ratios by gas-chromatograph isotope ratio mass spectrometry (GC-irMS). The average uncertainty was 0.31%o
(n = 22), which includes realizing sample delta values on the VPDB scale (Polissar & D'Andrea, 2014).

Coccolith size measurements were made by automated microscopic imaging coupled to coccolith identification
and morphometric analysis using the SYRACO software program (Barbarin, 2014; Beaufort & Dollfus, 2004).
Details regarding the microscope set-up and imaging can be found in Beaufort et al. (2020) and are summarized
in the Supporting Information S1. Briefly, bulk sediment was sieved at 25 pm in deionized water alkalized to
pH ~9 with dilute ammonium hydroxide. At least two coverslips for each sample were prepared by random set-
tling of the <25 pm fraction. On a Leica DM6000 polarizing microscope equipped with bidirectional circular
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polarization, we imaged between 165 and 297 fields of view of each coverslip using a grayscale SPOTFLEX cam-
era (Diagnostic Instruments). For each image, carbonate particles were segmented from the black background,
and nannofossils were identified and classified into 33 different groups—separated roughly at the genus or fam-
ily level—using a machine-learning-based software program (SYRACO) that was trained to identify Cenozoic
coccoliths (Barbarin, 2014). Morphometric parameters, such as coccolith length, were determined by SYRACO.
We manually vetted all coccolith images that were programmatically identified to ensure that coccoliths were
properly classified, and to remove misclassified coccoliths from the final data.

2.3. Oceanographic Data

Relevant oceanographic data for this analysis include temperature, salinity, nutrients, [COz(aq)], mixed layer
depth, surface irradiance (photosynthetically available radiation, PAR), and the diffuse attenuation coefficient
of PAR (Kd,, ). In cases where temperature, salinity and nutrient information were not reported in the original
publication or primary cruise documents, we estimate these parameters from the World Ocean Atlas 2018 grid-
ded climatologies (Garcia et al., 2019a, 2019b; Locarnini et al., 2019) using the interp2 and interp3 functions in
MATLAB R2020a with scatteredInterpolant interpolation. For samples with an exact collection date reported,
we linearly interpolate between monthly climatological averages to the collection day, with day of year as the
time axis and assuming the monthly climatology is reported for the middle day of the month. For sediment sam-
ples, we use the annual mean of the monthly climatologies of each oceanographic parameter. While there can be
seasonality of algal production, this signal is greatly attenuated by concomitant enhanced remineralization in the
subsurface such that alkenone distributions in deep ocean particulate fluxes and surface sediments more closely
track mean annual conditions (Rosell-Melé & Prahl, 2013). Globally, core-top alkenone unsaturation ratios are
strongly correlated with mean annual temperatures in the surface ocean (Conte et al., 2006; Kienast et al., 2012;
Miiller et al., 1998; Sikes et al., 1991, 1997; Sonzogni et al., 1997). Based on the overwhelming mean annual sig-
nal, we assume all sediment samples represent mean annual conditions. The majority of our samples come from
the low- and mid-latitudes, where this assumption is well-founded (Tierney & Tingley, 2018).

Where not reported, we estimate the depth of the mixed layer at each sample location using the gridded data set
of de Boyer Montégut et al. (2004) with their fixed-threshold temperature criterion, which determines the base
of the mixed layer as the depth of a 0.2°C change from the temperature at 10 m depth. This method therefore
assumes the minimum mixed layer depth is 10 m, because the upper few meters of the surface ocean are generally
subject to significant daily density variations (Schneider & Miiller, 1990).

2.3.1. Irradiance

We calculated irradiance over a 24-hr period at the collection (water-column) or production (sediment) depth by:
PAR, =PAR_, . xe 490" (@)

where z = depth (meters, m), PAR_ . is the incident photosynthetically available radiation at the ocean surface
(mol photons m™2 d~!), and Kd, is the diffuse attenuation coefficient of light at 490 nm (m™) (Falkowski &
Raven, 2007). Surface irradiance and Kd,,, at each location were obtained by averaging NASA SeaWiFS and
MODIS Aqua data (NASA Goddard Space Flight Center, Ocean Biology Processing Group, 2018a, 2018b, 2018c,
2018d), point-extracted using the interp2 function in MATLAB R2020a with scatteredInterpolant interpolation.

We calculated the hours of daylight at each collection location and date following the equations outlined in the
NOAA Sunrise/Sunset and Solar Position Calculators (https://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.
html). As stated in Section 2.3, we assume all sediment alkenone &'*C values reflect mean annual production, and
employ a photoperiod of 12 hr for all sediment samples.

2.3.2. The Carbonate System, [CO and 8°C

Z(aq)]’ DIC

In the water-column samples, all studies (except Schulte et al., 2003 and Gould et al., 2019) determined [COMq)]

during sampling, typically through simultaneous measurement of DIC and total alkalinity. For sediment samples,

we must estimate the preindustrial surface ocean [CO )]. We do this by assuming surface ocean mean annual

2(aq
alkalinity has remained constant over the last several thousand years, and speciate the carbonate system with
estimated preindustrial total CO, (PI_TCO2) from the GLODAPv2.2016b mapped climatology (Key et al., 2015;

Olsen et al., 2016). We use the CO2SYS MATLAB program (Van Heuven et al., 2011) to speciate the carbonate
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system, using the K, and K, constants of (Lueker et al., 2000), Ky, of Dickson (1990), and total boron of
Uppstrom (1974).

Determining alkenone g, (€37, 47, methyl ketone (8'°C,, . ), the

carbon isotope ratio of dissolved inorganic carbon in the ambient seawater (8'°C.), and temperature, to calculate

) requires carbon isotope measurements of the C

the carbon isotope ratio of dissolved CO, (8"3C_,,)- For water-column samples, we use the 8'°C, . measured at

CO2aq DIC
the time of sample collection. For sediment samples, we must estimate the pre-industrial surface ocean 8'°C ..
Because anthropogenic CO, has been preferentially adding '?CO, to the ocean since the industrial revolution
(Keeling, 1979), we cannot use modern values. Instead, we use the GLODAPv2.2019 bottle data set to first es-

timate modern 8'3C, . values at each sample location (Olsen et al., 2019). We then estimate the anthropogenic

contribution to 613CD];CC using the gridded output of the isotope enabled biogeochemical model of Schmittner
et al. (2013), which modeled the anthropogenic contribution to §'3C
the 5‘3CDIC_ Ay from modern 8"Cy . bIC
We use this method to estimate 613CDIC and recalculate €372 for the core-top datasets of Andersen et al. (1999),
Benthien et al. (2002) and Pagani et al. (2002), putting all sediment g, data in a common framework. We
calculate 5'3CCO23q 2ag) of Rau et al. (1996)

(Equation S2 in Supporting Information S1). We use alkenone-derived temperatures for sediment samples, with

pic throughout the global ocean. We subtract

at each sample location, yielding an estimate of preindustrial §'*C , . values.

37:2
using the temperature-dependent fractionation between DIC and CO

no adjustment to preindustrial conditions, because the temperature change since preindustrial (~0.9°C on aver-
age) has a ~0.1%o effect on 8°C., 70
calculated €372 values are on average —0.78%o different from previously published values (Andersen et al., 1999;

Benthien et al., 2002; Pagani et al., 2002).

and is not significant compared to €37, Measurement uncertainties. The re-

2.3.3. Collection and Alkenone Production Depths

The collection depth of all water-column samples was reported in their original publications. For sediment sam-
ples, the effective depth of alkenone export production is unknown. Alkenone-producing coccolithophores are
photoautotrophs and fix carbon in the photic zone. Surveys of coccolithophore abundance find E. huxleyi and
G. oceanica in the upper ~200 m of the surface ocean, though vertical distributions vary strongly spatially
(Beaufort et al., 2008; Boeckel & Baumann, 2008; Hagino et al., 2000; Haidar & Thierstein, 2001; Okada &
Honjo, 1973; Poulton et al., 2017). Here we set the production depth as 75% of the mixed layer depth (MLD) at
each location. This fractional depth was chosen by quality of fit to the data through testing several possibilities.
We use a fractional depth of the mixed layer at each location so as to treat all sediment samples in a consistent
manner. This depth is then used to calculate the average irradiance value for a given sediment sample. This
choice of production depth is consistent with the very strong correlation between surface ocean temperatures and
alkenone unsaturation ratios in surface sediments (Kienast et al., 2012; Miiller et al., 1998; Prahl et al., 2006;
Sikes et al., 1991, 1997; Sonzogni et al., 1997; Tierney & Tingley, 2018), although there is evidence for alkenone
production below the mixed layer but within the photic zone (Ohkouchi et al., 1999; Wolhowe et al., 2014). We
further discuss the prescribed production depth in Section 3.4.2.

2.4. Carbon Demand Relative to Diffusive CO, Supply (t)

Laboratory cultures have demonstrated that the expression of RubisCO's preference for '2C over 13C decreases as
the ratio of cellular carbon demand to [COz(aq)] increases (Burkhardt et al., 1999; Laws et al., 1995). A convenient
way to describe the ratio of carbon demand to CO, supply is the dimensionless unit T of McClelland et al. (2017):

_ _TPH; 3
3P.C, &)

where 7 is the cell radius (m), . is the photoperiod-adjusted growth rate (Rost et al., 2002), p is the cellular car-
bon density (pmol C m™3), C, is the ambient [COz(aq)] (mol C m™3), P is the diffusive cellular permeability to
CO, (m s7"). This term is equivalent to other demand/supply ratios in the literature (Burkhardt et al., 1999; Popp,
Laws, et al., 1998). Blanco-Ameijeiras et al. (2020) measured cell membrane permeability to CO, in E. huxleyi
and found CO, permeability was approximately le™* m s~!. However, here we apply an effective permeability of
2.0e73 m s7! so T values used here are comparable to those reported in recent culture work (Phelps et al., 2021).
The lower permeability that we use accounts for additional restriction of diffusion by the chloroplast and pyrenoid
(see Phelps et al. [2021] for further discussion). We treat permeability as a constant in all of our ensuing analysis;
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for a consideration of variable membrane permeability on g,» see Stoll et al. (2019). A different permeability val-
ue expands or compresses the T axis, but it would not affect the relative positioning of data nor our €, modeling
results.

2.5. Coccolithophore Abundance and Coccolith Size Compilation

Unicellular coccolithophorid algae surround their cell walls with calcium carbonate plates called coccoliths. In
the alkenone-producing family Noelaerhabdaceae, coccolith dimensions are well correlated to cell radius (Beuvi-
er et al., 2019; Henderiks & Pagani, 2007; McClelland et al., 2016). Here we generate estimates of alkenone-pro-
ducer cell size in the global ocean, both from new measurements of coccolith length and a compilation of data
from the literature. These data allow us to evaluate the influence of cell size on the spatial variation of €372
the modern ocean. Our algorithm is described in detail in the Supporting Information S1. Briefly, we compile

m

coccolith size and abundance data from published core-top and water column surveys (Figure 1b) (Andruleit &
Rogalla, 2002; Balestra et al., 2010; Baumann et al., 2000; Bendle et al., 2005; Boeckel, 2003; Boeckel & Bau-
mann, 2004; Boeckel et al., 2006; Bollmann, 1997; Bollmann et al., 2009; Bollmann & Herrle, 2007; Bollmann
et al., 2002; CLIMAP Project Members, 1976; Cortés et al., 2001; Findlay & Giraudeau, 2000; Frenz et al., 2005;
Geitzenauer et al., 1976; Hagino & Okada, 2006; Haidar & Thierstein, 2001; Herrmann et al., 2012; Horigome
et al., 2014; Kinkel et al., 2000; Saavedra-Pellitero & Baumann, 2015; Saavedra-Pellitero et al., 2010, 2014;
Schiebel et al., 2004, 2011; Schwab et al., 2012). Using the coccolith size range defining each species as reported
by the Nannotax3 database (Young et al., 2017), we estimate a biomass-weighted (“BMW”) coccolith length for
the alkenone-producing population at every sample location in Figure 1b. This biomass weighting is necessary
because alkenone concentration per cell scales with biomass (Riebesell, Revill, et al., 2000), and biomass is
proportional to cube of the radius (Aloisi, 2015; Verity et al., 1992). Therefore, in a population of alkenone-pro-
ducing coccolithophores, more of the total alkenone production would be sourced by larger cells, and taking the
arithmetic mean coccolith size would underestimate the average cell radius that contributed to the €,
We then estimate the average coccolith length at each €,

17, Signal.

47, sample location (Figure 1a) by taking the inverse-dis-

tance weighted mean of all coccolith length estimates within 5° of the € ., sample. Finally, we convert coccolith

p37:2
length to cell radius using a linear relationship between cell radius and coccolith length derived from culture data

of McClelland et al. (2016) (Equation S5 in Supporting Information S1).

2.6. Noelaerhabdaceae Growth Rate Modeling

We estimate Noelaerhabdaceae growth rates using a modified approach of Krumhardt et al. (2017), referred
to henceforth as “K17.” This method models coccolithophore growth rates as a function of temperature and
substrate supply. The maximum growth rate is set by a power law of temperature, determined from culture ex-
periments of Emiliania huxleyi (Fielding, 2013). The realized growth rate is determined by the growth-limiting
parameters following Michaelis-Menten uptake kinetics using published substrate half-saturation (K,,) constants
for Emiliania huxleyi. We include nitrate, phosphate, CO,, and irradiance as growth substrates in our model,
while K17 used only CO, and phosphate. The equations used to calculate growth rate can be found in the Support-
ing Information S1 (Equations S7-S10 in Supporting Information S1). We evaluate the skill of this model using
a subset of water-column samples where growth rates of alkenone-producing algae were measured either by cell
counts (Benthien et al., 2007), or during in-situ incubations by monitoring the uptake of isotopically labeled DIC
into alkenones (Prahl et al., 2005; Wallsgrove, 2008; Wolfshorndl et al., 2019; Wolhowe et al., 2014).

2.7. Culture-Based Linear Model of g,

We model alkenone g,asa function of [COz(aq)] (pmol kg™, total daily irradiance (“PAR,” mol photons m=2 d~;
i.e., irradiance in a 24-hr period), cell radius (“R.,” pm), and growth rate (d-1) after (Phelps et al., 2021).

Epir2 = —8.607 x [COy,\ I + 0.48 x [CO(, )] + 0.48x PAR —3.86 x Rc — 026 x p + 13.68  (4)

The statistics of the model can be found in the Supporting Information S1. The coefficient on growth rate is so
small relative to the range of reasonable growth rates (~0.1-1 d~! for the Noelaerhabdaceae) that it has a negligi-
ble effect on the modeled €, values: an increase from 0 to 1 d~! has only a —0.26 %o effect on € which is within
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the alkenone 8'*C measurement uncertainty. We address the parameterization of growth rates in the Support-
ing Information S1, but we stress that uncertainty in growth rate does not affect the interpretation or application
of this culture-based linear model (see Section 3.6).

3. Results and Discussion

Culture studies have shown that irradiance, environmental conditions (e.g., batch or chemostat cultures), and al-
gal carbon demand relative to diffusive CO, supply (t) are important determinants of coccolithophore carbon iso-
tope fractionation, €, (McClelland et al., 2017; Phelps et al., 2021; Popp, Laws, et al., 1998; Riebesell, Burkhardt,
et al., 2000; Rost et al., 2002). Here we examine whether these same factors are primary controls on alkenone €
in the ocean. First, we use our new results to evaluate for the first time whether there is evidence for a strong effect

of cell size on €, in the modern ocean and in recent sediments, and whether cell size and growth rate are corre-

37:2

lated. Next, we evaluate the consistency of €, variations with traditional models of control by the ratio carbon

37:2

demand to supply (t). Subsequently, we consider if irradiance plays a key role in explaining g, variations in

37:2
sediments and the water column, as observed in culture experiments. Finally, we contrast a culture-based model
that includes irradiance (Phelps et al., 2021) with the diffusive model “b” approach for reconstructing pCO, from

€ in sediments, and provide recommendations for paleobarometry.

p37:2

3.1. Does Noelaerhabdaceae Cell Radius Correlate With Growth Rate or epsm?

In our new core-top samples, biomass-weighted (BMW) mean coccolith length ranges from 3.45 to 5.19 pm
(n =22, mean =4.63 pm + 0.47, 15). This size distribution is consistent with a majority of E. huxleyi Type A and
G. oceanica morphotypes, the dominant morphotypes in the low-latitudes, from which the majority of our new
samples originate. In this subset, we do not find a statistically significant linear correlation (defined as p < 0.05)

between BMW mean coccolith size and €37, OF temperature, irradiance, or macronutrient concentrations. A

37:2
weak but significant correlation is found between BMW mean coccolith length and pCO, (+* = 0.27, p < 0.05).
When we combine our new measurements with size estimates in the full alkenone compilation (n = 186, in-
cluding both core-top and water-column samples), BMW mean coccolith length ranges from 2.56 to 5.19 pm
(mean = 3.60 pm =+ 0.59, 1o). Cell radius is a linear translation of coccolith length, and ranges from 1.91 pm
to 3.41 pm (mean = 2.50 pm + 0.33, 15). Mean cell radius in sediment samples is 2.74 pm + 0.35 (1), while
in water-column samples it is 2.39 pm + 0.26 (1c). These are statistically different according to a Kolmogor-

ov-Smirnov test.

There is no statistically significant correlation between BMW coccolith length and estimated growth rate in the
combined data set (Figure 2e). This result contrasts with that of Zhang et al. (2020), who found a negative cor-
relation between growth rate and estimated cell volume in E. huxleyi grown in chemostat and semi-continuous
batch cultures. We elaborate on this discrepancy in the Supporting Information S1, and note that we posit that
the relationship in cultures is an artifact of the data treatment and analysis by Zhang et al. (2020); our reanalysis
of the culture data set finds no significant relationship between cell size and growth rate (Figure S4; Text 2.2 in
Supporting Information S1). In a culture study exploring allometry across nine coccolithophore species, Villiot
et al. (2021) also found no relationship between growth rate and cell size within the Noelaerhabdaceae. In the
combined data set, we also observe weak but significant inverse correlations between BMW coccolith length and
phosphate, nitrate, pCO,, irradiance, a weak positive correlation between BMW coccolith length and tempera-
ture, and no statistically significant correlation between coccolith length and e , , (Figure 2).

In the global alkenone €, data set we observe both large and small coccolith sizes at low irradiance, but a trend
toward smaller coccoliths as irradiance increases (r2 = 0.02, p < 0.05). This relationship contrasts with that in
planktonic foraminifera, where irradiance is an important driver of larger test sizes (Lombard et al., 2010; Spero
& Lea, 1993). In the Noelaerhabdaceae, cell size is closely related to species and morphotype. The observed
trends may therefore reflect top down (ecosystem) rather than bottom up (direct resource availability and plastic
response) controls. It is possible therefore that Noelaerhabdaceae size is controlled by more complex competitive
interactions, particularly in locations with dynamic hydrography. For example, although E. huxleyi is the domi-
nant species around the world, different regions are occupied by genetically distinct strains (Iglesias-Rodriguez
et al., 2006), thus there may be niche partitioning related to the presence and absence of other phytoplankton
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Figure 2. Biomass-weighted coccolith lengths in the alkenone g sample set. Linear relationships between biomass-weighted coccolith length and environmental
variables for sediment (blue) and water-column (gold) samples. Diamonds represent new sediment samples, circles portray previously reported samples. (a)
Temperature; (b) the concentration of the limiting nutrient (N or P) adjusted to nitrate-equivalence by the Redfield ratio; (c) irradiance at the collection or production

depth; (d) in-situ pCO,; (e) photoperiod-adjusted growth rate; (f) € 370 In all panels, solid lines show slopes significant at the p < 0.05 confidence interval; dashed lines
show statistically insignificant correlations.

groups, or micronutrient availability governing which strain or species dominates, neither of which we have the
data to test.

3.2. Is Alkenone g, Related to the Ratio of Cellular Carbon Demand to Diffusive CO, Supply?

In our new sediment samples, alkenone g, ranges from 10.8 to 13.2%o, which is about half the modern sediment
range when all data are considered (~8.4-15.4%0). The € 37, Tange in water-column samples is about twice as
large as that in sediments (~5.3 to ~20.1%o; Figure 3). The larger variability in water-column €372 likely results
from the sampling of depths and environmental conditions that are not equivalent to the average conditions pre-
served in the sedimentary record. In other words, the sediment samples represent an integration of hundreds to
thousands of years of variability, while the water-column samples represent a snapshot of the specific niche and
environmental conditions occupying that location at the time of sampling. In the sediment sample set, [CO,,y]
ranges from 6.6 to 14.5 pmol kg~!, in water-column samples the range is 4.5 pmol kg~! to 32.5 pmol kg~!. The
higher maximum [COz(aq)] results from sampling higher latitude sites with lower temperatures and higher COz(aq)
solubilities. When the water-column and sediment data are taken together, there is no universal relationship
between €, and 1/[C02(aq)] (Figures 3a and 3c). Culture observations demonstrate an overall decrease in g, as
1/[C02(an] increases (Phelps et al., 2021); sediment samples, however, have a positive relationship (> = 0.05,
p <0.1) with 1/[C02(aq)] (Figure 3a), an observation first made by Andersen et al. (1999) and reinforced by our
new data. The theory underpinning the conventional diffusive alkenone CO, proxy requires high g, values at low
1/[C02(an] values, which is not the case in the sediment data (Figure 3a).

We examine trends in €372 with respect to T because it is the cellular carbon demand relative to ambient CO,
supply, rather than CO, supply alone, that has been shown to influence g, in cultures, with lower g found at
higher 7, and changes in cell size or growth rate could therefore be masking the expected effect of CO, (Bur-
khardt et al., 1999; Laws et al., 1995; McClelland et al., 2017; Popp, Laws, et al., 1998). The t range in sediments
(~0.01-~1.79) is larger than that in water-column samples (0—~1.57), resulting from the combination of low
pre-industrial CO, concentrations and relatively high modeled growth rates due to high temperatures and high
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Figure 3. Alkenone carbon isotope discrimination in the natural environment. Carbon isotope ratios in alkenones (¢ ) as a function of 1/ [COZ(aq)] (a), (c) and 7 (b), (d),

cellular carbon demand divided by CO

2(aq)

supply. Filled symbols in (c) and (d) are samples with measured growth rates, all others are modeled. There are fewer data in

panels (b) and (d) than (a) and (c) because cell size could not be estimated in all samples. Black lines are linear regressions to all data in each panel. In the “sediment”
data, six-point stars labeled “Benthien02” also include the data of Andersen et al. (1999), because they were republished by Benthien et al. (2002). Dotted blue lines
in (b) and (d) are the diffusive model prediction. Error bars are omitted for clarity; 1o error on €372 is typically <0.5%o, and is smaller than the size of the symbol.
Symbols are colored by the “energy quotient” defined in Equation 5.

irradiance in tropical locations (Figure S1 in Supporting Information S1). This T range in the natural environment
is about 1/3 of the range achieved in Noelaerhabdaceae culture experiments (Phelps et al., 2021). Between ©
values of 0 and 2 in cultures, €, spans nearly a 15%o range, depending on the nutrient and light conditions. This
phenomenon is also apparent in water-column samples, with higher irradiance yielding higher € 37, At low 7
values (Figure 3d). Contrary to primary observations in cultures, €370 increases with increasing 7 in sediment
samples (Figure 3b; p < 0.01).

3.3. Is Alkenone g, Related to Nutrient and Irradiance Availability?

Phelps et al. (2021) showed from culture experiments of Noelaerhabdaceae coccolithophores that the ratio of
irradiance to nutrients, in addition to 7, is an important factor controlling €, Previous investigators have not-
ed differences between €, from chemostat cultures and batch cultures of both diatoms and coccolithophores
(Pagani, 2014; Riebesell, Burkhardt, et al., 2000), suggesting the interplay of light energy and nutrient avail-
ability modulate carbon acquisition and isotope fractionation (Wilkes & Pearson, 2019). Here we calculate an
“energy quotient” (Equation 5) as the natural log of integrated daily irradiance (transformed to account for the
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function in MATLAB R2020a with “robust” fitting to reduce outlier effects.

exponential decay in irradiance from surface to depth) relative to the Redfield ratio-adjusted minimum macronu-
trient concentration in each sample.

daily PAR,,

energy quotient = In
min(PO" x 16,NO;

(&)

Samples with limiting nutrient concentrations below the detection limit (i.e., values of zero) produce infinite
energy quotients; we set these values to the maximum of the calculable energy quotient in the data set. When we
regress €, versus this energy quotient (Figure 4), we find a significant relationship in both the water-column and
sediment samples, where higher €, is found at higher irradiance relative to nutrient concentrations (2 = 0.14,
p < 0.001). Although this parameter does not explain a majority of the variance in € the finding is in direct
agreement with the results from culture data, in which higher integrated irradiance yields higher g, values (Phelps
etal., 2021). A comparison of Figures 3 and 4 suggests that in the natural environment, oceanographic conditions
(light and nutrients) are an even more important predictor of € than the physiological components encapsulated
in 7. There is no universal relationship between €370 and 7 in the combined sediment and water-column samples,
but there is a similar direction of proportionality in the two sample sets when viewed through the lens of the

energy quotient: € ., increases as light relative to nutrients increases.

p37:2

As discussed in the previous section, we find a positive correlation between €372 and 1/[C02(aq)] and T in the
sediment samples (Figures 3a and 3b). This is opposite the direction expected if carbon isotope fractionation fol-
lowed principles of diffusive supply. The absence of the expected relationship likely arises because [COz(aq)] and
integrated irradiance are significantly inversely correlated (Figure S2 in Supporting Information S1; > = 0.49,
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p <0.001), and because empirical models from culture data have shown CO, and irradiance to have roughly equal
but opposite effects on €, (Phelps et al., 2021). The combination of high irradiance and high [COZ(aq>] does not
exist in the natural environment (Figure S2 in Supporting Information S1). Because of the temperature-depend-
ent solubility of CO,, higher [CO,,,
lower, a result of Earth's tilt and a more oblique angle of incidence for incoming solar rays. The low irradiance

q)] generally occurs at higher latitudes where surface irradiance is generally

at these locations would reduce €, compensating for the effect of higher CO,. The slope of irradiance versus
CO, is ~—3 mol photons m~2 d~' per pmol kg~', suggesting that the increase in CO, as irradiance declines is not
sufficient to compensate for the effect of lower irradiance on €372 (Figure S2 in Supporting Information S1).

3.4. Application of a Culture-Based &, Model to Marine Samples

A recent empirical study by Stoll et al. (2019) demonstrated that Noelaerhabdaceae g, could be modeled with
high accuracy and precision using photoperiod-adjusted growth rate, cell size, [COz(aq)], and light intensity.
Phelps et al. (2021) updated and modified this multiple linear regression model and used [COz(aq)], cell radius,
non-photoperiod-adjusted growth rate, and total daily irradiance as predictors, explaining ~70% of the variance
in €, in cultures (Equation 4).

Importantly, the coefficient on p is negligible: a 1 d~! increase in p causes only a 0.26%o reduction in €370 which

is smaller than the typical uncertainty on & Because measured growth rates range between 0 and 1 d~! (Figure

p37:2°
S1 in Supporting Information S1), growth rates need not be well constrained to apply this model. While both Stoll

et al. (2019) and Herndndez-Almeida et al. (2020) tested the relationship between modeled and measured €37, IN

37:2
the modern ocean and core-top sediments, our analysis herein differs based on the nuances of the €, model, the
372 data. Below we examine whether
the integrated daily irradiance model of Phelps et al. (2021) (Equation 4) is applicable to the natural environment

(Figure 5).

approach to constrain growth rate, updated cell size estimates, and our new €

3.4.1. Application of a Culture-Based ¢, Model to Water-Column Samples

In the water-column data set, using in-situ light, [COz(aq)], and estimated cell size and growth rate as inputs into

Equation 4, we are unable to model €, with much precision or accuracy (Figures 5a and 5c). The strong posi-

37:2
tive correlation between irradiance and7 model error suggests irradiance is driving much of the model mismatch
(Figure 5e). Here we discuss plausible explanations for why the water-column €372 predictions are so scattered.
The first group of reasons pertains to the model calibration and the applicability to the ocean. The water-column
data set includes many samples with irradiance values far exceeding than those in the culture calibration (max
in cultures = 21.6 mol m~2 d~!, max in water-column = 50.4 mol m~2 d~!). Filtering the samples plotted to in-
clude only those with irradiance values less than the maximum irradiance in the culture calibration moderately
improves the agreement between the culture and water-column error distributions (Figure 5c, dashed line), and

removes most of the samples where € .., is vastly overpredicted. It is also possible that the coefficient on inte-

p37:2
grated irradiance developed from the culture data may be too large for the ocean or that non-linearities exist at

higher irradiance values, leading to an overprediction of €37, At high light. If the influence of irradiance on €

37:2 p37:2
diminishes as irradiance continues to increase beyond the calibration range, the linear coefficient applied here
would overestimate €370 372
rent calibration range will be critical for improving our quantitative understanding of the influence of light. We

Additional culture work testing the effects of irradiance on € .. , and exceeding the cur-
also speculate that it may be possible that Noelaerhabdaceae in the surface ocean respond to high light intensity
by increasing calcification and self-shading, effectively reducing the photon flux for photosynthesis and dampen-

ing the irradiance effect on ¢ Some culture studies show an increase in calcification per cell with increasing

p37:2°
irradiance (Rost et al., 2002; Zhang et al., 2015); if active, this phenomenon would lead to an over prediction of

€37, In near-surface, high-light samples.

7

An additional possibility is that the model we use here is structurally limited and is missing complexity of the
environmental behavior of algal carbon concentrating mechanisms (CCMs). Using the available data, Phelps
et al. (2021) decomposed €, variability into irradiance, CO,, cell size, and growth rate (we reiterate that growth

rate has a negligible effect on € ., in the model used here). While the activity of CCMs as expressed in the cul-

p37:2
ture calibration data set is implicitly included in the multilinear model through the chosen predictors, the variable
expression of these CCMs at conditions outside the calibration range, such as those in the high-irradiance surface

ocean, is not explicitly resolved. It is thus plausible that the model is not properly accounting for the complexity
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Figure 5. Application of culture-based linear regression model to marine samples. We test the integrated irradiance € ,
model (Phelps et al., 2021, Equation 4) on our compiled data set of water-column (a), (c), (¢) and sediment (b), (d), (f)
samples. (a) and (b): modeled versus measured €372 values in water-columns and sediments, respectively. Dashed line in
both panels is the 1:1 line, solid line is a least squares linear regression with the “robust” option in the fit/m function. (c) and
(d): probability density functions (pdfs, calculated using the ksdensity function with a bandwidth of 0.5) of measured minus
modeled € _values from the culture calibration (solid yellow line), water-column (c, blue), and sediment (d, red) samples.
Dashed line in (c) shows pdf of measured minus modeled values filtered by the irradiance range in the culture calibration.
The close correspondence between the error pdfs of the sediments and cultures demonstrates that the relationships and
coefficients derived from culture experiments can be used to predict € in surface sediments. (e) and (f): error analysis
plotting measured minus modeled €372 values against the collection depth and production depth, respectively; the error in
€370 prediction is highly correlated to irradiance in the sample, as shown by the coloring of samples in panels (e) and (f). We
exclude the mesocosm data of Benthien et al. (2007) in this analysis because the mixed layer depth values are not equivalent
to the rest of the water-column samples.

7:2
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of CCM activity at the combinations of irradiance and t in the surface ocean. For example, using a mechanis-
tic model of carbon isotope fractionation in algae, Wilkes and Pearson (2019) proposed a photocatalytic CCM
that is upregulated at high irradiance and low nutrient conditions and leads to larger €, values. This CCM was
hypothesized to operate in addition to enhanced bicarbonate uptake stimulated by low CO, conditions. Much of
the water-column data in our study derive from high irradiance environments. Because the multilinear model

we employ here simply requires € values increase by 0.47%o for each additional mol photons m=2 d~', it is

37:
very likely missing the complexit; 702f CCM behavior, particularly under natural conditions of high irradiance
and a light:dark cycle that may induce a fundamentally different physiological response than the 24-hr high light
chemostat laboratory experiments used in model calibration. A deeper mechanistic understanding of CCM activ-
ity—as well as the presence of the Wilkes and Pearson (2019) photocatalytic CCM—in the natural environment

is a target of future work.

The second group of reasons for the water-column & mismatch pertains to the environment and our input

p37:2

data. It is possible that the €, over-prediction results from satellite-derived irradiance values that are too high.

37:
Roughly half of the water-coﬁmn samples in Figure 5 come from <10 m depth, while the mean mixed-layer
depth in these locations is ~50 m. Most water-column samples were collected by filtering at the discrete collec-
tion depth for less than one day. However, because the upper water column is mixing during sample collection,
it is unlikely that the entirety of the biomass collected during sampling was generated under the environmental
conditions at that collection depth. It is instead likely that some of the biomass was produced at deeper depths at

lower light conditions (giving a lower € .. ,), and mixed upwards to the sampling depth, as alkenone-producing

coccolithophores may be concentrated tgi:/.ards the base of the mixed layer in the lower euphotic zone (Beaufort
et al., 2008; Poulton et al., 2017; Wolhowe et al., 2014). Gould et al. (2019) presented such an argument in their
analysis of water-column alkenone hydrogen isotope data, and reasoned that their water-column samples, which
were obtained through hull-mounted seawater pumps, likely included allochthonous alkenones. Algae have a
Lagrangian history and the conditions at the depth of collection are not necessarily identical to those at the depth
of production, a phenomenon that has also been observed for alkenone unsaturation ratios (cf. Conte et al., 2006;
Gould et al., 2017). Furthermore, in the majority of the water-column samples, we estimated irradiance from sat-
ellite-based mean monthly climatological datasets because the measurements were not typically made during alk-
enone sampling. It is entirely possible that the days surrounding alkenone sampling were more or less cloudy, or
the water column more or less turbid, than the mean monthly values estimated from satellite-based mission com-
posite climatologies. Divergence from the monthly mean values could lead to higher or lower light intensity when
the alkenones in the water-column sample were produced, ultimately resulting in greater mismatch between the
measured and modeled €372
and model fidelity, we solve for the irradiance needed to match €372 (Figure S3 in Supporting Information S1).

values. As a way to explore the data and model assuming perfect parameterization

For ~75% of the water-column samples, the solved irradiance is much lower than the prescribed irradiance at
the sampling depth. This suggests that a large portion of the alkenones collected during water column sampling
may have been produced under lower light conditions, at deeper depths in the mixed layer, and mixed up to the
collection depth. We caution that this analysis requires some samples have negative irradiance values to produce

the low ¢ values observed, which we attribute to the noisiness of the system. Nevertheless, for ~80% of the

p37:2
non-negative samples, the solved production depths are deeper than the collection depth but still within the mixed

layer, suggesting incorporation of alkenones produced under lower-light conditions is possible.

The water-column data set is also shaped by the nature of shipboard sampling and potential oceanographic envi-

372 could be modeled were col-

lected at 5 m depth (median = 10 m, 1o = 30.2 m; Figure S8a in Supporting Information S1); mixed layer depths

ronments. For example, more than 50% of the water-column samples for which €

in this sample set are much deeper (median = 45.9, 16 = 27.3 m). Because irradiance is attenuated exponentially
with depth (Equation 2), this results in a skewed distribution with irradiance biased to surface conditions. This is
further evident when collection depths are viewed as a fraction of mixed layer depth at each location (Figure S8b
in Supporting Information S1). The majority of samples were collected from the upper ~25% of the mixed layer.
While a handful of depth profiles have been collected, shallow, high-irradiance conditions are over-represented.

3.4.2. Application of a Culture-Based £ Model to Sediment Samples

In contrast to the water-column samples, the culture-based model (Equation 4) performs much better predicting

€ in sediment samples (Figures 5b and 5d). With reasonable estimates of preindustrial [COz(aq)], cell radius

p37:2
from coccolith length, and measured € 3700 the only significant free parameter in the model is irradiance. At
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each location, there is an irradiance value that would model €, in perfect agreement with the measured value.

37:2

17, TESponse, and therefore must treat irradiance in a

consistent manner across the data set. As described in Section 2.3.3, we set the depth of production as 75% of the

However, here we want to test the global continuity of the €,

mixed layer depth at each core location and calculate the irradiance at that depth. This fraction of the mixed layer

was chosen empirically: it provided the best fit with the measured €, data. In sediment samples, mixed-layer

37:

depths range from 12.8 to 107 m, with a median of 45.8 m; the .awerage7 pz)rescribed production depth for sediment
samples is 34.8 m (16 = 10.7 m, n = 57). The average integrated depth of production is therefore towards the base
of the mixed layer, where irradiance is lower than at the surface. The correspondence between modeled and meas-
ured €372
depth is ~75% of the mixed layer depth, notably where light-dependent CCMs may be less active. This predicted

values in sediment samples (Figure 5b) therefore predicts that the effective average export production

integrated export depth has implications for models of alkenone fluxes and could be useful in understanding
both future and past changes in alkenone export and primary productivity (e.g., Raja & Rosell-Melé, 2021). We
note that this is indeed a coarse approximation of alkenone production, but agrees generally with observations of
Noelaerhabdaceae habitat (e.g., Okada & Honjo, 1973; Poulton et al., 2017).

17, in sediment samples (Fig-

ures 5b and 5d). The distribution of measured-modeled values in the sediment sample set is quite similar to that

With this common fractional depth of production, we are able to grossly model €,

in the cultures (Figure 5d), which further suggests that the same factors controlling alkenone carbon isotope
fractionation in cultures are at play in the ocean with similar quantitative scaling, as indicated by a slope close
to one on the measured versus modeled plot in the sediment samples (Figure 5b). This suggests that the multiple
linear regression is able to quantitatively extract information about the controls on g, in the natural environment.
When we take a more restrictive approach to size estimates and limit the merging distance to <0.5°, the result
holds (Figure S7 in Supporting Information S1). In contrast to the failure in water-column samples, this is likely
because the depth-integrated irradiance signal that is incorporated into the sediment reflects production at lower
mean irradiance than the surface water-column sampling. Figure 5f supports this argument, as there is a much
weaker correlation between prediction error and irradiance in the sediment samples than water-column samples.
Because the sediment samples integrate hundreds to thousands of years of alkenone production (10° to 107 gener-

ations of Noelaerhabdaceae), the ability to model €, with a consistent irradiance treatment across all samples

3722
supports the use of this culture-based model as a paleobarometer in ancient sediments.

3.5. Is the Traditional Diffusive Model Supported by Field Data?
3.5.1. Origins of the b Value

The majority of alkenone-based pCO, estimates have used a quantitative relationship between €372 and CO, that
assumes the alkenone-producing algae acquire CO, exclusively via diffusion (e.g., Jasper & Hayes, 1990; Pagani
etal., 1999; Zhang et al., 2019). In its simplest form, the theory underpinning the alkenone paleobaromter derives
from models of plants (Farquhar et al., 1982), in which g, is described by the balance of two fractionating steps:
diffusion of CO, into the cell (~—0.7%o in solution), and carboxylation by RubisCO (~—25%o). The ratio of the
cellular carbon fixation rate to the diffusive CO, supply rate (a function of the ambient [COz(aq)] and the cell mem-
brane surface area and permeability) defines the line between these two fractionating steps, assuming that the
rate constants for diffusion into and out of the cell are equivalent. Surveys of bulk marine 8'°C,, . indeed found
poc and CO, (Francois et al., 1993; Rau et al., 1989, 1992), as is expected
from this theory. Considerations of growth rate, cell size, and active carbon uptake identified that the relationship
between €, and [COZ(aq)

of alkenone producers through time, €372 is related to [COZ(aq)] in practice using the empirical relationship:

an inverse relationship between 8'3C

] was modified by physiology. To circumvent the difficulty reconstructing the physiology

€p37:2 = & — b/[COZ(aq)] ©6)

where ¢, is the fractionation by RubisCO (~25%o), and the b term accounts for all non-CO, effects on g, (Bi-
digare et al., 1997; Jasper et al., 1994). This equation was introduced by Jasper et al. (1994) and has been the
primary approach for alkenone paleobarometry for over two decades (Pagani et al., 1999; Zhang et al., 2020). A
mechanistic model by Rau et al. (1996) demonstrated that in this model, b is directly proportional to growth rate
and cell radius, a finding that seemed confirmed by a linear relationship between €, and p/CO, in nitrate-limited
chemostat cultures of E. huxleyi grown under high and continuous irradiance conditions (Bidigare et al., 1997).
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Figure 6. Assessment of the conventional diffusive alkenone-pCO, proxy. (a) b value calculated using Equation 6 as a function of in-situ [POj’]. In (a) and (b), filled
symbols are the data used by Bidigare et al. (1997) for the b value calibration from water-column samples; open symbols are all data generated from open-ocean water-
column samples since 1997. (b) In-situ aqueous CO, concentrations regressed against phosphate concentrations. (c) b plotted against cellular growth rate; filled symbols

are samples with measured growth rates in the field, open symbols are samples where growth rate is modeled; samples are colored by [CO

1. The conventional
2(aq)

alkenone-pCO, proxy (diffusive model) argues that b and p are directly proportional (red line in panel c), but existing data show the opposite relationship.

Because growth rates have been difficult to estimate by proxy, empirical calibrations from modern water-column
samples (a subset of the “water-column” data set presented here) related b to in-situ [POE’], which were found to
be very highly correlated in the original calibration set (> = 0.95, Bidigare et al., 1997). In applied paleobarom-
etry, the b value is estimated using modern or modeled [POZ’] at the core location and used to solve Equation 6
for [C02<aq)] with the measured € 37.,- However, this approach has yielded inconsistent results in Pleistocene
studies where CO, variations are known from ice-core records (Badger et al., 2019; Zhang et al., 2019), and fails
to describe €372 in culture experiments (Herndndez-Almeida et al., 2020; Stoll et al., 2019). Here we revisit the
statistical and theoretical basis for the conventional alkenone-pCO, proxy and argue that it should no longer be
used to generate CO, reconstructions.

3.5.2. b Reflects [CO, . ], Not Phosphate-Controlled Growth Rate

2(aq)
The original rationale for predicting b from phosphate concentrations was that it had additional explanatory
power over CO, alone. b is calculated as b = CO, x (ef—sp), and any variable that is used to predict b should also
be correlated with CO, and (sf—sp). Because b is solved from Equation 6 using water-column samples and in-situ
[COZ(aq)], a correlation between b and [PO;?’] could arise from an underlying correlation between [COz(aq)] and
[PO;:’]. Bidigare et al. (1997) considered this possibility, and concluded that [PO;:’] contained information about
b in addition to the minor influence of CO, because the correlation between b and [POZ’] (r* = 0.95) in their
calibration data set was much greater than the correlation coefficient between CO, and [PO;?’] (72 = 0.65). These
authors ascribed this higher correlation to a likely relationship between [PO;:’] and growth rate and a dependence
of b on growth rate in the diffusive model.

We find the relationship between [POZ’] and b less robust than previously demonstrated (Figure 6a), and [COz(ﬂq)]
and [PO;:’] are about as well correlated as b and [PO;E’] (”* =0.36 vs. > = 0.38, respectively, Figures 6a and 6b).
Our analysis suggests [PO, "] does not contain substantial explanatory power for predicting €370 and the b value
is effectively calibrated to [COz(aq)]. Any apparent success reconstructing past CO, with the diffusive model re-
sults from the construction of the b parameter and the correlation between near-surface [PO; "] and [COMU]. For
example, Pagani et al. (2002) aimed to test the alkenone-pCO, proxy with core-top samples. However, the [PO;E’]
and [COz(aq)] values at the core sites used by Pagani et al. (2002) fall very close to the calibration regression line
of Bidigare et al. (1997). If the [PO;?’] and [COZ(W] at a core site fall on the calibration relationship, then the
mean [COM])] reconstructed using €370 and Equation 6 will as well, because b is solved from [CO,  ]and e
in the calibration, and [PO;:’] is directly translatable to [COz(aq 372

by b values that were statistically determined to yield the correct modern [COz(aq)] by the algebraic formulation
of Equation 6. Any study of core-top/modern samples that uses a match between modern and reconstructed CO,
values as a test of success of the diffusive model will yield a false-positive result because the statistical relation-
ship between €, [PO;?’] and [CO

2(aq) p37:2
)]. Therefore, the measured € values are scaled

2] is algebraically included in the determination of b.

Bidigare et al. (1997) argued that b, and by correlation, [POZ’], is directly proportional to algal growth rate. This
reasoning was supported by evidence available at the time from 24-hr light, nitrate-limited chemostat cultures
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with E. huxleyi, which yielded a linear relationship between g, and p/CO, (Bidigare et al., 1997). Additional batch
culture experiments with light:dark cycles have since shown that the slope between €, and T (proportional to
p/CO, x V/SA) is dependent on the T range of the treatment, and there is in fact a non-linear relationship between
g, and T (Burkhardt et al., 1999; Laws et al., 2002; Phelps et al., 2021; Wilkes & Pearson, 2019; Stoll et al., 2019).
Using published field data where growth rates were measured, we can test whether b is proportional to growth
rate. Figure 6¢ shows relationships between b and p for samples in our growth rate training set (where growth
rates were measured using in-situ isotope-labeling incubations or cell counts), as well as the entire water-col-
umn data set (where growth rates are modeled using the modified K17 model; see Supporting Information S1
for details). If the conventional diffusive model accurately and universally described alkenone carbon isotope
fractionation in the modern ocean, we would see a positive correlation between b and p. Instead, we observe the
opposite: a wide range of b values are found at low growth rates, but small b values are found at high growth rates
(Figure 6¢). This is because the highest growth rates occur at high light, high temperature, near-surface locations,
where [COZ(aq)] and [POZ*] are low, but €372
in Equation 6 to produce a low b value. Hernandez-Almeida et al. (2020) probed the relationships between b and
2(aq)] and [PO;:‘] in the
field. In an analysis of b in culture experiments, these authors also found that it is not possible to predict b with

is high as a result of high irradiance. Arithmetically, these combine
other environmental variables, and came to a similar conclusion that b is correlated to [CO

any confidence from growth rate, cell size, or light, and that the proposed dependence of b on growth rate is not
found in well-controlled culture experiments. The theoretical underpinnings of the conventional alkenone-pCO,
proxy and the formulation of b are therefore not supported when the entirety of the existing calibration data are
considered.

One could argue that the relationship between g, and [CO, ] through b is simply empirical, and all non-CO, ef-

fects—including but not limited to cell size, growth rate, é(;i)on concentrating mechanisms, and irradiance—are
encapsulated in . While that is mathematically true, there is no immediately apparent way to quantitatively scale
b for changes in these non-CO, effects. Because the theory behind the CO,-diffusion model does not accurately
describe photosynthetic carbon isotope fractionation in these algae, attempts to modify b for changes in cell size
(Henderiks & Pagani, 2007, 2008; Rau et al., 1996; Zhang et al., 2020) have limited quantitative basis when
the full culture and modern datasets are considered. Therefore, b, as originally designed and as subsequently
modified, is not supported by the breadth of culture or modern ocean data and should not be used for alkenone

paleobarometry.

3.6. Recommendations for Paleobarometry and the Sensitivity of Alkenone g, to CO, Change

Our ultimate goal is to extract paleoenvironmental information from the carbon isotope signature recorded in alk-
enone biomarkers. Culture experiments demonstrate that cell size, irradiance, and [COz(aq)] are key determinants
of €, (Bidigare et al., 1997; McClelland et al., 2017; Phelps et al., 2021; Popp, Laws, et al., 1998; Riebesell, Re-
vill, et al., 2000; Rost et al., 2002; Stoll et al., 2019). Our analysis of sediment samples (Figure 5d) suggests these
same factors are also controlling alkenone carbon isotope fractionation in the natural environment with similar
quantitative scaling, providing a framework for interpreting €372 in sedimentary records.

To illustrate the approach, we model €37, ata hypothetical site (5°N, 145°E) in the western Pacific warm pool—

37:2
an area largely in CO, equilibrium with7the atmosphere (Takahashi et al., 2014)—for three times in the past, and
calculate how changes in CO, and other model parameters would manifest in €372 (Figure 7). We prescribe
atmospheric CO, levels of 180, 280, and 400 ppm for the Last Glacial Maximum (LGM), Holocene, and warm
mid-Pliocene, with assumed sea surface temperatures of 26°C, 28°C, and 30°C, respectively. We estimate in-situ
[COLq

note salinity has a negligible influence on CO, solubility for typical marine conditions). We treat our down-core

,] using Henry's Law (Weiss, 1974) assuming a salinity of 35 (typical pelagic surface salinity, though we

€372 modeling the same way as a core-top sediment sample. From A[COz(aq)] alone, we calculate an €372 change
of —0.79%o from Holocene to LGM, and of +0.84 %o from Holocene to Pliocene (Figure 7a). We note that these
changes are small relative to the precision of the €,37,, Measurement (median 1o uncertainty in the compiled data
set is 0.42 %o).

We model changes in coccolith length of +0.75 pm, irradiance changes of +25%, and growth rate changes of
7.0+ Lhe modeled €372
demonstrates that growth rate does not need to be well constrained to interpret past €,

+50% and examine the resulting €, is very insensitive to growth rate (Figure 7c), which

17, changes. Cell radius

(inferred from coccolith length) and irradiance both have strong effects on €372 and will need to be considered

7
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Figure 7. Modeled alkenone ¢_in the Pliocene/Pleistocene at a hypothetical
location in the Western Pacific Warm Pool. (a) In-situ [Cqu)] for the
Holocene, LGM, and Pliocene (3.2-3.8 Ma), from prescribed atmospheric
CO, concentrations of 280, 180, and 400 ppm, respectively (gray bars; right
axis); and modeled €372 resulting from [COz(aq)] variations alone (blue; left
axis). Numbers in the gray bars indicate the in-situ [COZ(MD] (pmol kg™h).
Irradiance and mixed-layer depths are determined using the same algorithm

as for the surface sediment samples, and alkenone € .. , is modeled using the
integrated irradiance multilinear model (Equation 4). We use a cell radius

of 2.44 pum for our baseline case. (b) Sea surface temperatures (blue) and
estimated growth rates (black), modeled using the growth rate model described
in the text. [COz(aq)] in (A) is calculated using the SSTs shown in (b), and
assuming constant salinity of 35. (c) Sensitivity of €_to changes in model
parameters on top of ACO,: irradiance (yellow), growth rate (light blue),
coccolith length (red). Dashed lines and open symbols show a reduction in the
model parameter value, while solid lines filled symbols show the effect of an
increase in the parameter value. Blue bars show the baseline €37, Case with
only CO, sensitivity. For example, the solid red lines show the effect on €372
of increasing coccolith length by 0.75 pm from the baseline scenario with only
CO, changes (dark blue).

sites with low intra- and interannual variability in mixed layer depth, surface
irradiance, and productivity, as all three of these parameters can modulate
the penetration of irradiance in the water column. Warm tropical locations
that are hydrographically stable may therefore be best-suited for alkenone
paleobarometry, while high-latitude or dynamic oceanographic environments
should be avoided. The use of other paleoecological and paleoenvironmental
proxies (such as multispecies foraminifera or coccolith 8'%0 measurements,
or other biomarker abundances (Herndndez-Almeida et al., 2020)) in tandem
with € 37, My help constrain whether light conditions or trophic status at the
core location have changed dramatically through time. Nonetheless, that the
regression coefficients derived from culture experiments produce reasonable
17, over the Plio/Pleistocene suggests it may be

possible to tease apart past variations in g,

hypothetical changes in g,

17, 10 terms of three fundamental

influences: irradiance, cell size, and CO,. Investigations of €370 cell size,

and indicators of production depth/mixed layer depth through time periods
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of known atmospheric CO, change can provide further validation of our model and may lead to an enhanced
understanding of atmospheric CO, variations in the Cenozoic.

4. Conclusions

Alkenone carbon isotope fractionation (ep3712) has a long history of being used as an atmospheric pCO, paleoba-
rometer. However, recent culture and sediment studies have called into question the fidelity of the proxy. Culture
observations have demonstrated that, in addition to cell size, [COz(aq)], and growth rate, irradiance is a key pa-
rameter driving €370 variability. Based on our compilation of published and new data, we observe a dependence
of € 37, ON irradiance in the modern ocean, in both sediment and water-column samples. With a multiple linear
regression model derived from culture experiments, we are not able to model €370 well in water-column samples,
likely because the alkenones collected during water-column sampling were synthesized throughout the photic
zone/mixed layer, and the irradiance at the depth of sampling is too high compared to the average conditions
under which the algae grew. However, we show that € 37, Can be modeled in marine sediments with reasonable
accuracy and precision, successfully demonstrating that quantitative relationships derived in culture experiments
can explain alkenone €370 variations in sediments. Using measurements mined from the literature of the growth
rates of alkenone producers in nature, we show that the theory underpinning the conventional alkenone-pCO,
proxy and the b parameter are not supported by the field data. This study presents a framework for beginning to
quantitatively interpret alkenone €372 variations in ancient sediments, and the extraction of CO, information may
be possible if irradiance and cell size can be constrained.

Data Availability Statement

The new data generated for this study are reported in table format as Data Supplements. The data have been
archived at the Mendeley data repository as: Phelps, Samuel; Stoll, Heather; Bolton, Clara; Beaufort, Luc; Polis-
sar, Pratigya (2021), “Controls on Alkenone Carbon Isotope Fractionation in the Modern Ocean—Supporting
Data,” Mendeley Data, V1, doi:10.17632/7yfsvSwyk4.2 (available at https://data.mendeley.com/datasets/7y-
fsvSwyk4/2). Our study represents a significant amount of synthesis and reanalysis of published data. Individual
studies and datasets used are included in the references.
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