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Key Points:
1. It is necessary to include variable phytoplankton iron quotas in order to properly simulate the oceanic iron, carbon and nitrogen cycles
1. Pyrogenic iron is a key soluble iron source and has first order impacts on the marine nitrogen inventory and therefore carbon cycling

Abstract
Dissolved iron (dFe) plays an important role in regulating marine biological productivity. In high nutrient, low chlorophyll (HNLC) regions (> 33% of the global ocean) iron is the primary growth limiting nutrient, and elsewhere can regulate nitrogen fixation and growth by diazotrophs. Overall, dFe supply potentially impacts half of global ocean productivity. The link between iron availability and carbon export is strongly dependent on the phytoplankton iron quotas, or cellular Fe:C ratios. This ratio can vary by more than an order of magnitude in the open ocean and is positively correlated with ambient dFe concentration in sparse field observations. The Community Earth System Model (CESM) ocean component has been modified to simulate dynamic, group-specific, phytoplankton iron quotas (Fe:C) that vary as a function of ambient iron concentration. The simulated Fe:C ratios match the spatial trends in the observations and improve the correlation with global-scale, observed nutrient distributions. Acclimation of phytoplankton Fe:C ratios dampens the biogeochemical response to varying atmospheric deposition fluxes of soluble iron, compared to a model with fixed Fe:C. However, varying atmospheric soluble iron supply still has first order impacts on global carbon and nitrogen fluxes, and on the spatial patterns of nutrient limitation; both of which are strongly sensitive to changes in pyrogenic sources of iron. Accounting for dynamic, phytoplankton iron quotas is critical for capturing the ocean biogeochemical responses to varying atmospheric soluble iron inputs, including expected changes in both the mineral dust and pyrogenic sources with climate warming and anthropogenic activity.
1 Introduction
Ocean biogeochemistry plays a key role in the global carbon cycle through uptake of atmospheric carbon dioxide (CO2) and its long-term storage via the biological and solubility pumps (Volk & Hoffert, 1985). Phytoplankton help drive the biological pump by taking up dissolved inorganic carbon (DIC) and nutrients and converting them to biomass via photosynthesis. Iron is a key micronutrient in this process as it limits phytoplankton growth in regions where other nutrients, such as nitrogen and phosphorus, are readily available (Boyd et al., 2007; J. K. Moore et al., 2004). These iron limiting nutrients are termed high nutrient, low chlorophyll (HNLC) regions and compose >33% of the surface ocean (C. M. Moore et al., 2013; J. K. Moore et al., 2002; Ustick et al., 2021). 
The ratio of carbon to nutrients in exported organic matter has long been used to simplify biogeochemical cycles, where a fixed, extended Redfield ratio (C:N:P:Fe) is assumed (Bruland et al., 1991; Redfield et al., 1963; Twining et al., 2015). This ratio helps determine the efficiency of biological export of carbon with respect to potentially growth-limiting nutrients. However, a wide range of Fe:C ratios have been observed in both sinking organic matter and in situ phytoplankton cells, complicating our understanding of the interactions between iron and carbon biogeochemistry (Fung et al., 2000; King et al., 2012). 
Initial measurements of phytoplankton iron quotas relied on either radioisotope uptake experiments or bulk, size fractionation measurements using graphite furnace atomic absorption spectrometry (GFAAS) and more recently, inductively-coupled plasma mass spectrometry (ICPMS) (Ho et al., 2003; Martin & Knauer, 1973; Schmidt & Hutchins, 1999; Sunda & Huntsman, 1995). However, these types of measurements each have some limitations. Radioisotope uptake experiments derive cellular Fe:C from uptake rates, which may not be representative of the biogenic quotas, while bulk size fractionation analysis via GFAAS and ICPMS relies on measurements of the entire size class, which may be skewed by mineral and detrital particles (King et al., 2012). These methods were also unable to detect low cellular iron concentrations due to detection limits and were unable to provide information on individual taxa versus entire community assemblages (Twining et al., 2003). Single-cell synchrotron x-ray fluorescence (SXRF) is a relatively newer method where individual cells are isolated and individually measured for their iron and phosphorus reservoirs, while cellular carbon is estimated from cell volume (Twining et al., 2003, 2015). 
Fe:C uptake by phytoplankton is primarily controlled by dFe availability in HNLC regions where nitrogen and phosphorus are replete (Sunda & Huntsman, 1995). Measurements of individual taxa iron requirements have found high variation between groups, where coastal species can vary more than 100 fold while open ocean species vary by about a factor of 20 (Marchetti & Maldonado, 2016; Sunda et al., 1991). Coastal phytoplankton continue to accumulate iron under iron replete conditions -- up to 70 times higher than is needed to reach their maximum growth rate, suggesting that they are capable of luxury storage (Sunda & Huntsman, 1995; Twining et al., 2021). Differences in uptake rates between species were largely attributed to variations in cell surface area, where uptake rate is a function of the surface area to volume ratio and therefore smaller cells are more efficient at iron uptake due to the diffusive limitation of transport (Hudson & Morel, 1990; Morel et al., 1991; Sunda & Huntsman, 1995; Twining et al., 2004). Smaller cells such as E. huxleyi and prokaryotes such as cyanobacteria may also use siderophores in order to increase their iron uptake, potentially leading to higher Fe:C ratios than larger eukaryotes in low-Fe settings (Sunda & Huntsman, 1995; Twining et al., 2004). Some variation in iron requirements between taxa has also been attributed to the specialized needs of certain groups. For example, nitrogen fixers such as Trichodesmium need iron for the nitrogenase enzyme that is required in order to reduce dinitrogen, and have been found to contain highly variable iron quotas, with Fe:C ratios ranging from 22-480 μmol Fe/mol C (Berman-Frank et al., 2001; Howard & Rees, 1996; Sañudo-Wilhelmy et al., 2001). Phytoplankton community composition can strongly influence the strength of the biological pump, as different phytoplankton groups dominate under different conditions and have varying export efficiencies (Buesseler, 1998; Hamilton, Moore, et al., 2020). It is therefore important to accurately represent both the community composition as well as the nutrient requirements of the community in order to understand ocean carbon cycling.
Limited field observations have shown that phytoplankton Fe:C is generally elevated in regions of higher iron concentrations. In the North Atlantic subtropical gyre, under the North African dust plume transport pathway, phytoplankton Fe:C can reach upwards of 90 μmol/mol (Twining et al., 2015). Ratios also tend to be higher in coastal regions, where there is a significant continental shelf iron source due to shallower depths. These ratios tend to be lower in more remote regions that have lower atmospheric iron inputs, such as in the Indian subtropical gyre and the Southern Ocean, where ratios tend to be in the 3-15 μmol/mol range (Hopkinson et al., 2013; Twining et al., 2019). 
Using fixed Redfield values for the C:N and C:P of phytoplankton in ocean models has been found to underestimate carbon fluxes or overestimate nutrient fluxes, especially in oligotrophic, strongly nutrient limited regions (Buchanan et al., 2018; Galbraith & Martiny, 2015; Kwiatkowski et al., 2018; Moreno et al., 2018; Schneider et al., 2004; Tanioka & Matsumoto, 2017; Weber & Deutsch, 2012). As of the CMIP6 experiments, half of the models account for variable Fe:C ratios while the other half assume fixed stoichiometry (Séférian et al., 2020). Few studies have investigated the impacts of variable iron stoichiometry in long term climate scenarios. Recent work found that the linking of the iron and carbon cycles via biological Fe:C is key to controlling nutrient limitation patterns in the future ocean, with direct impacts on net primary productivity (Tagliabue et al., 2020). It may be necessary to include variable iron ratios in these models to accurately predict the biogeochemical responses to future climate change.
The primary sources of iron to the oceans are from atmospheric deposition, terrestrial runoff and rivers, continental shelf sediments, and hydrothermal vent systems (Tagliabue et al., 2017). In the subtropical and tropical oceans, atmospheric deposition tends to be the primary source of bioavailable iron, while in the polar regions the relative importance of continental shelf and hydrothermal vent dust increases (Tagliabue et al., 2017). Atmospheric iron deposition in particular may support more than 50% of the iron exported from the euphotic zone in many regions (Krishnamurthy et al., 2010). Variations in atmospheric iron input strongly impact spatial patterns of phytoplankton growth limitation and the areal extent of the high-nutrient, low-chlorophyll regions (Hamilton, Moore, et al., 2020; Krishnamurthy et al., 2010). This atmospheric iron deposition is composed of two primary components: desert mineral dust and pyrogenic aerosols (Hamilton, Scanza, et al., 2020; Mahowald et al., 2011).  Only a fraction of the iron in the dust and pyrogenic aerosols is soluble upon deposition to the oceans. The solubility percentage of iron within desert mineral dust is highly uncertain, with estimates ranging from 1% to as high as 12%, with ocean biogeochemical models having previously often assumed a constant 1-2% solubility of the iron from dust sources (Archer & Johnson, 2000; Bopp et al., 2003; Fung et al., 2000; Jickells & Spokes, 2001; Lefèvre & Watson, 1999; Mahowald et al., 2009; Wu & Boyle, 2002). Conversely, iron from pyrogenic sourced aerosols is likely to be more soluble, and despite making up only a small fraction of the total deposition, could potentially present a significant portion of the total soluble iron deposition flux in the HNLC regions (Hamilton, Scanza, et al., 2020; Ito et al., 2019; Matsui et al., 2018; Sedwick et al., 2007). However, there are large uncertainties in constraining these pyrogenic sources in terms of their sources, differing physiochemical properties, and flux magnitudes, including that previous estimates of pyrogenic sourced iron may be significantly underestimated (Conway et al., 2019; Hamilton et al., 2022; Lamb et al., 2021; Liu et al., 2022). The FeMIP model intercomparison project has reported atmospheric iron deposition from dust over a wide range of 1.4-32.7 Gmol Fe yr-1 (Tagliabue et al., 2016). Recent  atmospheric iron model intercomparison studies have shown that including this pyrogenic sourced iron is key to simulating observations of variations in iron solubility over the global ocean and that iron from a pyrogenic wildfire source stimulates the biological pump at a greater rate than iron from mineral dust (Hamilton, Scanza, et al., 2020; Ito et al., 2019, 2020; Myriokefalitakis et al., 2018). We conduct a series of simulations with the improved, dynamic Fe quota model to investigate the biogeochemical impacts of variable atmospheric iron inputs and the relative importance of mineral dust and pyrogenic sources of iron.
2 Methods
We use the Community Earth System Model (CESM) ocean circulation, marine ecosystem and biogeochemistry components. The version used is modified from CESM v1.21, but includes most science modifications that were introduced in CESM v2.0, including variable phytoplankton phosphorus quotas and an explicit ligand, iron model (Long et al., 2021; Wang et al., 2019). The model contains three explicit phytoplankton groups: diatoms, nano- to pico-sized phytoplankton (a fraction of which is assigned an implicit calcifier group) and diazotrophs (Long et al., 2021; J. K. Moore et al., 2004). The model has one class of explicit, iron-binding ligands and external iron sources from atmospheric deposition (pyrogenic and mineral dust sourced iron), marine sediments, hydrothermal vents, and riverine inputs (Long et al., 2021; J. K. Moore & Braucher, 2008). We ran the simulations with constant pre-industrial CO2 for 300 years and averaged the results over the last 20 years of the simulation.
The iron uptake rate and the Fe:C for new growth of these groups are a function of ambient iron concentration and a prescribed half-saturation constant, but vary only within a narrow range (2.5-6 μmol/mol for small phytoplankton and diatoms, and 14-48 μmol Fe/mol C for the diazotrophs (J. K. Moore et al., 2004). Here we test a much wider range of Fe:C ratios. The cellular iron to carbon ratio for new growth is assumed to be a linear function of the ambient dissolved iron concentration (Sunda & Huntsman, 1995). FeOpt is the group-specific, dissolved iron concentration where the Fe:C reaches its maximum value; above this concentration, the Fe:C for new growth is set at the prescribed maximum value (gQfe_max). When dissolved iron concentrations fall below FeOpt, the Fe:C for new growth decreases linearly with iron concentration until the prescribed minimum value is reached (gQfe_min) (Fig. 1).
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Figure 1. Phytoplankton Fe:C ratio for new growth as a function of dissolved iron. FeOpt determines the dissolved ambient iron concentration at which phytoplankton Fe:C reaches its maximum value (gQFe_max). Fe:C varies linearly with dissolved iron concentration between the prescribed, group-specific maximum (gQFe_max) and minimum (gQfe_min) quotas. 

We test applying a broader range of Fe:C ratios, specific for each phytoplankton group, based on our compiled database of field observations (Table S1) of phytoplankton Fe:C where ambient dissolved iron was also measured (n = 142), including unpublished Arctic data from the Twining lab (Abraham et al., 2000; Hopkinson et al., 2013; King et al., 2012; Maldonado & Price, 1999; McKay et al., 2005; Sañudo-Wilhelmy et al., 2001; Sarthou et al., 2008; Schmidt & Hutchins, 1999; Tovar-Sanchez et al., 2003; Twining et al., 2004, 2010, 2011, 2015, 2019, 2021).  These observations include bulk Fe:C as well as individual phytoplankton Fe:C for small phytoplankton, diatoms, and nitrogen fixers (Table S1 in supplemental materials (SM) for more details). Based on these observations, we test a range of maximum Fe:C ratios for new growth (gQFe_max) from 6.0 to 120 μmol Fe/mol C (12 - 240 μmol Fe/mol C for diazotrophs) as well as a range of FeOpt values from 1.0 nM to 2.0 nM for each phytoplankton group. We ended up with a final maximum gQFe_max of 90 μmol Fe/mol (180 μmol Fe/mol for diazotrophs) and an FeOpt of 1.75nM for all phytoplankton groups based on this tuning, where we aimed to best represent the observations of phytoplankton Fe quotas as well as observed global distributions of nutrients including iron, nitrogen, and phosphorus, nitrogen and phosphorus are from World Ocean Atlas (Garcia et al., 2019). Observational iron data is largely from the GEOTRACES project supplemented with historical data compilations (Anderson, 2020; J. K. Moore & Braucher, 2008; Tagliabue et al., 2012).
In order to investigate the impacts of variable plankton Fe:C stoichiometry on the coupling of the iron and carbon cycles, we compare simulations with the optimized variable Fe quota model with simulations using fixed Fe:C values of 3.0, 7.0, and 10.0 μmol Fe/mol C.  We also compare variable versus fixed quotas in response to different levels of atmospheric iron deposition. We conduct a series of experiments with four different atmospheric iron deposition fields: pyrogenic Fe only, dust Fe only, dust + pyrogenic Fe, and dust Fe + pyrogenic Fe deposition where the solubility of the pyrogenic iron is doubled to account for uncertainties in the pyrogenic solubility (Hamilton, Scanza, et al., 2020). The dust deposition was extracted from the CMIP6 CESM2 historical simulation, averaged over the years 1990-2009 (Long et al., 2021). We assume the mineral dust is 3.5% iron by weight, and apply a spatially varying solubility for the aerosol iron at deposition. This solubility is a function of the ratio of coarser dust particle deposition / finer dust particle deposition in the CESM2 simulation, optimized to best match to surface iron observations (Long et al., 2021; J. K. Moore et al., in prep.).  The ratio of coarse/fine dust at deposition is a useful proxy for the distance traveled from the mineral dust source regions, as the coarse dust particles are expected to be removed more quickly during atmospheric transport. The dust iron solubility ranges from 0.5% near dust source regions, gradually increasing to reach values of 10-14% in the remote central Pacific. The deposition of iron from pyrogenic sources includes soluble iron from wildfires and anthropogenic emissions with month to month seasonality. The deposition assumes a constant solubility in pyrogenic aerosols of 5%, which tends to be on the lower range of estimates, which is why we include the scenario where pyrogenic aerosols have a constant solubility of 10%, which is closer to estimates from the CAM6 model where wildfire sourced iron has a solubility of 18.8% and anthropogenic iron has a solubility of 11.2% (Hamilton, Moore, et al., 2020; Hamilton, Scanza, et al., 2020). 
We force the ocean model with the pyrogenic soluble iron deposition combined with the soluble iron deposition from mineral dust in our optimal case. We include sensitivity experiments where we force the ocean model with only the pyrogenic-sourced iron and with only the dust-sourced iron. The global rate of soluble iron deposition for the pyrogenic and dust sources to the surface ocean is 1.5 Gmol Fe yr-1 and 4.0 Gmol Fe yr-1, respectively, resulting in a total global deposition of 5.5 Gmol Fe yr-1. A fourth sensitivity experiment combines the dust iron with the pyrogenic-sourced iron increased by a factor of two (7.0 Gmol Fe yr-1), to account for uncertainties in the solubility and aerosol source strengths (Figure 2). One goal is to evaluate the importance of the pyrogenic iron source in driving marine biogeochemistry. These experiments provide a wide range of estimates of the atmospheric deposition of soluble iron to the oceans (1.5 - 7.0 Gmol Fe yr-1). Each experiment was performed with the optimal, variable Fe:C stoichiometry range of 3-90 μmol Fe /mol C (6-180 μmol Fe/mol C for the diazotrophs) as well as with fixed Fe:C stoichiometry at value of 7 μmol Fe /mol C, for comparison.

[image: A map of the world

Description automatically generated with medium confidence]
Figure 2. Atmospheric soluble iron deposition fields used to force the ocean biogeochemistry model. (a) PyroFe includes soluble iron from wildfires as well as fossil fuel combustion for an annual ocean surface deposition of 1.50 Gmol Fe. (b) DustFe includes soluble iron from lithogenic sources for an annual ocean surface deposition of 4.00 Gmol Fe. (c) Annual ocean surface soluble iron deposition from pyrogenic and lithogenic sources totaling 5.50 Gmol Fe. (d) Annual ocean surface soluble iron deposition from pyrogenic and lithogenic sources where the pyrogenic solubility is doubled for a total deposition of 7.00 Gmol Fe.
3 Results
We find that a broad Fe:C range for new growth (3-90 μmol Fe/mol C for the small phytoplankton and diatoms and a range of 6-180 μmol Fe/mol C for diazotrophs) best reproduces the patterns in field observations of phytoplankton Fe:C versus surface iron concentration, increasing the overall skill of the model (Fig. 3).  CESM previously had varying Fe:C within a limited range of 2.5-6 μmol Fe/mol C for diatoms and small phytoplankton and 14-48 μmol/mol for diazotrophs (J. K. Moore et al., 2004). Each group has an optimal dFe concentration for growth of 1.75 nM, so the maximum iron quotas are achieved only in the highest dFe surface concentration regions. The tuned model with these parameters is able to reproduce the observed relationship in observations of phytoplankton Fe:C and in situ dFe, where dissolved iron concentrations increase, so do the observed Fe:C ratios (Fig. 3a, R2 of Fe:C vs dFe from observations, the tuned model, and the previous model were 0.77, 0.71, and 0.35, respectively). In the field observations, cellular Fe:C increases roughly linearly with dissolved iron variability on log-log plotting scale. The observed range of Fe:C ratios for small phytoplankton was 3-100 umol Fe/mol C and for diatoms was 4-528 (259) umol Fe/mol C (King et al., 2012; Twining et al., 2019). 
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Figure 3. Comparison of field observations and simulation community average Fe:C of phytoplankton and dFe concentrations (a) and phytoplankton Fe:C in observations and simulations (b). Observed community Fe:C as a function of dFe (a, blue squares),  tuned model Fe:C versus dFe (a, gray circles), previous model Fe:C versus dFe (a, red circles) extracted from the same locations as the field observation. Observations R2 = 0.77, p < 0.05 (4e-18), tuned model R2 = 0.71, p < 0.05 (6e-14), previous model R2 = 0.35, p < 0.05 (1e-3). (b) Phytoplankton group specific model Fe:C versus observed phytoplankton Fe:C (gray diamonds are diatoms R2 = 0.83, black triangles are small phyto R2 = 0.60, white squares are diazotroph R2 = 0.81). Model estimates were paired based on location and phytoplankton type. Dashed black line in (b) represents a 1:1 fit. 


The model Fe:C also agrees with the individual cell iron to carbon measurements (Fig. 3b). For each individual cell measurement we extracted model Fe:C for the same phytoplankton group at the same location. Deviations from this fit tended to be regionally specific. 
Overall, the model is able to reproduce the observed spatial variations in phytoplankton Fe:C ratios (Fig. 4). Phytoplankton Fe:C is elevated in regions where surface dFe is elevated due to regional inputs such high atmospheric dust deposition, coastal shelf sources, and upwelling.  Diazotroph Fe:C measurements are limited to the North Atlantic while small phytoplankton and diatom measurements are available for most ocean basins. However, even within this small region the model is able to replicate the gradient of decreasing Fe:C ratios for diazotrophs as dFe decreases from coast to offshore. Regions where the model and observations tend to diverge may be driven by colimitation. For example, the model underestimates diatom Fe:C in the oligotrophic southern Pacific gyre, where recent studies have suggested nitrogen limitation may lead to increases in the cellular Fe:C ratios (Twining et al., 2021). Using a limited range of Fe:C ratios does not accurately capture the observed variation in Fe:C ratios. The R2 values for model Fe:C for each group (small phytoplankton, diatom, diazotrophs) versus observations were 0.83, 0.60, and 0.81 respectively for the variable quota model, while they were 0.16, 0.32, and 0.34 respectively, with the original model with limited range in Fe:C.
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Figure 4. Optimized model patterns of (a) diatom group Fe:C overlaid with circles showing observations of diatom Fe:C (R2 = 0.83), (b) small phytoplankton group Fe:C overlaid with circles showing observations of small phytoplankton Fe:C (R2 = 0.60), and (c) diazotroph group Fe:C overlaid with circles showing observations of diazotroph Fe:C (R2 = 0.81).

3.1 Fixed vs Variable Fe Quotas
We find that using fixed stoichiometry in place of variable stoichiometry has first order impacts on nutrient cycling within the surface ocean. One method that we use to quantify this impact is the HNLC index. We define an HNLC region in the Pacific Ocean between 25°N and 25°S, east of 150°E, and the HNLC index as the area in the HNLC region that has surface nitrate concentrations greater than 0.3 μM in the model output, divided by the same metric from the nitrate from World Ocean Atlas 2018 (WOA18) (Garcia et al., 2019). With the expanded variable Fe:C range, we are able to reproduce the HNLC size as seen in the WOA18, with an HNLC index of 1.0063 (Fig. 5). With fixed stoichiometry however, the HNLC size is either overestimated or underestimated depending on the set fixed value. For fixed Fe:C ratios of 3, 7, and 10, the HNLC areal extent changes by -54%, +44%, and +81%, respectively (Fig 5). 
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Figure 5. HNLC index for four simulations within the Central Pacific HNLC region (between 25°N and 25°S, east of 150°E). Index is defined as the ratio of ocean surface area where nitrate concentrations exceed 0.3 μM in each simulation compared to WOA18. Variable is the tuned model with variable Fe:C ranging from 3-90 μmol Fe/mol C for small phytoplankton and diatoms and 6-180 μmol Fe/mol C for diazotrophs, the fixed scenarios of 10, 7, and 3 are where the model phytoplankton Fe:C is fixed for all groups at 10, 7, and 3 μmol Fe/mol C, respectively.

Comparing the fixed ratios versus the optimized variable Fe quota model there are only modest impacts on carbon fluxes integrated at the global or Central Pacific HNLC region scale (Table 1). However, there are large shifts in the spatial patterns of NPP and carbon export across the simulations, with disproportionate impacts on key fluxes within the marine nitrogen cycle.  Global NPP decreased by up to 5% with fixed quotas, and NPP in the HNLC region decreased by up to 9% (Table 1). The regional NPP response to the chosen fixed value for Fe:C is non-linear, with the fixed value of 7 µmol Fe/mol C having the weakest response of a 3% decrease, while the 3 and 10 µmol Fe/mol C versions had stronger decreases of 7% and 9%. 

Table 1. Changes in key annual global and regional carbon fluxes in the optimal model when fixed stoichiometry is used versus the expanded variable range. Percentages are percent change from the tuned variable model where Fe:C ranges from 3-90 μmol Fe/mol C for small phytoplankton and diatoms and 6-180 μmol Fe/mol C for diazotrophs. The fixed scenarios of 10, 7, and 3 are where the model phytoplankton Fe:C is fixed for all groups at 10, 7, and 3 μmol Fe/mol C, respectively. NPP is net primary productivity, POC is particulate organic carbon, HNLC is Central Pacific high nutrient low chlorophyll region between 25°N and 25°S, east of 150°E.
	


Fe:C
	

NPP 
(PgC/yr)
	
POC Export (PgC/yr)
	
Nitrogen Fixation (TgN/yr)
	
Water Column Denitrification (TgN/yr)
	
HNLC 
NPP 
(PgC/yr)
	HNLC 
POC Export (PgC/yr)

	Variable
	53.8
	8.5
	225.3
	63.1
	13.6
	2.03

	Fixed 10
	51.2 (-5%)
	8.0 (-6%)
	173.1 (-23%)
	20.6 (-67%)
	12.4 (-9%)
	1.74 (-14%)

	Fixed 7
	52.8 (-2%)
	8.3 (-2%)
	201.6 (-10%)
	40.6 (-35%)
	13.2 (-3%)
	1.93 (-5%)

	Fixed 3
	53.3 (-1%)
	8.6 (+2%)
	260.6 (+15%)
	102.4 (+62%)
	12.7 (-7%)
	1.94 (-4%)



Surface chlorophyll patterns shift sharply in the tropical Pacific in response to the treatment of plankton Fe quotas (Fig. 6). While the optimized model is able to reproduce patterns seen in satellite chlorophyll products (r2 = 0.48), a fixed ratio of 10 µmol Fe/mol C results in up to 60% underestimation of surface chlorophyll in the equatorial upwelling zone, while the more western region of the Pacific sees overestimates of up to 60% in some regions. In contrast, using a fixed Fe:C ratio of 3 µmol Fe/mol C results in an overestimate of chlorophyll in the equatorial upwelling tongue by greater than 100%. This is due to the increase in iron availability from the lack of efficient iron export, leading to a buildup of available iron in the surface waters. This allows for phytoplankton to increase their biomass to a greater extent than they would under stronger iron limitation, thereby driving the increase in surface chlorophyll. However, due to the reduced iron limitation, the surrounding areas transition to nitrogen limitation, resulting in a decrease in surface chlorophyll outside of the equatorial upwelling tongue. The variable Fe quota model, which gives high Fe:C in the plankton near the coast and very low Fe:C values in the offshore waters, is best able to replicate the satellite chlorophyll patterns.
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Figure 6. SeaWiFS chlorophyll climatology (a) and optimized model surface chlorophyll (b, mgChl/m3) for our HNLC region. Middle panels show surface chlorophyll for fixed Fe:C simulations (c-e), bottom panels show the percent change of chlorophyll for fixed Fe:C simulations (f-h) compared to the dynamic iron quota model.

There are also large shifts in the spatial patterns of sinking particulate organic carbon (POC) export in this region (Fig. 7). The simulation with a fixed Fe:C of 7 µmol Fe/mol C had the pattern most similar to the variable quota model. In the 10 µmol Fe/mol C simulation most of the sediment-sourced iron is used up nearshore, with little advection to the open ocean (Fig 7c). In contrast, with the 3 µmol Fe/mol C quota, much less iron is used up nearshore, and there is a much larger lateral flux of iron to the open ocean. These shifts in the spatial patterns of export influence the amount of organic matter sinking into the oxygen minimum zones, leading to large swings in the rates of water column denitrification, even though the integrated, total POC export changes only modestly at the global or regional scales (Table 1).
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Figure 7. Sinking particulate organic carbon (POC) export at 100m depth comparing the dynamic Fe:C model (a) and with simulations using fixed Fe:C ratios of 3, 7, and 10 µmol Fe/mol C (b-d, respectively).

Varying plankton iron quotas changes the efficiency of the biological export of iron. This can have strong impacts on the spatial patterns of nutrient limitation as iron becomes exported more or less efficiently relative to the other nutrients. With a fixed Fe:C ratio of 7 µmol Fe/mol C, the iron-limited areas expand substantially, compared with the variable Fe:C simulation (Fig. 8). The iron-limited area for the small phytoplankton group increases from 37.4% of total ocean area with variable Fe:C, up to 45.5% and 56.78% with the fixed Fe:C of 7 and 10 µmol Fe/mol C respectively (Fig. 8). This is because iron is already limiting in the  HNLC regions, and when higher Fe:C ratios are prescribed, iron is exported more efficiently per unit carbon, resulting in even less iron being available in the regions and therefore stronger iron limitation. With a fixed ratio of 3 µmol Fe/mol C, the HNLC region outside of the equatorial upwelling zone transitions from iron limitation to nitrogen limitation, as less iron is exported per mol of carbon and iron limitation is weakened. This results in the region transition to nitrogen limitation as nitrate supply is high here due to upwelling and can be readily consumed when iron is available due to the inefficient export.. 
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Figure 8. Patterns of nutrient limitation of diatom growth from variable and fixed iron quota simulations. Phytoplankton are nutrient replete when nutrient limitation reduces growth by less than 10%. Darker color shading indicates where growth is reduced by more than 50% from the maximum growth rate. The tuned model is shown in (a) and the simulations using fixed Fe:C ratios of 3, 7, and 10 µmol Fe/mol C are (b-d) respectively.

3.2 Impacts of Varying Iron Deposition on Ocean Biogeochemistry
Using fixed versus variable stoichiometry amplifies the impacts of changing iron deposition on the global ocean carbon cycle. At lower deposition rates, using fixed Fe:C has a larger impact on carbon cycling, with NPP 15% lower and sinking particulate organic carbon (POC) 51% lower when a fixed Fe:C of 10 µmol Fe/mol C is used versus the variable ratios (Table 2). 
With increasing deposition, NPP and sinking POC do not respond as strongly when using fixed versus variable stoichiometry, with NPP and POC being 3% and 5% lower respectively (Table 1). There is a modest change in NPP from low deposition to high deposition (50.3-53.8 PgC/yr) when the optimal variable Fe:C is used. By having dynamic, variable iron quotas, phytoplankton are able to partially dampen, or buffer, the effects of changing iron deposition by decreasing Fe:C when iron is scarce to maintain productivity. Increasing Fe:C ratios lead to more efficient export of iron with increasing iron deposition.  Thus, models with fixed Fe quotas will overestimate the biogeochemical impacts of varying iron deposition, by not accounting for this phytoplankton acclimation to available nutrient concentrations. 

Table 2. Percent change in key carbon fluxes for the pyrogenic iron scenarios compared to the optimal deposition scenario with variable stoichiometry.
	
Deposition
	
Fe:C
	Global 
NPP
	Global 
POC Export
	HNLC 
NPP
	HNLC 
POC Export

	CESM2opt
5.5 Gmol Fe/yr
	Variable
	53.8 PgC
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Figure 9. Global annual nitrogen fixation (a) and water column denitrification (b) under the various iron deposition scenarios. The gray boxes represent the estimated ranges for nitrogen fixation and water column denitrification from a recent inverse model study (Wang et al., 2019).
The variations in atmospheric iron inputs have strong impacts on some key global nitrogen fluxes in conjunction with the optimized variable Fe quota model. When atmospheric deposition is decreased, (PyroFe and DustFe simulations), both nitrogen fixation and water column denitrification decrease drastically. The reduction in nitrogen fixation can be attributed to the decrease in diazotroph productivity. Diazotrophs are iron limited in much of the surface ocean. Therefore, when the atmospheric deposition is decreased, their productivity is reduced, and global rates of nitrogen fixation decrease accordingly. The decrease in water column denitrification can be attributed to a general decrease in productivity and therefore carbon export, especially in the eastern Pacific, where iron is the primary limiting nutrient. This impacts the HNLC regions in particular, which increase in area by 23% when pyrogenic sourced iron is omitted, where iron limitation expands to regions that were previously nitrogen limited. With the reduction of atmospheric iron deposition and stronger iron limitation, primary productivity decreases, resulting in less organic matter sinking through the oxygen deficient zones. With less organic matter to degrade, water column denitrification drops dramatically. This feedback between iron limitation and water column denitrification is one of the key links between the iron and nitrogen cycles. Proper estimates of iron deposition are necessary in order to accurately simulate the global marine nitrogen cycle. When the optimal iron deposition field is used, the simulated global nitrogen fixation rate is 225 TgN yr-1, while the global water column denitrification rate is 63 TgN yr-1, which are both in agreement with recent inverse model estimates (Wang et al., 2019).
4 Conclusions
Phytoplankton Fe:C uptake links not only the oceanic iron and carbon cycles, but the nitrogen cycle as well. It is therefore necessary that phytoplankton iron quotas represent the observed biological patterns. This requires not only variable quotas, but also a high variable range to best represent the flexibility of these phytoplankton groups under a changing environment. We find that a range of 3-90 μmol Fe/mol C for the small phytoplankton and diatoms and a range of 6-180 μmol Fe/mol C for diazotrophs best represents not only field observations of individual cell iron to carbon ratios but also the observed relationship between iron to carbon and dissolved iron concentrations. This supports using a nutrient-dependent “frugal phytoplankton” approach that has been proposed previously (Galbraith & Martiny, 2015).
	The link between iron and carbon via phytoplankton Fe:C uptake has first order impacts on global nutrient cycling. When Fe:C ratios are fixed, surface nutrient concentrations are immediately impacted, particularly in regions where atmospheric iron deposition rates are low, i.e. the Pacific HNLC region. This response is sensitive to the fixed value chosen, and results in significant increases or decreases in the areal extent of these regions. This leads to downstream effects on global water column denitrification, as reductions in the POC export in the nearby oxygen minimum zones is reduced when the iron supply is not able to maintain phytoplankton growth at the chosen fixed values. The flexibility of phytoplankton variable iron quotas is key to them maintaining productivity in regions of low deposition as previously mentioned, but also when that deposition changes. When only dust sourced iron is used to force the model, global NPP and POC export are reduced by 3% and 4% respectively when fixed stoichiometry is used. However, when variable stoichiometry is used, NPP and POC export increase by 0.2% and decrease by 1% respectively, showing that phytoplankton are able to acclimate according to changes in atmospheric deposition rates. However, this only dampens the biogeochemical response and there are limits to this acclimation as shown by the reductions in NPP and POC export when only pyrogenic sourced iron is used in both the variable and fixed scenarios.
	Future changes in atmospheric iron deposition under different climate scenarios are still highly uncertain (Hamilton, Moore, et al., 2020; Mahowald et al., 2009, 2011). It is necessary to include pyrogenic-sources of iron in models of atmospheric iron deposition as this provides the primary iron source to remote ocean regions that are not as influenced by sedimentary or mineral dust iron sources.  This includes the equatorial Pacific, where we see some of the greatest impacts on carbon and nutrient cycling under different deposition scenarios. In order to make reliable estimates of the interactions between the marine ecosystem and future changes in climate, pyrognic iron is key to accurately representing the marine nitrogen cycle in particular. Not accounting for this source could result in underestimates of global ocean nitrogen fixation and water column denitrification, which are integral to the global ocean fixed nitrogen inventory, and therefore carbon cycling in a primarily nitrogen limited ocean. Large shifts in the pyrogenic-sourced aerosols are likely in the future, responding to changes in wildfire activity and anthropogenic fossil fuel combustion patterns (Hamilton et al., 2022; Liu et al., 2022; Mahowald et al., 2009). It is therefore necessary to accurately account for pyrogenic-sourced iron as a key portion of biologically available iron in order to reliably model changes in the global carbon and nitrogen cycles under a changing climate.
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