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key biogeochemical fluxes and the functioning of the biological pump” by Nicola A.
Wiseman, J. Keith Moore, Adam C. Martiny, and Robert Letscher, for publication as a
research article in Science Advances. We are therefore additionally submitting the
manuscript to EarthArXiv as a non-peer reviewed preprint.

The Redfield Ratio, a key oceanographic paradigm for more than 50 years,
suggests that the elemental ratios of phytoplankton stoichiometry are static, at fixed
proportions of Carbon/Nitrogen/Phosphorus/Iron/Silicon. However, field observations over
the last decade have shown that the elemental composition of phytoplankton is quite
dynamic, with large-scale patterns linked to nutrient availability, whereby phytoplankton
reduce their cellular quotas (relative to carbon, nutrient/C ratios) when ambient
concentrations are low (Martiny et al., 2013; Wang et al., 2019; Wiseman et al., 2023). Our
model is the first to include realistic ranges for cellular quotas (based on fieldwork) for
each of the key growth-limiting nutrients in the oceans (N, P, Si, and Fe). We investigate
the impacts of including dynamic elemental uptake ratios for phytoplankton on global
biogeochemical cycles, including ocean carbon uptake and storage using a state-of-the-art
earth system model, the Community Earth System Model (CESM).

Our results demonstrate that accounting for dynamic plankton stoichiometry
significantly modifies the marine nitrogen cycle fluxes and the magnitude and
spatial patterns of carbon export from surface waters by the ocean biological pump.
The biological pump strongly impacts climate by modifying surface carbon concentrations
and modifying air-sea CO, fluxes. Thus, Earth System Models (ESMs) must incorporate
dynamic stoichiometry to avoid biasing future climate projections.
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Abstract: Ocean biota absorb carbon at the surface and export some to the ocean interior via the
biological pump, affecting surface carbon, air-sea CO, exchange, and climate. Marine
phytoplankton growth is often limited by nutrients (nitrogen, phosphorus, iron, silicon). The
efficiency of carbon export is therefore constrained by nutrient availability and the
nutrient/carbon ratios in the biota (stoichiometry). Field observations suggest widespread
variability in phytoplankton stoichiometry (C/N/P/Fe/Si). Incorporating variable stoichiometry in
marine biogeochemical models alters the magnitude and spatial patterns of carbon export by the
biological pump and key nitrogen cycle fluxes, while fixed-stoichiometry models underestimate
ocean carbon uptake and overestimate atmospheric CO,. Thus, Earth System Models need to
include dynamic plankton stoichiometry to enable more accurate projections of the carbon cycle
and climate.
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The biological pump plays a key role in the global carbon cycle, driving ocean uptake of
atmospheric carbon dioxide (CO,) (1). Phytoplankton take up CO, and nutrients, converting
them to biomass via photosynthesis. Some of this fixed carbon is exported to the ocean interior,
lowering surface concentrations, and modifying air-sea exchange. The efficiency of carbon
export is dependent on the surface flux, the depth of remineralization, and the time for the carbon
to be transported back to the surface via circulation (2—4). These processes are sensitive to
climate change, but the direction and magnitude of the sensitivity is poorly understood. For
example, increases in sea surface temperatures lead to increased stratification in the surface
ocean, which can reduce nutrient supply and therefore reduce phytoplankton productivity, but
warming also potentially increases the rates of metabolic processes including phytoplankton
growth (5-8). There are many compounding interactions associated with such processes, tied to
changes in temperature and nutrient availability, and the global impacts of these changes on the
biological pump on longer timescales are poorly constrained. Ocean uptake of CO2 will strongly
impact climate on multi-century timescales (4,7,8).

Phytoplankton growth is primarily limited by nutrient availability. The ratio of carbon to
nutrients in exported organic matter was used in models to simplify biogeochemical cycles,
where a fixed, extended Redfield ratio was used to link the cycling of carbon and key growth-
limiting nutrients, including nitrogen, phosphorus, iron, and silicon (C/N/P/Fe/Si). However, it is
now widely accepted that phytoplankton elemental ratios are not fixed, modulating the efficacy
of the biological export of carbon with respect to limiting nutrients (9—13). Field measurements
of particulate organic matter (POM) find elevated C/N and C/P ratios in the oligotrophic gyres
where nutrients are low (14). C/P ratios can vary by more than a factor of two, with the lowest
values observed in the Southern Ocean (significantly below Redfield C/P <80 mol/mol), while
the highest values are found in the western North Atlantic, exceeding 200 mol/mol (14). C/N
variability is much smaller, with low values of ~5 mol/mol in the Southern Ocean, and highest
values in the Indian Ocean (>8 mol/mol) (14).

One study of variable C/N in a steady state ocean model found using a fixed C/N
underestimated total dissolved inorganic carbon inventory and ocean pCO, uptake, while using a
variable C/N parameterization in a prognostic climate scenario yielded greater anthropogenic
CO; uptake (15). Another highlighted the spatial and temporal variability of phytoplankton C/N
ratios for a single phytoplankton class, and proposed that this variability may help buffer
decreases in carbon exported due to increased oligotrophy by compensation increases in the C/N
ratio (16). Another study with variable C/N/P/Fe/Si in the PISCES-QUOTA model found that
fixed stoichiometry (Fe and Si still variable) underestimated total 21st century ocean carbon
uptake by 0.5-3.5%, and that picophytoplankton stocks did not decline as much as other
phytoplankton, due to their greater stoichiometric flexibility, highlighting the importance of
variable stoichiometry for predicting changes in marine biodiversity (17). An additional study
with PISCES-QUOTA focused on changes within the biological community, particularly
phytoplankton and zooplankton biomass to investigate trophic amplification (18). Other studies
utilizing variable phytoplankton C/N/P ratios found that including dynamic ocean biology
reduces the sensitivity of biogeochemical cycling to changes in ocean physics (19,20). Kwon et
al. showed that CMIP6 models that included flexible C/N/P/Fe ratios projected small increases in
net primary productivity (NPP) compared to fixed ratio models which showed decreases (21).
Another study focused on iron cycling in the Pacific found strong links between iron limitation
and net primary productivity, and highlighted the uncertainty that Fe/C stoichiometry plays in
this response (22).
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While previous studies focused on aspects of C/N/P/Fe/Si stoichiometry or their impacts
on trophic interactions, none have explicitly investigated the impacts of fully variable versus
fully fixed stoichiometry on global marine biogeochemical fluxes, particularly the carbon and
nitrogen cycles. We hypothesize that variable stoichiometry will increase productivity and export
in many regions, as phytoplankton acclimate to low nutrient availability by reducing their
cellular quotas. Using fixed nutrient/carbon ratios also means that more nutrients will be
exported per unit carbon in areas with high nutrient supply, potentially decreasing lateral nutrient
transport to adjacent regions. Thus, there are downstream effects and complex nutrient
interactions, leading to uncertainty about the impacts of varying phytoplankton stoichiometry.
Earth System Models (ESMs) are valuable tools for investigating these complex, interacting
processes.

The Community Earth System Model (CESM) includes an ocean ecosystem with three
explicit phytoplankton groups: diatoms, pico-nanophytoplankton (a fraction of which acts as an
implicit calcifier group, referred to collectively as “small phytoplankton” hereafter), and
diazotrophs, all with variable nutrient quotas for phosphorus, iron, and silicon (23-25). The
model was recently updated to include greater variability in phytoplankton iron quotas, with an
improved match to observations (23). Here, we integrated a variable nitrogen quota, allowing for
dynamic computation of phytoplankton C/N/P/Fe/Si ratios, as phytoplankton acclimate to
changing ambient nutrient concentrations. For each nutrient, the cellular quota (nutrient/carbon
ratio) for new growth is a function of ambient nutrient concentrations, with progressive reduction
in cellular quotas as nutrient concentrations decline (Materials and Methods, fig. S1).

Results

Prior inverse model studies have inferred the stoichiometry of exported organic matter
from observed nutrient distributions, in conjunction with an inverse biogeochemical model and a
data-constrained ocean circulation (Fig. 1) (26,27). Inverse model studies constrained by the
observed nutrient distributions diagnose elevated export C/P ratios (> 140) and N/P ratios (> 20)
in the subtropical gyres, and lower ratios of C/P (< 100) and N/P (< 16) in regions with elevated
surface phosphate concentrations (> 0.3 pM), in agreement with field observations of particulate
organic matter stoichiometry (26,27).

The GO-POPCORNV?2 dataset is a global database of in situ surface Particulate Organic
Matter (POM) C/N/P stoichiometry, with sampling primarily in the subtropical gyres (28). The
bulk POM in situ measurements would include contributions from heterotrophic bacteria and
non-sinking detrital particles, which are not included in our model. There is considerable
variability in the observations, but clear trends of increasing nutrient/carbon ratios as ambient
nutrient concentration decline within the gyres (Fig. 2, figs. S2-S3) (28). CESM and the inverse
models capture the observed trends in stoichiometry as a function of nutrient concentration (Fig.
2, Figs. S2-S3). CESM has previously been tuned to capture variations of phytoplankton cellular
Fe/C (23). Limited observations make evaluating the Si/C ratios more difficult. The model
captures the observed patterns of elevated Si/C in iron-limited regions with elevated surface dSi
concentrations, and the low Si/C seen under low Si conditions both in situ and in laboratory
studies (29-31). Thus, our simple approach, dynamically linking phytoplankton stoichiometry to
ambient nutrient concentrations, captures observed global-scale patterns in the stoichiometry of
exported organic matter.

We compare our variable C/N/P/Fe/Si model simulation (VarAll) with a fixed-ratio
model version (FixAll) to investigate how dynamic plankton stoichiometry influences marine
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biogeochemistry, in terms of the magnitude and spatial patterns of net primary production,
sinking carbon export at 100m depth, air-sea CO2 flux, nitrogen fixation, and water column
denitrification. Both models are able to replicate observations of surface nutrients, with a better
fit for the VarAll simulation. Compared to World Ocean Atlas 2018, the 1, for VarAll and surface
NOs, PO,, and SiOs; are 0.89, 0.90, and 0.60, respectively. For FixAll, these values are 0.86, 0.91,
and 0.33 respectively (32). For dissolved iron, we compare primarily to data collected from the
GEOTRACES project, supplemented with historical data compilations (33-35). The 1 for
dissolved iron in the top 200m is 0.43 for the VarAll model and 0.35 for the FixAll model.

The models have similar net primary production (NPP), but the FixAll simulation
significantly underestimates particulate organic carbon (POC) export and key nitrogen cycle
fluxes (N fixation and water-column (WC) denitrification) compared to the fully variable
simulation (Figs. 3A-B, 4). The VarAll model has a total integrated NPP of 64.6 PgC/yr, POC
Export at 100m of 7.6 PgC/yr, N fixation of 225 TgN/yr, and WC Denitrification of 95 TgN/yr,
which are close to or within the range of previous satellite and model-based estimates (NPP =
52-67 PgC/yr, POC Export = 5-10 PgC/yr, N Fixation = 126-223 TgN/yr, WC Denitrification =
56-73 TgN/yr) (27,36-39). With fixed stoichiometry, NPP, POC Export, N Fixation, and WC
denitrification decrease by 12%, 8%, 20%, and 17%, respectively (FixAll global fluxes: 56.9
PgCl/yr, 7.0 PgCl/yr, 179 TgN/yr, 79 TgN/yr).

The global export ratio (e-ratio, sinking POC/NPP at 100m) distribution in the VarAll
model (fig. S4) shows higher e-ratios in the high latitudes, >0.075 in the Southern Ocean and
>0.10 in the sub-polar North Atlantic and North Pacific. When compared to the FixAll model,
the VarAll model has up to 0.02 increase in e-ratio in the high latitude North Atlantic, compared
to up to a 0.05 decrease in the Southern Ocean, both of which are primarily driven by changes in
POC export. In the Indian Ocean, which has increases in NPP and POC export throughout the
basin, the e-ratio ratio change shows a bimodal pattern, with the Arabian Sea and gyre regions
showing increases in e-ratio, while in the Laccadive Sea region (just south of India) the e-ratio
decreases.

The lower POC export in the FixAll model is driven by lower surface nutrient
concentrations, but is further enhanced by a community dominated by small phytoplankton in the
more oligotrophic regions (fig. S5). When phytoplankton nutrient uptake ratios are fixed,
growth-limiting nutrients are exported more efficiently, further increasing nutrient stress in
surface waters, favoring smaller phytoplankton and leading to decreases in NPP and POC export.
Further, with variable stoichiometry, small phytoplankton may out-compete diatoms within the
HNLC regions, resulting in increased small phytoplankton biomass and reduced diatom biomass.
This leads to the decrease in Southern Ocean POC export without significant changes in NPP.
Additionally, diatoms require silicon and are highly sensitive to silicon availability, which causes
them to have significant reductions in biomass in low Si areas (such as the oligotrophic gyres) in
the FixAll case. (fig. S5B). The regions where diatoms have higher biomass in the FixAll case
are upwelling regions where Si is returned to the surface and rapidly utilized (such as the
Southern Ocean and sub-polar North Pacific). When diatoms can vary their Si uptake reducing
their quotas, their distribution expands to occupy low-Si regions. This suggests that diatom Si/C
acclimation is critical for explaining the global distribution of diatoms, preventing Si-limitation
of growth over much of the lower latitudes.

Nitrogen fixation and water column denitrification increase under variable stoichiometry
(Fig. 4). Nitrogen fixation increases globally, up nearly 300%, but particularly in the Atlantic and
Indian Ocean gyres where diazotrophs can reduce their quotas and maintain higher growth rates
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(Fig. 4). With fixed ratios, surface phosphate declines in the North Atlantic and Indian basins and
surface dissolved iron declines in the Pacific, increasing P and Fe stress for diazotrophs.
Nitrogen fixation rates in the North Atlantic are particularly dependent on phosphate (40). WC
denitrification decreases 17% with fixed stoichiometry, with little change in the spatial pattern,
due to decreases in diatom production and export over the Bay of Bengal and in the eastern
equatorial Pacific. The volume of low oxygen (<30 mmol/m?) waters decreases 23% with fixed
stoichiometry.

Both models were run for 300 years with dynamic, single-box, atmospheric CO, initiated
at 284ppm. Averaged over the final 20 years, the FixAll scenario had 303ppm atmospheric CO,
concentration, while the VarAll scenario had 299ppm atmospheric CO,, indicating modestly
more efficient CO, uptake in the VarAll case over the simulation. The spatial pattern of the
carbon export strongly impacts the sequestration time and ultimate climate impacts (3), in
addition to the absolute magnitude of the flux.

Discussion

The phytoplankton stoichiometry model captures large-scale observed elemental
stoichiometries. It is built on the frugal phytoplankton concept, whereby phytoplankton
acclimate to increasing nutrient stress by decreasing the cellular quota of the nutrient (41).
Applying this concept to all the growth-limiting nutrients, with prescribed minimum and
maximum nutrient:carbon ratios, allows for dynamic phytoplankton stoichiometry tied to
available nutrients, that captures the observed global patterns. The acclimation to low nutrient
conditions (reducing quotas) strongly impacts marine biogeochemical cycles, increasing the
strength and modifying the spatial patterns of carbon export by the biological pump.

The coupling of biogeochemical cycles is strongly influenced by variable phytoplankton
stoichiometry. Although it is possible to reproduce surface nutrient and net primary productivity
distributions with both models, the VarAll model utilizes additional observational constraints of
POM and individual phytoplankton cell stoichiometric variability, not captured by the FixAll
model. This highlights the importance of using multiple observational constraints to better
capture complex interactions between the biogeochemical cycles.

The phytoplankton nutrient quotas are higher than the elemental ratios in the exported
organic matter diagnosed with inverse models. This suggests substantial ecosystem processing of
organic matter produced by phytoplankton prior to export. In our model this is achieved by
assuming zooplankton mortality is exported with a modified Redfield ratio, thus, both
zooplankton and phytoplankton stoichiometry influences the elemental export ratios. Further
research is needed on the stoichiometry of the biota and the processes contributing to ecosystem-
level processing of phytoplankton biomass.

While adding additional tracers to represent explicit nutrient pools for variable
stoichiometry does add computational cost to an already computational expensive simulation, we
hope that this work highlights some of the potential biases that may be occurring within Earth
System models by using simplified or limited variable stoichiometry. Fixed ratio models will
overestimate the declines in NPP and export with increasing stratification, with biases in the
spatial patterns of carbon export. The fixed ratio models may also introduce significant biases in
the ocean CO, inventory, with the ocean taking up less CO.. Integrated nitrogen fixation and
water column denitrification are also significantly lower in the FixAll model, which could lead to
biases in bioavailable nitrogen, the primary limiting nutrient over much of the global ocean, also
impacting the carbon cycle. Additionally, phytoplankton nutrient content is important for
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simulating changes in biomass for upper trophic levels, which is of interest for communities
focused on the climate change impacts of marine ecosystems, but also for fisheries projections,
which may have significant socioeconomic implications. These results stress the need for Earth
System Models to capture the complexities of the cycling of nitrogen, phosphorus, iron, and
silicon in the oceans, as they all influence and modify the strength and spatial patterns of the
biological pump and marine ecosystem dynamics.
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Fig. 1.Stoichiometry of the sinking particulate flux at 100m. Here we show the CESM Fe/C
ratio (A), the C/N ratio (B), the C/P ratio (D), and the N/P ratio (F) of the sinking particulate flux
at 100m. Also shown are inverse model estimates of the C/P ratio (26) (C) and the N/P ratio (27)
(E).
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Fig. 2. The N/P ratio of particulate organic matter in the surface ocean (28) is plotted against
surface phosphate concentration from the World Ocean Atlas 2018 (32). Also shown is the N/P
ratio of surface biomass (phytoplankton and zooplankton) and the sinking particulate export from
CESM, and the exported N/P from an inverse model (27), where model N/P ratios are plotted
against simulated surface phosphate concentration.
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Fig 3. Differences in key biological pump fluxes between the variable stoichiometry model
and the fixed stoichiometry model. The differences between annual (A) net primary
production, (B) sinking particulate organic carbon export, and C) e-ratio comparing the VarAll -
FixAll simulations. Net primary production (A) and POC export (B) changes are shown as
percent change, while e-ratio (C) change is shown as absolute change in value. Note: color scales
are not at even intervals, but adjust to highlight large range of observed changes.
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Fig 4. Differences in nitrogen fixation between the variable stoichiometry model and the
fixed stoichiometry model. Differences in annual nitrogen fixation comparing the VarAll and
FixAll simulations. Red indicates increased nitrogen fixation when phytoplankton can vary their
resource acquisition. Note: color scales are not at even intervals, but adjusted to highlight large
range of observed changes.
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Materials and Methods

We used a modified version of CESM v1.2, which includes biogeochemical modifications that were
introduced in CESM v2, including an explicit ligand, iron model*?*. The model includes three explicit
phytoplankton groups (pico-nanophytoplankton, diatoms, and diazotrophs), one implicit group (coccolithophores,
which are a variable fraction of the small phytoplankton group), and one zooplankton group (23—25). The model
was initiated at preindustrial CO, levels (284ppm) for 300 years using COREv2 interannual forcing, and we
analyzed the output averaged over the last 20 years. Atmospheric CO, was allowed to respond to air-sea CO; fluxes.
This version of the model includes new equations and parameterization for phytoplankton nutrient quotas.

For each of the potentially growth-limiting nutrients, the stoichiometry for new phytoplankton growth
(nutrient:carbon ratio) is a stepwise function of the ambient nutrient concentration, with prescribed minimum and
maximum values (fig. S1). This allows stoichiometry to dynamically adjust to changing environmental nutrient
availability, while protecting against extreme values at extreme high or low nutrient concentrations. Phytoplankton
N/C ratios for new growth (gQn) are a function of dissolved inorganic nitrogen (DIN), which includes both nitrate
and ammonia (Eq. 1).

gon, .. where DIN > NOpt
n= Eq. 1
9Q max|gQn,,. < %][\th ,gQn,..| where DIN <NOpt (Eq. 1)

There are some modifications to the P/C formulation for new growth (gQp) in order to
maintain appropriate N/P values as N/C ratios acclimate (Eq. 2). After calculating the initial gQp
under the phosphorus conditions, the scaling with N availability only occurs where DIN < NOpt,
using the previously calculated gQp. Phytoplankton are also allowed to assimilate both
phosphate and dissolved organic phosphorus, so we define P, as the sum of these.
Phytoplankton Fe/C ratios follow the same formula as N/C (Eq. 3).

9QP ax where P ,,,> POpt
1. ng = ngmax X Ptot
max(Tpt, gQp,...| whereP,  <POpt (Eq. 2)
2. gQp=max M,ngmm *+ 0.5| where DIN <NOpt
NOpt
gQfe, ... where dFe>FeOpt
€= Eq. 3
90/ max | gQfe,... * Fil(:)j)t ,ngemm) where dFe<FeOpt (Eq.3)

There are also modifications to the Si/C formulation in order to allow for diatoms to increase the Si/C uptake
ratio when dFe is low (Eq. 4).

gQsi, .. wheredFe=0
min| 0.133 x FSI(:)pt ,ngimax) where0<dFe<FeOpt whereSi|OH |, > SiOpt
. e
gQsi= 0.133 where dFe>FeOpt (Eq. 4)
max| 0.133 x SilOH s Qsi where Si|OH |,< SiOpt
‘ siopt 9 min 4=oI0P

Observations of particulate organic matter (POM) are from the GO-POPCORNv2
database (28). Phytoplankton cellular iron to carbon ratios were previously compiled from
multiple sources (23). The parameters determined for each cellular nutrient ratio are provided
(table S1). Initial parameter values for C/N/P variable quotas (XOpt, gQXmin, QXmax) Were
approximated from comparison to GO-POPCORNv2 POM and nutrient data, where POM

2
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nutrient:carbon ratios where plotted against respective nutrient, to approximate nutrient
concentration at which the quotas begin to decrease (XOpt), the maximum quota (gQXmax), and
minimum quota (gQXmin). These parameters were then iteratively tuned until a best-case was
reached (in terms of simulating global nutrient patterns and surface chlorophyll). The fixed ratio
model (FixAll) held the same values for each phytoplankton group. For C/N/P, these values were
set to Redfield values (106/16/1). For Fe:C and Si:N, a middle range value was chosen (7.0
pmol/mol and 0.5 mol/mol, respectively).
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Fig. S1.

Phytoplankton nutrient to carbon (X:C) ratio for new growth as a function of dissolved ambient nutrient
concentration [X]. XOpt determines the dissolved ambient nutrient concentration at which phytoplankton X:C
reaches it maximum value (gQx_max). X:C decreases linearly with decreasing dissolved nutrient concentration
between the prescribed, group-specific maximum (gQx_max) and minimum (gQx_min) quotas. X here applies for
nitrogen, phosphorus, iron, and silica.
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Fig. S2.

The C/P ratio of particulate organic matter in the surface ocean (28) is plotted against surface phosphate
concentration from the World Ocean Atlas 2018 (32). Also shown is the CESM C/P ratio for surface biomass
(phytoplankton and zooplankton) and the sinking particulate flux, and an inverse model estimate of the exported C/P
ratio (26), where both are plotted against simulated surface phosphate concentration.
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Fig. S3.

The C/N ratio of particulate organic matter in the surface ocean (28) is plotted against surface nitrate concentration
from the World Ocean Atlas 2018 (30). Also shown is the CESM C/N ratio for surface biomass (phytoplankton and
zooplankton) and the sinking particulate flux as a function of simulated surface nitrate concentration.
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Fig. S4.

Global patterns of e-ratio in the VarAll simulation. Lighter colors indicate a higher e-ratio, which is defined as the
sinking carbon flux at 100m / the net primary production.
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Fig. S5.

Changes in phytoplankton biomass by type for A) small phytoplankton, B) diatoms, and C) diazotrophs. Red

indicates increased biomass when phytoplankton can vary their resource acquisition.
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Small Phytoplankton Diatoms Diazotrophs
NOpt, gQn_min, gQn_max 0.6,0.111,0.15 0.6 0.111, 0.15 0.6, 0.125, 0.167
POpt, gQp_min', gQp_max 0.6, 0.0067, 0.00943396 0.6, 0.00769231, 0.00943396 0.6, 0.0033, 0.0083
FeOpt, gQfe_min, gQfe_max 2.0e-3, 2.5e-6, 100.0e-6  2.0e-3, 2.5e-6, 100.0e-6 2.0e-3, 4.0e-6, 140.0e-6
SiOpt, gQsi_min, gQsi_max  N/A 10.0, 0.041668, 0.83335 N/A
gQn, gQp, gQfe, gQsi 0.150943, 0.00943396, 7.0e-6, 0.0754717

'P/C minimum quotas can be reduced to a smaller value due to the N/P scaling
Table S1.
Model parameters for phytoplankton nutrient quotas.



