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Abstract Modern observations indicate that variations in marine phytoplankton stoichiometry correlate
with the boundaries of major surface waters. For example, phytoplankton in the oligotrophic subtropical
gyres typically have much higher C:N:P ratios (i.e., higher C:P and higher N:P ratios) than those in eutrophic
upwelling regions and polar regions. Such a spatial pattern points to nutrient availability as a key
environmental driver of stochiometric flexibility. Environmental dependence of phytoplankton C:N:P opens
unexplored possibilities for modifying the strength of the biological pump under different climate conditions.
Here we present a power law formulation of C:N:P flexibility that is driven by nutrients, temperature,

and light. We embed the formulation in a global ocean carbon cycle model with multiple phytoplankton
types and explore biogeochemical implications under glacial conditions. We find three key controls on export
C:N:P ratio: phytoplankton physiology and community structure as well as the balance in regional
production at the global level. Glacial inputs of iron and sea ice expansion are important modifiers of these
three controls. We also find that global export C:N:P increases substantially under glacial conditions, and this
strongly buffers global carbon export against decrease and draws down approximately 20 patm of
atmospheric CO,. These results point to the importance of including phytoplankton C:N:P flexibility in a mix
of mechanisms that drive atmospheric CO, over glacial-interglacial time scale. Finally, our simulations
indicate decoupling of nutrients, which may provide a resolution to the longstanding disagreement regarding
nutrient utilization in the glacial Southern Ocean derived from different nutrient proxies.

1. Introduction

The biological pump of the ocean is one of the key drivers of the global carbon cycle (Volk & Hoffert, 1985). It
is also known as the organic carbon pump or soft tissue pump. The pump refers to the sinking of particulate
organic matter (POM) through the ocean water column that transports carbon from the surface ocean to
remineralize in the ocean interior. The surface ocean interacts with the atmosphere, so carbon transported
to the interior can be sequestered from the atmosphere for centuries until overturning circulation brings it
back to the surface. In a series of publications, Broecker first introduced a number of ideas for how the
biological pump could have been enhanced during the glacial period so as to lower atmospheric pCO,
(Broecker, 1982a, 1982b; Broecker & Peng, 1982). Measurements from Antarctic ice cores demonstrate that
pCO, was lower during peak glacial times by 80-100 patm compared to interglacial periods (Barnola
et al., 1987; Liithi et al., 2008; Petit et al., 1999).

One well-known theme that emerged from Broecker's ideas called on increasing the oceanic inventories
of nutrients that limit biological production in many parts of the world ocean today. The inventory of
macronutrient phosphate (P) could have increased in response to the exposure and weathering of
continental shelf sediments (Broecker, 1982a, 1982b). The inventory of nitrogen (N) could have increased
if denitrification decreased (Altabet et al., 1995; Ganeshram et al., 1995) and/or if N, fixation increased
(Falkowski, 1997), although a change in the whole ocean budget of a major nutrient sufficient to account
for the entire CO, change would generate extensive deep ocean deoxygenation. The inventory of
micronutrient iron (Fe) could have increased as the glacial dust deposition increased (Martin, 1990).

In the case of increasing the N inventory, the average N:P ratio of organic matter would have had to increase
over the widely assumed N:P ~ 16 in order for the biological pump to ramp up (Broecker & Henderson, 1998).
If there were no change in the P inventory, the extra supply of N would not be fully utilized by phytoplankton
(with assumed N:P~16), and the parts of the ocean that were originally N limited simply become P limited.
The possibility that phytoplankton N:P increased was also contemplated later (Archer et al., 2000) and
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invoked to account for contrasting nutrient histories in the glacial Southern Ocean (Elderfield &
Rickaby, 2000) but not embraced. In the reciprocal case where P inventory increases, a change in phytoplank-
ton stoichiometry is not required to enhance the biological pump. The reason is that diazotrophs or N fixers
are expected to become more competitive and the oceanic N inventory should increase (Redfield, 1934).

A much less known idea introduced by Broecker, suggested originally by Peter Weyl, is that the carbon
export per unit P export (C:P) may have increased during glacial time (Broecker, 1982a). Indeed, the biolo-
gical pump would be strengthened and atmospheric pCO, reduced, if C:P increased, assuming no change in
P export. Weyl speculated that preferential remineralization of P in organic matter through heterotrophy
could raise the C:P ratio of sinking organic matter. Broecker apparently neither embraced the idea nor found
evidence for it in the paleo record.

The notion that phytoplankton stoichiometry is stable globally originates from the seminal work by
Redfield (1934) and is a central tenet of chemical oceanography. The canonical Redfield ratio of marine
organic matter is C:N:P=106:16:1, which was later extended to oxygen (O,) with O,P = —150
(Anderson, 1995). Biologists have long known that phytoplankton stoichiometry was flexible in individual
cells (e.g., Droop, 1974), and Redfield himself noted stoichiometric flexibility (Redfield et al., 1963). There
is no obvious physiological reason why there should be a strict C:N:P ratio (Geider & La Roche, 2002).
There is now evidence of substantial variability even on an ocean basin scale. In particular, Martiny
et al. (2013) show a clear global pattern to the stoichiometry measured in phytoplankton and POM: The
C:N:P ratio is 195:28:1 in the warm nutrient-poor subtropical gyres, 137:18:1 in the warm nutrient-rich
upwelling zones, and 78:13:1 in the nutrient-rich polar regions. This variability is not fully understood,
and a full discussion is beyond the scope of this study. However, nutrient availability is already clearly recog-
nized as a driver (C. A. Garcia et al., 2018), and we discuss additional drivers in section 2.2.

The ocean carbon cycle modeling community is beginning to respond to this development. As exemplified
by the Ocean Carbon Cycle Model Intercomparison Project (Najjar et al., 2007), the community has long
used a fixed, remineralization ratio of O,:C:N:P = —170:117:16:1 (Anderson & Sarmiento, 1994). There
have been some studies that explored carbon impacts of different but still fixed C:P ratios using 3-D
model (Heinze et al., 1991) and box models (Galbraith & Martiny, 2015; Weber & Deutsch, 2010). The
state of the art CMIP5/6 models are mixed in terms of adopting a fully flexible C:N:P. In CMIP5 (Bopp
et al., 2013), C:N:P ratio is fixed in the American model CESM/BEC, French model IPSL/PISCES, and
German model MPI/HAMOCC models. The C:N ratio is fixed in the American model GFDL/TOPAZ
and British model HadGCM/Diat-HadOCC. The Italian model CMCC/PELAGOS has a fully flexible C:
N:P ratio (Vichi et al., 2007). In CMIP6 (Arora et al., 2019), CESM/MARBL has a flexible C:P ratio,
GFDL/COBALT has a fully flexible C:N:P, and the Canadian CanESM5/CMOC has a fixed ratio.
Outside CMIP, Daines et al. (2014) describe a dynamical C:N:P within a 3-D ocean model that builds
on the algal growth model of Shuter (1979). Ward et al. (2018) present a size structured, cell quota model
that allows for dynamic C:P. Elsewhere, the linear C:P model of Galbraith and Martiny (2015), discussed
below, is implemented in a box model (Moreno et al., 2018) and 3-D model (Buchanan et al., 2019;
Odalen et al., 2020).

In our previous work, we presented a power law model of flexible phytoplankton stoichiometry (Tanioka &
Matsumoto, 2017). We formulated and incorporated the sensitivity of phytoplankton C:P to changes in phos-
phate availability in an earth system model with two types of marine phytoplankton. With it, we investigated
the stoichiometric buffer effect under a future warming scenario. The traditional view is that as warming
enhances ocean stratification, nutrient supply becomes diminished, and thus, the biological pump of carbon
weakens. This view assumes a fixed C:P ratio. With a dynamic C:P however, a reduction in P supply is
expected to increase phytoplankton C:P, so that even with a reduced supply of nutrients, particulate organic
carbon (POC) export may not diminish. In other words, changes in phytoplankton C:N:P in response to
nutrient availability can buffer carbon export from changing. The main aim of this study is to understand
how this stoichiometric buffer effect may alter under glacial conditions in a global ocean model. Odalen
et al. (2020) use a similar global model and have the same aim as this study, but there are critical differences
in how stoichiometry is represented in the two studies. The model of Odalen et al. (2020) has a single phy-
toplankton type, whose P:C is a linear function of phosphate only. In this study, there are three phytoplank-
ton types, each with a unique nonlinear C:N:P response to a fuller set of environmental drivers. These model
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features allow us to effectively interrogate the stoichiometric effects of phytoplankton physiology and com-
munity composition under glacial conditions.

2. Models and Experiments

The starting point of all our model runs is a long (10* years), steady state simulation of the global model
under preindustrial climate conditions. All sensitivity experiments, including the Control run, start from
the equilibrium state and last 5,000 years.

2.1. Global Model

This study employs MESMO2, an Earth system model of intermediate complexity described elsewhere in
detail (Matsumoto et al., 2008, 2013). The model components used here are a 3-D model of the global ocean
physics and biogeochemistry, a 2-D energy-moisture balanced model of the atmosphere, and a 2-D thermo-
dynamic and dynamic model of sea ice. The model components representing land biosphere and deep sea
sedimentation are excluded in this study. Carbonate compensation is thus not simulated here. MESMO
has been used previously in a number of process studies of the global distributions of carbon and carbon iso-
topes under conditions of the past, present, and future (Lee et al., 2011; Matsumoto et al., 2010; Matsumoto &
Yokoyama, 2013; Sun & Matsumoto, 2010; Tanioka & Matsumoto, 2017; Ushie & Matsumoto, 2012) as well
as in model intercomparison projects (Archer et al., 2009; Cao et al., 2009; Eby et al., 2013; Joos et al., 2013;
Weaver et al., 2012; Zickfeld et al., 2013). MESMO2 has been calibrated against various ocean observations,
including transient tracers (anthropogenic carbon, CFCs), deep ocean radiocarbon, as well as biogeochem-
ical tracers (macronutrients, silicic acid).

MESMO has a coarse resolution, equal area grid with 10° increments in longitude and is uniform in sine of
latitude. There are 16 vertical levels with the top two levels representing the surface 100 m, where biological
production occurs. The coarse resolution makes MESMO computationally efficient, an important attribute
for long paleo simulations. Ocean physics is updated 100 times per year (i.e., ~3.6 days/step) with a 5:1 gear
ratio for ocean biogeochemistry (i.e., 20 time steps per year, ~18 days/step). Excessive mixing that arises in
coarse resolution, z-coordinate grid is reduced by the Gent-McWilliams eddy mixing parameterizations
(Griffies, 1998). The atmospheric model predicts surface air temperature and specific humidity as well as
downwelling radiative forcing from atmospheric pCO,. The sea ice model calculates ice cover, ice height,
and ice temperature. In this study, the physical components of MESMO2 remain unchanged, while the
ocean biogeochemical components have undergone modifications.

A number of modifications were made to the biogeochemistry model of MESMO for this study. The complete
set of biogeochemical equations for this study is provided in the supporting information. The original ocean
biogeochemistry model of MESMO?2 calculated net primary production (NPP) by two phytoplankton func-
tional types (PFTs), large and small, whose production depended on nutrients, light, temperature, and mixed
layer depth (Matsumoto et al., 2013). We note that the model does not calculate the biomass of the PFTs per
se. The large PFT represented fast growing, opportunistic diatoms, while the small PFT represented all other,
smaller algae including coccolithophores.

In this study, we added diazotrophs as the third PFT, which necessitated a reorganization of PFTs. The three
PFTs in this study are eukaryotes, cyanobacteria that do not fix N, and diazotrophs. As with the large PFT in
MESMO2, an important trait of eukaryotes is that they grow fast in nutrient replete waters. This PFT thus
represents larger algae such as diatoms with high maximum growth rate (V,,.,) and high half saturation
constants (Kx, where X = nutrient). Coccolithophores are eukaryotes and are now represented by the same
PFT (Figure S1). Thus, CaCOj3 production is linked to eukaryote production with a positive dependence on
pH. In order to allow for CaCO5; production without being tightly coupled to opal production within the
same single PFT, we make use of the residual nitrate potential growth (RNPG) index (Balch et al., 2016).
This index recasts the ambient nitrate and silicic acid concentrations into potential algal growth rates.
The relative size of the silicic acid-dependent growth rate versus the nitrate-dependent growth rate, both cal-
culated with the Michaelis-Menten formula, modifies the CaCOj3:organic C ratio. The RNPG index is useful
under the low glacial atmospheric pCO,, because without it, the high surface ocean pH would lead necessa-
rily to a large CaCOj3 production even if the eukaryote production is fueled by silicic acid (i.e., diatoms).
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The second PFT is non-N-fixing cyanobacteria that dominate the subtropical gyres. It represents
Prochlorococcus and Synechococcus, which are slow growing but able to take up nutrients efficiently at
low concentrations due to their small cell sizes. This PFT thus has distinctly lower V., and Ky, and it is
not limited by silicic acid.

The third PFT represents diazotrophs, which are able to fix atmospheric nitrogen gas as ammonia. Trichodesmium
is a major group of diazotrophs and also cyanobacteria. However, in this study, Trichodesmium is part of the dia-
zotroph PFT, and any reference to cyanobacteria hereafter will mean Prochlorococcus and Synechococcus and not
Trichodesmium. Diazotrophs bear the higher energy cost of N, fixation, so they have a lower V,,, than the other
PFTs (Tyrrell, 1999). The efficiency at which diazotrophs carry out N, fixation is inversely related to the ambient
nitrate concentration (Paulsen et al., 2017). We assume immediate release of fixed nitrogen as nitrate (Ilyina
et al., 2013). Diazotrophs are limited only by phosphate and Fe. The introduction of diazotrophs allows for a
dynamic N cycle in the ocean, whose long-term N inventory is controlled by the balance of N, fixation and deni-
trification. We implemented water column denitrification, which is set to occur in the model where dissolved O,
concentration ([O,]) falls below 22.5 pmol kgfl, a threshold chosen to give the global denitrification rate of
roughly 100 Tg-N year™". We treat denitrification in a similar approach to the GENIE model (Ridgwell et al., 2007),
in which 2 moles of NO; are converted to 1 mole of N, and liberates 2.5 moles of O, as a byproduct. As we only
have water column denitrification and not sedimentary denitrification, our model provides a first step in repre-
senting the full marine N cycle.

At any ocean grid cell, the contribution that any PFT makes to the community production (i.e., PFT fraction)
is calculated as NPP(i)/ Y, NPP, where NPP(i) is the NPP in C of the PFT index i corresponding to eukaryotes,
cyanobacteria, and diazotrophs, and ) NPP is the their sum. PFT fractions add to 1 and define the commu-
nity composition.

As in the original MESMO2 biogeochemistry model, NPP in this model is split into POM and dissolved
organic matter (DOM). Export production of POM, opal, and CaCOs is calculated at 100 m water depth with-
out ballast effect. There is partial production under an incomplete coverage of sea ice. The rate of reminer-
alization of sinking POM depends on temperature and sinking velocity. Nutrients that limit production are
phosphate, nitrate, iron, and silicic acid. The limiting nutrient in each grid box is determined by the Liebig's
rule of the minimum relative to the stoichiometry of uptake requirement, which in MESMO2 was fixed for
C:N:P = 117:16:1 but variable for C:Fe and Si:N. Following observations (e.g., Franck et al., 2000; Sunda &
Huntsman, 1995), both C:Fe and Si:N ratios increase as Fe concentration decreases. Iron is introduced into
the model domain by aeolian deposition of dust at the surface following the modern flux pattern (Mahowald
et al., 2006). Scavenging of free dissolved iron by sinking particles and binding of soluble iron to organic
ligands facilitate iron cycling. Iron is removed from the model domain by iron-bearing particles reaching
the sea floor, and this removal matches the aeolian input globally at steady state.

2.2. Power Law Model of Flexible Stoichiometry

In this study, the power law formulations of flexible P:C and N:C respectively take the form:

ramva (B0 (RS @0

ve-we (RS GRS QW7

For both ratios, the environmental drivers are concentrations of phosphate ([PO,4]) and nitrate ([NOs]), tem-
perature (T), and light (I). The sensitivity factors (s%1° , where ratio is either P:C or N:C, and driver is one of
the four environmental drivers) are the exponents that indicate the strength and sign of the drivers. The
reference values for the environmental drivers are indicated with subscript 0 in Equations 1 and 2. Also,
[P:C]o and [N:C], are the reference stoichiometric values. In our original description of the power law model
(Tanioka & Matsumoto, 2017), we described P:C as a function of [PO,4] only, so Equations 1 and 2 represent
substantially expanded versions that encompass N as well. Dividing N:C by P:C yields N:P, so the entire C:N:

P can now be determined as a function of the four environmental drivers.
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Table 1

Sensitivity Factors of the C:N:P Power Law Model

Eukaryotes

Cyanobacteria

Diazotrophs

[P:Clo [N:Clo

[P:Clo [N:Clo

[P:Clo [N:Clo

Reference ratio (%o0) 11.6 151.0 6.3 151.0 6.3 151.0
Eukaryotes Cyanobacteria Diazotrophs

Environmental driver Reference value S S S S S Se

[PO4] 0.57 umol kg ! 0.58 0.28 0.28

[NO3] 5.7 umol kg * 0.22 0.22

Temperature 291°K (18 °C) -8.0 —8.0

Light 70 W m™ 2 -0.05 —0.05 —0.05

Note. The sensitivity factors express the dependence of P:C and N:C on environmental drivers according to
Equations (1) and (2) in the main text. They were determined by a recent meta-analysis (Tanioka &
Matsumoto, 2020a). The reference values for drivers [PO,4], [NO3], and temperature are global annual mean from
the top 100 m in the World Ocean Atlas (H. E. Garcia et al., 2014; Locarnini et al., 2013). The reference light value of
70 W m™ ~ is the global annual mean photosynthetically active radiation in MESMO. Reference ratios [P:
Clp = 11.6%o (i.e., C:P = 86.2) for eukaryotes and [P:C]y = 6.3%o (i.e., C:P = 158.7) for cyanobacteria and diazotrophs
are recast from Tanioka and Matsumoto (2017) at reference [PO4]y = 0.57 pmol kgfl. Reference [N:C]y = 151.0%0
for all phytoplankton types is the Redfield ratio (i.e., C:N = 106:16).

Compared to the linear model of P:C (Galbraith & Martiny, 2015), the power law model predicts a strong frug-
ality behavior in P utilization under oligotrophic conditions and saturation under eutrophic conditions
(Tanioka & Matsumoto, 2017). For example, at the Bermuda Atlantic Time-series Study (BATS) station in
the oligotrophic North Atlantic subtropical gyre (Martiny et al., 2013), measurements show a [PO,]
~0.1-0.01 umol kg™" and P:C ~4%, (or C:P ~229:1). Whereas the linear model would substantially underes-
timate C:P (149-165) for [PO,] ~0.1-0.01 umol kg™, the frugality behavior of the power law model at such
low [PO,] predicts much higher C:P (149-303), more consistent with observations. The power law model
likewise performs better when compared to the Hawaii Ocean Time Series (HOTS) station data. At the high
end of [PO,], the power law model would eventually predict stabilization of P:C, as one might expect in cells
with finite storage capacity. In contrast, the linear model will predict ever increasing P:C without bound.
Numerically, the power law formulation can easily represent fixed stoichiometries such as the Redfield ratio
by equating s’#4° to zero and [P:C], and [N:C], to the Redfield values.

The challenge in expanding the original power law model of P:C to the model of P:N:C as a function of four
environmental drivers is that the sensitivity factors in Equations 1 and 2 were not well constrained or under-
stood. The existing literature included numerous studies of how phytoplankton stoichiometry depends on
different drivers, sometimes with a conflicting sense of change. They also studied different strains of algae
often under dissimilar conditions. In order to overcome this challenge and in a separate study, we conducted
an exhaustive meta-analysis of laboratory studies of marine phytoplankton stoichiometry in order to quan-
tify the sensitivity factors (Tanioka & Matsumoto, 2020a). Meta-analysis is a powerful statistical framework
for synthesizing multiple, independent studies and uncovering trends, and it follows rigorous formal proto-
cols to ensure reproducibility and reduce bias (Gurevitch et al., 2018).

Our meta-analysis analyzed 241 experimental units of P:C and 366 experimental units of N:C encompassing
seven taxonomic phyla (Tanioka & Matsumoto, 2020a), which we translated to the three PFTs represented in
our biogeochemistry model for this study (Table 1). In our meta-analysis, we also examined Fe as a possible
driver, but there was an insufficient number of experimental units to determine the sensitivity factor for Fe.
Note in Table 1 that s24° does not exist for all combinations of ratios and drivers, as some drivers were not

significant. According to the power law definition, s’ indicates the fractional change in the ratio for a frac-

tional change in the driver. For example, sﬁg&‘] = 0.58 for eukaryotes means that a 1% increase in [PO,4] leads
to a 0.58% increase in P:C. Our meta-analysis indicates that Sf?&] for eukaryotes is larger than for cyanobac-

teria or diazotrophs. One of the ways by which this difference can be understood is in terms of the larger size
and storage capacity of eukaryotes that allow luxury storage of P. Wheres"* is negative, the sense of change

driver
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Table 2
Experiments With Glacial Boundary Conditions
MOC MLD

AirT pCO, Seaice Atl SO N.Atl SO POC Deep O, Nfix Den
Experiments Description 1D °C patm % Sv Sv m m  PgC pmol kg_1 TgN year_1 TgN year_1
Control Modern 190917a 13.6 279 10.5 12.0 41.7 176 426 9.4 157 109 109
LGM Full glacial 190917g 8.3 225 17.2 14.8  20.5 304 322 8.9 131 202 206
BC_Ice Glacial land ice 190917h  11.2 264 13.3 13.5 421 233 429 8.9 169 100 99
BC_Rad GHG = —26Wm 2 190917i 10.9 259 13.8 11.5 423 199 440 8.6 174 81 77
BC_Dust Glacial dust 190917k 13.2 257 11.1 12.1 418 173 439 109 134 172 174
BC_Orbital Glacial orbital 190917x 13.8 283 10.5 11.8 41.6 174 430 9.4 158 109 109
BC_Winds —50% SH westerlies 190917j 13.2 269 111 12.7 203 174 296 8.4 136 145 147

Note. All results represent the end state after 5,000 years of model integration. Air T = global annual mean surface air temperature. Sea ice indicates the global
annual mean sea ice coverage. MOC = meridional overturning circulation, separated into the Atlantic (Atl) and the Southern Ocean (SO). Sv = 10" ms .
MLD = mixed layer depth. POC = global POC export across 100 m water depth. PgC = 10" grams C. Deep O, = global mean dissolved O, in the interior ocean.
Nfix = global N, fixation rate. Den = global water column denitrification rate. TgN = 10"2 grams N. pCO, feedback on climate is “off” where BC_Rad
(GHG = greenhouse gas forcing) is applied.

in the ratio is opposite. For example, s5¢ = —8.0 for cyanobacteria and diazotrophs indicates that a 1%
increase in temperature (in terms of °K) leads to an 8% drop in P:C. While this may appear to be a very
large sensitivity, a 1% change in °K is actually large in °C (i.e., ~3°C) and thus represents a very large
forcing not easily realized in the real ocean. There are a number of reasons why phytoplankton become
more C rich under warmer conditions, including increased metabolic stimulation of C fixation. The
interested reader is referred to the meta-analysis (Tanioka & Matsumoto, 2020a) for a discussion of the

underlying biochemical reasons for the sense and magnitude of s/ |

We also carried out experiments with two other formulations of C:N:P for comparison. The first is the fixed,
default ratio of C:N:P = 117:16:1 that is applied to all three PFTs in the experiment Redfield. The second
experiment GM is based on the model of Galbraith and Martiny (2015), where P:C is a linear function of
[PO,4] and N:C is a Holland type 2 functional form with a frugality behavior only at very low [NOs]. The same
P:C and N:C formulations were applied to all three PFTs. Note that our GM experiments are not the same as
those of Odalen et al. (2020), who did not include the N:C flexibility of Galbraith and Martiny (2015).

Finally, we clarify that the C:N:P ratio calculated for each PFT by Equations 1 and 2 is the ratio during uptake (i.e.,
organic matter production). We thus consider this to be the physiological control on flexible stoichiometry to be
distinguished from the taxonomic control defined below. Since there is no preferential remineralization of nutri-
ents in the model, the calculated uptake ratio could be considered the ratio of biomass. However, as noted above,
PFTs in this model technically have no biomass. Also, if there were only a single vertical level in the production
layer, the uptake C:N:P ratio would be identical to the export C:N:P ratio. In this model, however, there are two
levels within the production layer, and this causes the uptake ratio to become decoupled from the export ratio.
The combination of the differences in nutrient concentrations, temperature, and light availability in the vertical
levels leads to a higher uptake C:N:P ratio in the top level compared to the second level everywhere. The export
ratio is the average of the uptake ratios from both levels, weighted by their contributions to the total POC export.
When the uptake stoichiometry is fixed (e.g., Redfield ratio), it is identical to the export ratio, so the decoupling of
the two ratios is a notable feature of employing a flexible C:N:P stoichiometry in this study.

2.3. Glacial Boundary Conditions

In this study, we applied five different LGM boundary conditions (BCs, Table 2): (1) larger land ice albedo;
(2) reduced radiative forcing from greenhouse gases; (3) insolation changes due to Earth's orbital para-
meters; (4) increased Fe from dust deposition; and (5) weaker southern hemisphere westerly winds.
During LGM, Laurentide and Fenno-Scandinavian Ice Sheets covered large parts of North America and
Eurasia that are ice-free today. In experiment BC_Ice, a uniform land ice albedo is thus assigned to grid
points according to glacial ice sheet reconstructions (Peltier, 1994). In experiment BC_Rad, we adjusted the radia-
tive forcing in the equilibrium run by —2.6 W m™2, which represents the difference in forcing from three green-
house gas concentrations (CO,, CH,, and N,O) between LGM and the late Holocene (Fortunat Joos &
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LGM Sensitivity Experiments
()
POC Export
Eukary  Cyano Diaz Opal CaCOz  Deep O, Nfix Den
Experiments Description ID PgC PgC(%) PgC(%) PgC(%) CN:P TmolSi PgC  pmol kg_1 TgN year_1 TgN yealr_1
Control Modern 190917a 9.4 3.6(39) 4.9(52) 0.8(9) 113161 128 0.6 157 109 109
LGM Full glacial 190917g 89 6.3(70) 1.9(21) 0.7(8) 140:16:1 89 0.9 131 202 206
LGM_CNP LGM C:N:P mask 190917q 8.1 59(72) 1.7(1) 0.6(7) 126:17:1 86 0.8 142 153 154
LGM_COM LGM COM mask 190917r 9.4 3.1(33) 5.3(57) 09(0) 147:17:1 62 0.6 122 243 245
C_Redfield Redfield control 190917e 9.0 4.8(53) 3.6(40) 0.6(7) 117:16:1 124 0.6 164 78 78
LGM_Redfield C:N:P=117:16:1 1909170 7.4 55(74) 14(19) 0.5(7) 117:16:1 77 0.6 156 105 106
C_GM GM control 190917f 8.9 4.1(47) 4045 08(8) 107:16:1 126 0.6 163 91 91
LGM_GM Linear C:P 190917p 7.8 5.7(73) 1.5(19) 0.6(8) 120:18:1 91 0.7 146 140 141
(b)
PFT C:N:P Surface nutrients
pCO, fPOP  fPOP BE PO, NO; Si FeT
Experiments patm COM Eukary Cyano Diaz % umol kg_1 pmol kg_1 umol kg_1 umol kg_1
Control 279 146:19:1 102:14:1 198:23:1 213:32:1 1.00 1.00 0 0.31 2.7 2.2 0.16
LGM 225 166:18:1 152:16:1 211:21:1 210:32:1 0.77 0.95 79 0.26 2.1 20.5 0.49
LGM_CNP 240 139:17:1 124:15:1 203:23:1 202:31:1 0.77 0.87 41 0.25 22 26.3 0.56
LGM_COM 195 180:20:1 132:15:1 219:22:1 239:36:1 0.76 0.99 98 0.26 2.3 43.2 0.37
C_Redfield 279 117:16:1 117:16:1 117:16:1 117:16:1 1.00 1.00 0 0.31 2.6 2.5 0.23
LGM_Redfield 245 117:16:1 117:16:1 117:16:1 117:16:1 0.83 0.83 0 0.27 2.1 32.4 0.67
C_GM 279 119:18:1 109:17:1 130:19:1 131:19:1 1.00 1.00 0 0.28 2.9 2.1 0.22
LGM_GM 234 128:19:1 126:19:1 135:20:1 133:19:1 0.78 0.88 45 0.26 2.5 21.9 0.62

Note. All results represent the end state after 5,000 years of model integration. Global annual mean. Eukary = eukaryotes; cyano = cyanobacteria; diaz = diazo-
trophs. POC Export % in parentheses indicates the fractional contribution of each PFT to the total community export in terms of NPP carbon. BC_Rad is applied
to all glacial experiments, and thus pCO2 feedback is “off.” COM = phytoplankton community. The COM stoichiometry is calculated over the production layer
(<100 m) and weighted by NPP measured in terms of P instead of C of PFTs. fPOP = particulate organic phosphorus export normalized to control run; likewise
for fPOC. BE = Bulffer effect according to Equation 4 in the main text.

Spahni, 2008). In experiment BC_Orbit, insolation received by Earth was adjusted according to the glacial orbital
parameters (Berger, 1978). An important BC for biology is the increase in aeolian flux of Fe as a result of a dustier
glacial atmosphere. In experiment BC_Dust, we applied a reconstruction of glacial dust flux (Mahowald
et al., 2006) assuming the same iron content and solubility. Finally, in experiment BC_Winds, we reduced
southern westerly wind stress poleward of 44°S by 50%. This follows the idea that the Southern Ocean
ventilation is key to modulating atmospheric pCO, on glacial cycles, and it is the reduction in ventilation that
contributes substantially to lowering pCO, during peak glacial times (e.g., Anderson et al., 2009; Sigman
et al.,, 2010; Skinner et al., 2010; Toggweiler et al., 2006). A reduction in southern westerlies as a means to
achieve the desired change in Southern Ocean ventilation is an accepted model practice (e.g., Jeltsch-Thommes
et al., 2019; Tschumi et al., 2008). Here we adopt the same practice but do not necessarily believe that a 50%
reduction in southern westerly wind stress actually occurred. We note that coupled model results are mixed on
how the southern westerlies changed during the last glacial period: strengthening and poleward displacement
(Wyrwoll et al., 2000), weakening and equatorward shift (Kim et al., 2003), and insubstantial shift in position
with modest weakening (Rojas et al., 2009) or slight strengthening (Otto-Bliesner et al., 2006). In experiment
LGM, all five glacial BCs were applied simultaneously to the global model.

3. Results

Three equilibrium model states were obtained for the three formulations of C:N:P (power law, Redfield,
and GM) so as to remove model drift in subsequent experiments. From each equilibrium run, we carried
out 5,000 years of Control and LGM runs. For the power law formulation, additional 5,000-year sensitivity

MATSUMOTO ET AL.

7 of 22



Ay

N\\JI Paleoceanography and Paleoclimatology 10.1029/2019PA003823
(a) POC Export (mole-C m2 yr?) (b) Opal Export (mole-Si m2 yr')
80°N 10
9
40°N 3
6
0° 5
4
40°S 3
2
80°S !
0
1.00
0.80 | 240. -
200. — —
0.60 — — -
160. < —
0.40 — 120 : :
0.20 - 80. | N
0.00 T | T T T T 40. T T T | T T T
40°S Q° 40°N 40°S 0° 40°N
LATITUDE LATITUDE

(e) Community C:P (f) Community N:P
|

80°N

£0°N

0°

40°S

80°S

200°wW

100°W 0° 100°E 200°wW 100°wW 0° 100°E

Figure 1. Annual mean properties in the Control experiment: (a) POC export (mole-C m2 year_l), (b) opal export (mole-Si m? year_l), (c) zonal mean PFT
community composition (fraction), (d) zonal mean PFT C:P, (¢) community C:P, and (f) community N:P. The zonal means (c, d) and the vertically averaged
community C:P and N:P ratios (e, ) are weighted by NPP of PFTs over the production layer. In (c) and (d), red = eukaryotes, green = cyanobacteria,

blue = diazotrophs, and black = community.

experiments were carried out. They include experiments where glacial BCs are applied one at a time
(Table 2) as well as experiments where two production masks have been applied to the LGM run
(Table 3).

3.1. Control Run With the Power Law Model of C:N:P

The Control run for MESMO2 with the power law model of C:N:P (Figure 1, Tables 2 and 3) is reasonable
globally when compared to the original MESMO2 (Matsumoto et al., 2013) and available observations.
For example, the model simulates global export production of 9.4 Pg-C year " of POC, 128 Tmol-Si year "
of opal, and 0.6 Pg-C year™ " of CaCOs, compared respectively to data-based estimates of 9.6 + 3.6 Pg-
C year™", 101 + 35 Tmol-Si year™', and 0.52 + 0.15 Pg-C year ' (Dunne et al., 2007). Spatially, carbon
and opal export productions are large in eutrophic subpolar waters and elevated in the equatorial upwelling
regions (Figures 1a and 1b). In those waters, the fast-growing eukaryote PFT typically makes the largest con-
tribution to the community NPP as expected (red line, Figure 1c). In contrast, eukaryotes are the least domi-
nant PFT in the subtropical gyres, whose low nutrient concentrations favor cyanobacteria (green line).
Diazotrophs are the least important (blue line).
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The power law model predicts higher C:N:P for all PFTs with decreasing latitudes (Figure 1d), as tempera-
ture increases, and nutrients become generally depleted. The eukaryotes have the lowest C:N:P, while the
other two PFTs representing smaller cells have much higher C:N:P. The stoichiometry of the phytoplankton
community at each ocean grid location is calculated as the PFT- and NPP-weighted average over the produc-
tion layer:

Y:xC:N:P(i, k) - NPP(i, k)

C:N:Pcommunify = ZkNPP(l k) 7
i )

3

where i is the PFT index and k is the depth index in the production layer. In Equation 3, NPP is based on
P, which is the model currency of nutrient uptake. Thus, the most dominant PFT will exert the greatest
control over the local community stoichiometry (black line, Figure 1d). This is the taxonomic or commu-
nity composition control on stoichiometry as opposed to the physiological control exemplified in
Equations 1 and 2. Thus, in the subtropical gyres, the combination of smaller PFTs' higher C:N:P and
their taxonomic dominance results in high community C:N:P (Figures le and 1f) as observed (Martiny
et al., 2013).

Globally, the power law model predicts the lowest C:N:P for eukaryotes (102:14:1) and much higher ratios
(C:N:P = 198-213:23-32:1) for cyanobacteria and diazotrophs (Table 3). The global mean phytoplankton
community C:N:P is 146:19:1. In comparison, the global C:N:P of export production is 113:16:1, which is
close to the canonical Redfield ratio.

It is important to note for this study that the Control run also preserves some of the realistic representation of
the marine silica cycle achieved in MESMO2 (Matsumoto et al., 2013). With the introduction of Fe-
dependent, variable Si:N, MESMO2 was able to trap silicic acid in the Southern Ocean sourced circulation
loop and deplete it in the surface waters globally (Sarmiento et al., 2004). As a result, the PFT that represents
diatoms is limited by silicic acid for much of the world ocean except in the Southern Ocean where Fe is limit-
ing (Figure 2a). This feature allowed MESMO?2 to simulate the silicic acid leakage (Matsumoto et al., 2014), a
phenomenon speculated to have occurred during the last glacial period (Brzezinski et al., 2002; Matsumoto
et al., 2002). In contrast, cyanobacteria in the Control run are limited by nitrate for much of the world ocean
except by Fe in the Southern Ocean (Figure 2¢). Diazotrophs are mostly limited by Fe except by phosphate in
the Atlantic Ocean (Figure 2e).

Finally, diazotrophs fix N globally at the rate of 109 Tg-N year™' within the model, which is in good agree-
ment with available range of estimates (Landolfi et al., 2018). It is balanced by denitrification in the Control
run. The whole ocean ratio between nitrate and phosphate inventories is 15.4 in the model. In comparison,
the estimated global water column denitrification rate is 60-150 Tg-N year ' (Bianchi et al., 2018;
Codispoti, 2007; Devries et al., 2012) and global ocean N:P ratio is ~15 (Tyrrell, 1999).

3.2. Effects of the Glacial Boundary Conditions

Of the five glacial BCs, changes in radiative forcing owing to much lower greenhouse gas concentrations
cause the greatest cooling (Table 2). Global mean surface air temperature decreases by 2.7 °C from 13.6 °C
in the Control run to 10.9 °C in BC_Rad. The next coldest climate is predicted by experiment BC_Ice, where
air temperature cools by 2.4 °C. Changes in orbital parameters, dust, and winds do not cool the planet sub-
stantially. The cooling realized by the glacial land ice albedo and radiative forcing enhances gas solubility,
which lowers atmospheric pCO, by 15-20 patm and increases deep ocean [O,] by 12-17 umol kg™, If it were
not for the expanded global sea ice coverage, which increases by 27-31%, deep [O,] would have increased
even more. Increased Fe flux in experiment BC_Dust has a substantial biological fertilization effect. The
change in global POC export, which is driven mostly by net eukaryotic growth, increases from 9.4 to
10.9 Pg-C year™'. This contrasts with POC export reduction in all other glacial BC experiments. The
increased biological pump in BC_Dust leads to atmospheric pCO, drawdown by 22 patm as well as deep
[O,] reduction by 23 umol kg_l. In experiment BC_Winds, a 50% weakening of the southern westerlies wind
stress substantially reduces Southern Ocean ventilation, as the Southern Ocean mixed layer depth (MLD)
shoals by 130 m from 426 m and as the southern overturning drops from 41.7 Sv (Sv = 10° m® s™) to
20.3 Sv. Reduced ventilation diminishes the supply of dissolved O, to the ocean interior, so that deep [O,]
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Nutrient Limitation for Control Experiment Nutrient Limitation for LGM Experiment

(a) Eukaryotes (Control)

(b) Eukaryotes (LGM)
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Figure 2. Annual mean nutrient limitation maps for Control run (a) eukaryotes, (c) cyanobacteria, (e) diazotrophs, and LGM run (b) eukaryotes,
(d) cyanobacteria, (f) diazotrophs. Limitations: 1 = phosphate, 2 = nitrate, 3 = co-limitation; 4 = iron, and 5 = silicic acid.

is reduced by 21 umol kg™". Finally, changes in the orbital parameters in experiment BC_Orbit cause mini-
mal change in insolation with no appreciable impact on model physics and biogeochemistry.

The changes listed in Table 2 have been described for the model with the power law model of flexible C:N:P.
When the same BCs are applied to models with the Redfield C:N:P or GM formulation of C:N:P, the physical
changes (e.g., cooling ventilation) are quantitatively comparable, and the biogeochemical changes (e.g., POC
export, deep O,) have the sense of change.

3.3. LGM Run

When all glacial BCs are simultaneously applied to the model in the experiment LGM, many of the indivi-
dual effects described for controlled BC experiments are superimposed to give larger changes (Figure 3,
Table 2). As a result, global surface air temperature cools by 5.3°C, atmospheric pCO, is reduced by
54 patm, polar sea ice expands by 64%, global POC export decreases by 0.5 Pg-C year™ ", and deep ocean
[O,] drops by 26 umol kg™'. The drop in deep [O,] occurs despite the greater gas solubility that leads to
higher [O,] in surface waters, where expanded sea ice does not inhibit air-sea gas exchange (Figure 4).
Since the global POC export decreases in the experiment LGM, much of the drop in deep ocean [O,] is lar-
gely attributable to reduced southern winds driving weaker ventilation. Nevertheless, there is a dust
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(a) POC Export (mole-C m2 yr)
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Figure 3. Annual mean properties in the LGM experiment. See Figure 1 caption for details.

component to the deep [O,] reduction, because the global POC export would have been much lower without
the Fe fertilization effect. The two indices of Southern Ocean ventilation point to weakening as the Southern
Ocean MLD shoals by 104 m and overturning decreases by 20.2 Sv.

There are two physical changes in the experiment LGM compared to the Control run that have important
consequences for phytoplankton stoichiometry (Table 3). The first is the large expansion of sea ice, which
notably reduces the Southern Ocean contribution to the global production (Figure 5). In the Control run,
diatoms dominate the Southern Ocean, whose POC export accounts for one third of global export produc-
tion. In comparison, the Southern Ocean contribution is estimated by data analysis and inverse modeling
to be 10-30% (Dunne et al., 2007; Schlitzer, 2002). Given their low C:N:P, the Southern Ocean diatoms thus
have the effect of lowering global export C:N:P. Therefore, when Southern Ocean sea ice expands and sup-
presses eukaryote production, the global export C:N:P becomes increasingly decoupled from the low
Antarctic diatom C:N:P. The global export C:N:P increases from 113:16:1 in the Control run to 140:16:1 in
the LGM run. There is thus a 24% increase in the carbon content in the sinking POM per unit P with impor-
tant implications for buffering of changes in carbon export.

The second important physical change in the LGM experiment is the increased input of Fe from glacial dust
deposition. Fe has a direct fertilization effect that increases production of all PFTs in places where Fe is
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Figure 4. LGM-Control change in dissolved oxygen: (a) surface and (b) 2,000-5,000 m. Unit is umol kg_1
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limiting. More importantly in this study, the Fe input reduces the Si:N uptake ratio by diatoms, so that silicic
acid becomes available in much of the world's surface ocean in a manner previously hypothesized
(Brzezinski et al., 2002; Matsumoto et al., 2002) and predicted (Matsumoto et al., 2014). This relieves the
severe silicic acid limitations to diatom growth, thus boosting POC production of eukaryotes outside areas
of expanded sea ice (Figure 6a). The global eukaryote POC export thus increases by 2.7 Pg-C year™* from
3.6 to 6.3 Pg-C yeatr_1 (Tables 2 and 3). Because eukaryotes have high V., this growth comes at the
expense of cyanobacteria growth (Figure 6b) and helps deplete surface nutrients. The global mean surface
[PO,] decreases from 0.31 to 0.26 umol-P kg™" with a larger change in the Pacific (Figure 6c). Again, this
occurs outside the polar waters where phosphate actually increases due to suppression of biological
production by sea ice. Surface mean nitrate concentration also decreases globally but even under
expanded sea ice (Figure 6d). This reduction in nitrate beyond that in phosphate reflects reduced oceanic
N inventory, because the drop in the deep ocean [O,] enhances denitrification globally. By the end of the
5,000-year run, the deep ocean [NO;] is down from 33 to 30 umol-N kg™* and still dropping, because the
global N, fixation has not caught up to the change in global denitrification. The global ocean inventory
ratio of N:P drops from 15.4 in the Control run to 13.9 at the end of the LGM run. As a result, eukaryotes
and cyanobacteria both become largely limited by nitrate (Figure 2; see Table 3 for surface nutrient
concentrations).

There are two implications for phytoplankton stoichiometry from these changes triggered by increased Fe
input (Figure 7). First, the depletion of nutrients has the effect of elevating C:N:P according to the power
law model of flexible stoichiometry. This physiological response is strongest in the eukaryote's C:P

(Figure 7a), which has the greatest sensitivity to phosphate with sﬁ,g = 0.58. As a result, the global mean
C:N:P for eukaryotes increases from 102'14'1 to 152:16:1 (Table 3). Cyanobacteria and diazotrophs have

the same sense of response but weaker (s?, [PO = 0.28), and their overall C:P is also negatively affected by
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Figure 5. LGM-Control change. (a) Ice fraction (%, color) and surface mean air temperature (°C, contour line). (b) POP export (mole-P m>2 year_l).
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Figure 6. LGM-Control change. POC export (mole-C m? year_l) by (a) eukaryote PFT and (b) cyanobacteria PFT. Change in nutrient concentrations
(umol kg_l) over the production layer for (c) phosphate and (d) nitrate.

cooling (s5€ = —8.0). Thus, the change in C:P for cyanobacteria and diazotrophs under glacial conditions is
more mixed than for eukaryotes (Figures 7b and 7c). The physiological response in the C:N ratio is very
much analogous to C:P in that reduced surface [NO;] (Figure 6d) causes C:N to rise in both eukaryotes
and cyanobacteria, both having s’[}{;& }=0.22 (Figure 7d; only eukaryote C:N shown). The second implication

is that as eukaryotes become the dominant PFT under glacial BCs, the local community C:N:P decreases and
approaches C:N:P of eukaryotes (Table 3). This is clearly seen in the case for C:P under glacial conditions
compared to the Control run (i.e., community C:P in black line is much closer to eukaryote C:P in red line
in Figure 3d than in Figure 1d).

The globally elevated export production C:N:P in the LGM run indicates that stoichiometric buffering of POC
export should occur. This buffering can be quantified by comparing POC that is expected from particulate
organic phosphorus (POP) export assuming fixed stoichiometry versus the POC export actually simulated
with flexible C:N:P. In the LGM run, global POP export declined by 23% (fPOP = 0.77, Table 3; Figure 5b),
but global POC export declines only by 5% (fPOC = 0.95). In comparison, global POP and POC export changes
by the same fraction in the experiment LGM_Redfield (i.e., fPOP = fPOC = 0.83, Table 3).

A measure of the buffer effect (BE) can be quantified with the following equation:

B 1—fPOC
BE = (1 -1 op fPOP) - 100. 4)

For the experiment LGM_Redfield, where fPOP = fPOC, BE = 0%, indicating no buffering. A hypothetical
perfect buffering (i.e., BE = 100%) occurs when POC remains unchanged (i.e., fPOC = 1) for any change
in POP due to flexible C:N:P. The LGM experiment has an intermediate but strong buffering response, where
fPOP = 0.77 and fPOC = 0.95; thus BE is 79% (Table 3). In the experiment LGM_GM, BE is lower at 45%. BE
calculated with respect to particulate organic nitrogen (PON) instead of POP is the same or lower: 79% for
LGM, 14% for LGM_GM, and of course 0% for LGM_Redfield.
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Figure 7. LGM-Control change in phytoplankton PFT stoichiometry over the production layer. (a) Eukaryote C:P, (b) cyanobacteria C:P, (c) diazotroph C:P, and

(d) eukaryote C:N.

One would expect that an elevated export C:N:P under glacial conditions would facilitate a greater oceanic
uptake of CO,, thus helping to explain the low glacial atmospheric pCO,. The change in atmospheric pCO,
between the Control and LGM runs is 54 patm. The fraction of 54 patm that is attributable to flexible stoi-
chiometry is not easily quantified, however, because it is difficult to isolate the different components (e.g.,
physiology, taxonomy, and regional production) of flexible C:N:P.

The simplest quantification is to compare the 54 patm reduction to the 34 patm reduction obtained between
the control and glacial runs of the Redfield experiments (Table 3). At face value, the comparison would indi-
cate that having flexible stoichiometry reduces pCO, by an additional 20 patm. However, this 20 patm also
reflects to some degree the fact that the Control runs with fixed C:N:P and flexible C:N:P are not identical
(Table 3). For example, the global POC export is 9.0 Pg-C year™ " with fixed C:N:P but 9.4 Pg-C year™* with
flexible C:N:P.

3.4. LGM Masked Productions Runs

In an effort to more precisely quantify the CO, effect of flexible stoichiometry under glacial BCs, we
devised two additional sensitivity experiments. In experiment LGM_CNP, we repeated the LGM run,
except we applied seasonal masks of C:N:P created from the Control run, so that the seasonal C:N:P cycle
for each PFT is repeated everywhere. Likewise, in experiment LGM_COM, seasonal masks of community
composition created from the Control run were applied at every grid point. These two new runs are thus
intended to be controlled experiments of the LGM run, where LGM_CNP is different from the LGM in
only the physiological control on C:N:P, and where LGM_COM is different from LGM in only the taxo-
nomic control on C:N:P.

LGM_CNP successfully works as designed in that the C:N:P of PFT is pegged to the Control run (Figure S2a),
while other aspects of the model remain similar to the LGM run, including the community composition
(Figure S2b) and surface nutrients (Table 3). Atmospheric pCO, in LGM_CNP is 240 patm, which is 15
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patm higher than in the LGM experiment. We may thus conclude that allowing the physiological C:N:P
response to glacial conditions lowers atmospheric pCO, by 15 patm.

In contrast, LGM_COM does not work as well as a control experiment of the LGM run. The problem is that
the environmental conditions (e.g., nutrients and light) in the model under glacial conditions are not able to
support the exact phytoplankton community composition demanded by the masks. For example, there may
not be enough silicic acid to support a large fraction of eukaryotes that the masks may demand. In such a
case, the model can only simulate as large a fraction of eukaryotes as possible. As a result, the eukaryote frac-
tion in LGM_COM mostly follows that of the Control run but not perfectly (Figure S2b). At the same time, C:
N:P of PFTs in LGM_COM may be quite different from LGM (Figure S2a). LGM_COM is thus somewhat
different from LGM in both physiology and taxonomy, not just in taxonomy as designed. Atmospheric
pCO, in LGM_COM is 195 patm, which is 30 patm lower than in the LGM experiment. At face value, we
would conclude that the taxonomic response to glacial conditions increases atmospheric pCO, by
30 patm. Although this number is uncertain, the sense of change in pCO, is correct in that the general shift
in community composition from cyanobacteria to eukaryotes lowers C:N:P ratio. All else being the same,
this taxonomic effect would reduce oceanic uptake of CO,, leading to higher atmospheric pCO,. The experi-
ments LGM_CNP and LGM_COM thus indicate that the effects of physiology and community composition
work in opposite directions under glacial conditions.

4. Discussion
4.1. Controls on Local and Global C:N:P

Our results demonstrate that broadly there are three controls on phytoplankton stoichiometry: physiology,
taxonomy, and regional production. First, there is the physiological control on C:N:P for each type of PFT.
The sensitivity of the physiological control is different for different PFTs (Table 1). Of the five glacial BCs,
increased dust deposition has a notably strong impact on this physiological control through a sequence of
events. Starting with increased dust deposition, increased Fe availability ultimately substantially boosts
POC production of eukaryote PFT. The fast-growing eukaryotes deplete surface PO, and NOs to a greater
extent in the LGM run than in the Control run (Figures 6¢ and 6d). The depletion leads to a strong increase
in C:P and C:N in eukaryotes (Figures 7a and 7d). Averaged over the production layer globally, eukaryotic
C:P is 152:1 in the LGM run compared to 102:1 in the Control (Table 3). In comparison, the increase in
C:P in cyanobacteria and diazotrophs by PO, depletion is tempered by the cooling effect on C:P.

The second control on phytoplankton C:N:P is taxonomy (Figure 1d), which under glacial BCs becomes
increasingly dominated by eukaryotes (Figure 6a). Because eukaryotes have the lowest C:N:P among the
three PFTs, the community C:N:P (i.e., average C:N:P weighted by the NPP) declines and approaches
C:N:P of eukaryotes in many parts of the world ocean (compare Figures 1d and 7). The physiological and
taxonomic controls thus interact locally to determine the community C:N:P at each grid point.

The third control, regional production, acts globally on the phytoplankton stoichiometry. Subtropical gyres
have high community C:N:P because cyanobacteria are taxonomically dominant and all PFTs have relatively
elevated C:N:P due to low nutrient availability. In contrast, polar regions have lower community C:N:P
because eukaryotes are dominant and all PFTs have lower C:N:P due to high nutrient availability. The global
export C:N:P is determined by the relative balance of export contributions from subtropical gyres, polar
waters, and other regions of the world ocean. Under glacial BCs, the expansion of sea ice diminishes substan-
tially the Southern Ocean contribution to the global export production (Figure 5b), thereby raising the global
export stoichiometry.

The importance of the regional production can also be illustrated by comparing global mean phytoplankton
C:N:P calculated with and without weighting by NPP. The global mean phytoplankton C:P in the Control
run is 146:1 with NPPP weighting and 173:1 without. The difference is directly attributable to eukaryotes
in the polar waters making a large contribution to the global NPPP. Also, in the LGM run, C:P is 166:1 with
NPPP weighting and 176:1 without. The change in NPPP-weighted C:P between the Control and LGM runs
(166-146 = 20) is much larger than the change in the unweighted C:P by (176-173 = 3). This difference indi-
cates that it is the diminished Southern Ocean production in the LGM experiment that accounts for much of
the increase in global export C:P from 113:1 to 140:1.
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The literature generally supports the notions of sea ice expansion and diminished Antarctic productivity
during the last glacial period. For example, diatom-based reconstruction of sea ice indicates that the maxi-
mum limit of Antarctic winter sea ice extended northward by 5°-10° latitude in all sectors of the
Southern Ocean (Crosta et al., 1998). A reduced biological production is expected to underutilize surface
nutrients and lead to increases in their concentrations. This increase is indicated by different nutrient
proxies in glacial Antarctic waters: foraminiferal Cd/Ca for [PO,4] (Elderfield & Rickaby, 2000), diatom
8%°Si for silica acid (De La Rocha et al., 1998), and 8">C of organic matter bound to diatoms (Rosenthal
et al., 2000; Shemesh et al., 1993). For years, these three indices have been considered to be at odds with sedi-
mentary and diatom bound 8'°N, which indicate greater NO; consumption (Franois et al., 1997; Robinson &
Sigman, 2008; Wang et al., 2017). Our modeling results suggest a possible reconciliation of these apparently
contradictory results regarding glacial Southern Ocean nutrient utilization. We posit that nitrate becomes
decoupled from the other nutrients in the Southern Ocean. That is, despite lowered productivity associated
with sea ice expansion leading to increased surface water POy, silicic acid, and lighter §13C, surface [NOs]
decreases in the model (Figure 6). This is a result of the drop in deep ocean [O,] enhancing denitrification
and the low NO; signal propagating even into surface waters that are largely under expanded sea ice.

4.2. Carbon Implications of Flexible C:N:P

In this study, the global mean export C:N:P increased from 113:16:1 in the Control run to 140:16:1 in the
LGM run. When broken down into C:P and C:N, the Control run has C:P = 113:1 and C:N = 6.9, and the
LGM run has C:P = 140:1 and C:N = 8.5. There are a number of implications for the global increase in both
C:P and C:N, but in particular there are two for carbon. First, the increase in C:N:P facilitates stoichiometric
buffering of POC export. In the LGM run, in which the power law model of flexible stoichiometry was
employed, POP export dropped by 23%, and POC export dropped by just 5% (Table 3). According to
Equation 4, the magnitude of buffering or BE is 79%. With a fixed, Redfield stoichiometry, BE is 0%; with
the GM formulation of stoichiometry, BE is 45%. The power law model, which has a larger dynamic range
of C:N:P and better matches the BATS and HOTS data than the other two formulations, indicates that sto-
chiometric buffering of POC export is substantially larger.

Second, some of the reduction in atmospheric pCO, under glacial conditions is due to flexible C:N:P. A sim-
ple comparison of the LGM runs with the power law model and Redfield ratio indicates that flexible stoichio-
metry is responsible for ~20 patm reduction overall. The sensitivity experiment LGM_CNP, which controls
for the physiological aspect of C:N:P variability, indicates that ~15 patm reduction can be accounted for by
physiology. Most of the physiological effect is from C:P increasing with decreasing [PO,4]. The experiment
LGM_COM suggests that the taxonomic effect (i.e., a shift away from cyanobacteria in favor of eukaryotes,
thus lowering C:N:P) would increase pCO, by ~30 patm. We are not able to quantify the effect of regional
production changes on atmospheric pCO,, but it is likely large given that NPPP-weighting of global C:P aver-
aging increases C:P substantially. The overall reduction in pCO,, which may be ~20 patm, would be some
combination of pCO, reductions from physiology and regional production and an pCO, increase from
taxonomy.

Odalen et al. (2020), who employed a linear C:P formulation and a single PFT, also report a reduction in
atmospheric pCO, attributable to flexible stoichiometry under glacial conditions. Their reduction is smaller,
8-16 patm, which may be a result of a number of differences between the two studies. One difference is that
the maximum achievable C:P in their study is 167, which is too low compared to observations, so their phy-
siological effect (i.e., pCO, reduction) is likely underestimated. Also, since the taxonomic control is likely to
increase pCO,, missing it entirely with a single PFT has the effect of reducing pCO,. Another important dif-
ference is that in our model, the glacial Fe input triggers the silicic acid leakage, which cannot be simulated
without the marine silica cycle.

Since this study is focused on the effect of flexible stoichiometry on the ocean carbon cycle, a comprehensive
discussion of the full glacial-interglacial pCO, amplitude of 80-100 patm is beyond the scope of this study.
Furthermore, we did not consider carbonate compensation, a major mechanism of pCO, change
(Broecker & Peng, 1987). We note though that 20 patm is comparable to other major mechanisms such as
solubility (Sigman & Boyle, 2000) and therefore suggest that flexible phytoplankton stoichiometry could
be one, currently overlooked, component of the mix of mechanisms to explain the full amplitude.
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4.3. Implications for Oxygen, Opal, and Nitrogen

The increase in phytoplankton C:P and C:N ratios under glacial BCs have implications and lessons beyond
just carbon. One of them is for oxygen, more specifically the export O,:C ratio, which links changes in inter-
ior ocean [O,] to the amount of respired carbon sequestered. This ratio is tied to C:N such that an increase in
C:N leads to a decrease in O,:C (Peng & Broecker, 1987; Tanioka & Matsumoto, 2020b):

0,:C=1.11+2/C:N. (5)
In the model, the global C:N export ratio increases from approximately 6.9 to 8.5. According to Equation 5,
0,:C is expected to decrease from the modern value of 1.40 to 1.35, a drop by ~4%, which is indeed simulated
by the model. This drop reflects the fact that organic matter produced under glacial conditions is predicted to
be more carbon rich (i.e., rich in carbohydrates and poorer in proteins) than today, and carbohydrates
require less oxygen for complete respiration (0,:C~1.0) than proteins (O,:C > 1.0) (Anderson, 1995). The
change in the respiration ratio has important implications for the derivation of the amount of carbon seques-
tered in the glacial ocean.

Recent paleo-proxy studies have determined that many parts of the glacial ocean including the deep
Atlantic and equatorial Pacific Ocean during the last glacial period had substantially lower [O,] than
today (Anderson et al., 2019; Hoogakker et al., 2015; Lu et al., 2016). Our model too predicts deoxygena-
tion in the ocean interior (Figure 4b). In the Pacific, apparent oxygen utilization was 153 pumol-O, kg_1
greater during the glacial period (Anderson et al., 2019). Assuming that O,:C remained unchanged and
using O,:C = 1.414, the study estimated that respiratory carbon was greater during the glacial period
by 108 umol-C kg™" in concentration and by 850 Pg-C in ocean inventory. Our results would suggest that
the respiration ratio used for this estimate should be 4% lower. This would increase the estimated respira-
tory carbon inventory by ~34 Pg-C, which translates to approximately 17 patm in atmospheric pCO,.

The silicic acid implication of this study is that the reduction in Si:N uptake ratio by diatoms can decou-
ple opal production from POC production under glacial BCs. As noted, the sequence of events starting
from increased Fe input boosts global eukaryote POC export by 2.7 Pg-C year ', a 75% increase. In con-
trast, total POC export by all PFTs combined decreases by 0.5 Pg-C year™, a modest 5% drop, while global
opal export declines sharply by 39 Tmol-Si year™, a 30% change. There is thus a substantial decoupling at
the global level between opal and POC export fluxes. Locally, the relationships between those fluxes can
be even more variable (Figure 8). The traditional expectation is that the change in POC and opal fluxes
are positively related (quadrants 1 and 3, Figures 8a and 8b). However, there are locations (e.g., North
Pacific) where the total POC export and eukaryote POC export increases but opal export decreases (quad-
rant 4, Figures 8a and 8b). In some locations (e.g., South Indian), the total POC export can decrease but
opal export can increase (quadrant 2, Figure 8a). The local decoupling supports the argument that
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increased opal flux would not necessarily be a consequence of the silicic acid leakage (Matsumoto &
Sarmiento, 2008). Figure 8 indicates that taxonomy also has a role in decoupling total POC export from
opal export.

Finally, there are some implications for the N cycle. As the glacial deep ocean becomes substantially deox-
ygenated (Robert F. Anderson et al., 2019; Hoogakker et al., 2015; Lu et al., 2016), a strong enhancement of
denitrification is expected. Our model indeed predicts deoxygenation (Figure 4b) and denitrification, which
nearly doubles to 206 Tg-N year™" by the end of the 5,000 years of the LGM experiment (Table 3). The reduc-
tion in both oceanic N inventory and thus N:P ratio in seawater gives competitive advantage to diazotrophs
and enhances their efficiency of N, fixation. This helps diazotrophs maintain their production unlike cyano-
bacteria and increase N, fixation (Table 3). By the end of the run, global N, fixation is 202 Tg-N year™ !, not
quite on a par with denitrification. In the surface ocean, [NO;] declines by 0.6 umol-N kg™ ! in the LGM run
compared to the Control run. When the dynamic N cycle is turned off in the model, surface [NOs] is reduced
by 0.4 umol-N kg™, which is due to enhanced eukaryote growth under glacial conditions. Thus, approxi-
mately one third of the 0.6 umol-N kg™ decline can be attributed to the transient change in the global ocean
N inventory. This change accounts for a minor fraction of the C:N increase seen in eukaryote and cyanobac-
teria PFTs.

Our prediction of enhanced global water column denitrification under glacial conditions appears to be at
odds with the isotopically light 5'°N data from major sites of water column denitrification today (Altabet
etal., 1995; Ganeshram et al., 1995). Those data have traditionally been interpreted to indicate reduced water
column denitrification but are not necessarily indicative of globally reduced denitrification, since there
could be significant denitrification in other glacial low O, zones of the ocean. Similarly, a recent modeling
study suggests that sedimentary denitrification combined with N, fixation could explain those lighter
8'°N data (Buchanan et al., 2019). Our model does not include N isotopes, but our results would not be
inconsistent with this suggestion. Interestingly, the modeling work of Buchanan et al. (2019) and this work
are similar in that enhanced Fe input is prescribed as a glacial BC, yet the response of the nitrogen cycle is
somewhat dissimilar. In their work, global N, fixation is also stimulated by denitrification and low N:P ratio,
and this extra source of nitrate in the eastern equatorial Pacific leads to a more complete consumption of sur-
face phosphate, higher C:P in non-diazotrophs, and a net drawdown of atmospheric pCO,. Whereas their
global N, fixation rate increases by 26 Tg-N year™ ", it increases by nearly 90 Tg-N year " in this study. Yet
this does not increase the oceanic N inventory in our LGM run, because the global denitrification rate is
always greater than the global N, fixation rate. In our model, the enhanced growth of eukaryotes is stimu-
lated by the relief of silicic acid limitation. Probably one of the important technical differences between their
work and ours is that we have two PFTs that separately represent eukaryotes and cyanobacteria with differ-
ent nutrient limitations, whereas they have one “general” PFT that represents both groups of phytoplankton
with very different physiological attributes.

5. Conclusions

Modern observations clearly point to variations in phytoplankton stoichiometry on ocean basin scale. The
power law model offers an effective way by which C:N:P flexibility can be incorporated into a global ocean
model. Our results indicate that under glacial conditions, an increase in global C:N:P strongly buffers POC
export from change and contributes to approximately 20 patm of atmospheric CO, drawdown. These find-
ings suggest that flexible stoichiometry is an important driver of ocean carbon cycle on glacial-interglacial
timescale.

We have identified three key controls on what determines export C:N:P ratio. At the local level, phytoplank-
ton physiology and community structure are important. At the global level, the balance in regional produc-
tion becomes critical. Sea ice expansion and Fe input are important in modifying these controls under glacial
conditions.

We did not explicitly model how phytoplankton C:N:P is modified by preferential remineralization of N and
P by heterotrophy. This was the mechanism that prompted Weyl to suggest to Broecker that a rise in export
C:P could help explain low glacial atmospheric pCO,. It is not clear how specifically glacial conditions could
have altered heterotrophy to bring about the needed rise in export C:P, but a preferential release of nutrients
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over carbon from sinking organic matter in the modern ocean is well recognized (e.g., Shaffer, 1996). In our
model food web interactions including heterotrophy could be yet another control on export C:N:P and the
biological pump.

A number of our model results agree with available paleo records, for example, of expanded sea ice, reduced
phosphate, and silicic acid utilization in Antarctic waters, but increased apparent nitrate utilization asso-
ciated with the decreased nitrogen inventory, and increased production elsewhere. Our results showed that
opal flux and POC flux can be decoupled locally, and this points to the difficulty in characterizing production
by paleo proxies. There is as yet no verified paleo proxy of phytoplankton C:N:P. If such a proxy were devel-
oped, a whole new subfield of paleo research may open up.
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