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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.
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Key Points: 9 

● It is necessary to include variable phytoplankton iron quotas in order to properly simulate 10 

the oceanic iron, carbon and nitrogen cycles 11 

● Pyrogenic iron is a key soluble iron source and has first order impacts on the marine 12 

nitrogen inventory and therefore carbon cycling  13 
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Abstract 14 

Dissolved iron (dFe) plays an important role in regulating marine biological productivity. 15 

In high nutrient, low chlorophyll (HNLC) regions (> 33% of the global ocean) iron is the primary 16 

growth limiting nutrient, and elsewhere can regulate nitrogen fixation and growth by diazotrophs. 17 

Overall, dFe supply potentially impacts half of global ocean productivity. The link between iron 18 

availability and carbon export is strongly dependent on the phytoplankton iron quotas, or cellular 19 

Fe:C ratios. This ratio can vary by more than an order of magnitude in the open ocean and is 20 

positively correlated with ambient dFe concentration in sparse field observations. The Community 21 

Earth System Model (CESM) ocean component has been modified to simulate dynamic, group-22 

specific, phytoplankton iron quotas (Fe:C) that vary as a function of ambient iron concentration. 23 

The simulated Fe:C ratios match the spatial trends in the observations and improve the correlation 24 

with global-scale, observed nutrient distributions. Acclimation of phytoplankton Fe:C ratios 25 

dampens the biogeochemical response to varying atmospheric deposition fluxes of soluble iron, 26 

compared to a model with fixed Fe:C. However, varying atmospheric soluble iron supply still has 27 

first order impacts on global carbon and nitrogen fluxes, and on the spatial patterns of nutrient 28 

limitation; both of which are strongly sensitive to changes in pyrogenic sources of iron. Accounting 29 

for dynamic, phytoplankton iron quotas is critical for capturing the ocean biogeochemical 30 

responses to varying atmospheric soluble iron inputs, including expected changes in both the 31 

mineral dust and pyrogenic sources with climate warming and anthropogenic activity. 32 

1 Introduction 33 

Ocean biogeochemistry plays a key role in the global carbon cycle through uptake of 34 

atmospheric carbon dioxide (CO2) and its long-term storage via the biological and solubility pumps 35 

(Volk & Hoffert, 1985). Phytoplankton help drive the biological pump by taking up dissolved 36 

inorganic carbon (DIC) and nutrients and converting them to biomass via photosynthesis. Iron is 37 

a key micronutrient in this process as it limits phytoplankton growth in regions where other 38 

nutrients, such as nitrogen and phosphorus, are readily available (Boyd et al., 2007; J. K. Moore 39 

et al., 2004). These iron limiting nutrients are termed high nutrient, low chlorophyll (HNLC) 40 

regions and compose >33% of the surface ocean (C. M. Moore et al., 2013; J. K. Moore et al., 41 

2002; Ustick et al., 2021).  42 

The ratio of carbon to nutrients in exported organic matter has long been used to simplify 43 

biogeochemical cycles, where a fixed, extended Redfield ratio (C:N:P:Fe) is assumed (Bruland et 44 
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al., 1991; Redfield et al., 1963; Twining et al., 2015). This ratio helps determine the efficiency of 45 

biological export of carbon with respect to potentially growth-limiting nutrients. However, a wide 46 

range of Fe:C ratios have been observed in both sinking organic matter and in situ phytoplankton 47 

cells, complicating our understanding of the interactions between iron and carbon biogeochemistry 48 

(Fung et al., 2000; King et al., 2012).  49 

Initial measurements of phytoplankton iron quotas relied on either radioisotope uptake 50 

experiments or bulk, size fractionation measurements using graphite furnace atomic absorption 51 

spectrometry (GFAAS) and more recently, inductively-coupled plasma mass spectrometry 52 

(ICPMS) (Ho et al., 2003; Martin & Knauer, 1973; Schmidt & Hutchins, 1999; Sunda & 53 

Huntsman, 1995). However, these types of measurements each have some limitations. 54 

Radioisotope uptake experiments derive cellular Fe:C from uptake rates, which may not be 55 

representative of the biogenic quotas, while bulk size fractionation analysis via GFAAS and 56 

ICPMS relies on measurements of the entire size class, which may be skewed by mineral and 57 

detrital particles (King et al., 2012). These methods were also unable to detect low cellular iron 58 

concentrations due to detection limits and were unable to provide information on individual taxa 59 

versus entire community assemblages (Twining et al., 2003). Single-cell synchrotron x-ray 60 

fluorescence (SXRF) is a relatively newer method where individual cells are isolated and 61 

individually measured for their iron and phosphorus reservoirs, while cellular carbon is estimated 62 

from cell volume (Twining et al., 2003, 2015).  63 

Fe:C uptake by phytoplankton is primarily controlled by dFe availability in HNLC regions 64 

where nitrogen and phosphorus are replete (Sunda & Huntsman, 1995). Measurements of 65 

individual taxa iron requirements have found high variation between groups, where coastal species 66 

can vary more than 100 fold while open ocean species vary by about a factor of 20 (Marchetti & 67 

Maldonado, 2016; Sunda et al., 1991). Coastal phytoplankton continue to accumulate iron under 68 

iron replete conditions -- up to 70 times higher than is needed to reach their maximum growth rate, 69 

suggesting that they are capable of luxury storage (Sunda & Huntsman, 1995; Twining et al., 70 

2021). Differences in uptake rates between species were largely attributed to variations in cell 71 

surface area, where uptake rate is a function of the surface area to volume ratio and therefore 72 

smaller cells are more efficient at iron uptake due to the diffusive limitation of transport (Hudson 73 

& Morel, 1990; Morel et al., 1991; Sunda & Huntsman, 1995; Twining et al., 2004). Smaller cells 74 

such as E. huxleyi and prokaryotes such as cyanobacteria may also use siderophores in order to 75 
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increase their iron uptake, potentially leading to higher Fe:C ratios than larger eukaryotes in low-76 

Fe settings (Sunda & Huntsman, 1995; Twining et al., 2004). Some variation in iron requirements 77 

between taxa has also been attributed to the specialized needs of certain groups. For example, 78 

nitrogen fixers such as Trichodesmium need iron for the nitrogenase enzyme that is required in 79 

order to reduce dinitrogen, and have been found to contain highly variable iron quotas, with Fe:C 80 

ratios ranging from 22-480 μmol Fe/mol C (Berman-Frank et al., 2001; Howard & Rees, 1996; 81 

Sañudo-Wilhelmy et al., 2001). Phytoplankton community composition can strongly influence the 82 

strength of the biological pump, as different phytoplankton groups dominate under different 83 

conditions and have varying export efficiencies (Buesseler, 1998; Hamilton, Moore, et al., 2020). 84 

It is therefore important to accurately represent both the community composition as well as the 85 

nutrient requirements of the community in order to understand ocean carbon cycling. 86 

Limited field observations have shown that phytoplankton Fe:C is generally elevated in 87 

regions of higher iron concentrations. In the North Atlantic subtropical gyre, under the North 88 

African dust plume transport pathway, phytoplankton Fe:C can reach upwards of 90 μmol/mol 89 

(Twining et al., 2015). Ratios also tend to be higher in coastal regions, where there is a significant 90 

continental shelf iron source due to shallower depths. These ratios tend to be lower in more remote 91 

regions that have lower atmospheric iron inputs, such as in the Indian subtropical gyre and the 92 

Southern Ocean, where ratios tend to be in the 3-15 μmol/mol range (Hopkinson et al., 2013; 93 

Twining et al., 2019).  94 

Using fixed Redfield values for the C:N and C:P of phytoplankton in ocean models has 95 

been found to underestimate carbon fluxes or overestimate nutrient fluxes, especially in 96 

oligotrophic, strongly nutrient limited regions (Buchanan et al., 2018; Galbraith & Martiny, 2015; 97 

Kwiatkowski et al., 2018; Moreno et al., 2018; Schneider et al., 2004; Tanioka & Matsumoto, 98 

2017; Weber & Deutsch, 2012). As of the CMIP6 experiments, half of the models account for 99 

variable Fe:C ratios while the other half assume fixed stoichiometry (Séférian et al., 2020). Few 100 

studies have investigated the impacts of variable iron stoichiometry in long term climate scenarios. 101 

Recent work found that the linking of the iron and carbon cycles via biological Fe:C is key to 102 

controlling nutrient limitation patterns in the future ocean, with direct impacts on net primary 103 

productivity (Tagliabue et al., 2020). It may be necessary to include variable iron ratios in these 104 

models to accurately predict the biogeochemical responses to future climate change. 105 
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The primary sources of iron to the oceans are from atmospheric deposition, terrestrial 106 

runoff and rivers, continental shelf sediments, and hydrothermal vent systems (Tagliabue et al., 107 

2017). In the subtropical and tropical oceans, atmospheric deposition tends to be the primary 108 

source of bioavailable iron, while in the polar regions the relative importance of continental shelf 109 

and hydrothermal vent dust increases (Tagliabue et al., 2017). Atmospheric iron deposition in 110 

particular may support more than 50% of the iron exported from the euphotic zone in many regions 111 

(Krishnamurthy et al., 2010). Variations in atmospheric iron input strongly impact spatial patterns 112 

of phytoplankton growth limitation and the areal extent of the high-nutrient, low-chlorophyll 113 

regions (Hamilton, Moore, et al., 2020; Krishnamurthy et al., 2010). This atmospheric iron 114 

deposition is composed of two primary components: desert mineral dust and pyrogenic aerosols 115 

(Hamilton, Scanza, et al., 2020; Mahowald et al., 2011).  Only a fraction of the iron in the dust and 116 

pyrogenic aerosols is soluble upon deposition to the oceans. The solubility percentage of iron 117 

within desert mineral dust is highly uncertain, with estimates ranging from 1% to as high as 12%, 118 

with ocean biogeochemical models having previously often assumed a constant 1-2% solubility of 119 

the iron from dust sources (Archer & Johnson, 2000; Bopp et al., 2003; Fung et al., 2000; Jickells 120 

& Spokes, 2001; Lefèvre & Watson, 1999; Mahowald et al., 2009; Wu & Boyle, 2002). 121 

Conversely, iron from pyrogenic sourced aerosols is likely to be more soluble, and despite making 122 

up only a small fraction of the total deposition, could potentially present a significant portion of 123 

the total soluble iron deposition flux in the HNLC regions (Hamilton, Scanza, et al., 2020; Ito et 124 

al., 2019; Matsui et al., 2018; Sedwick et al., 2007). However, there are large uncertainties in 125 

constraining these pyrogenic sources in terms of their sources, differing physiochemical properties, 126 

and flux magnitudes, including that previous estimates of pyrogenic sourced iron may be 127 

significantly underestimated (Conway et al., 2019; Hamilton et al., 2022; Lamb et al., 2021; Liu 128 

et al., 2022). The FeMIP model intercomparison project has reported atmospheric iron deposition 129 

from dust over a wide range of 1.4-32.7 Gmol Fe yr-1 (Tagliabue et al., 2016). Recent  atmospheric 130 

iron model intercomparison studies have shown that including this pyrogenic sourced iron is key 131 

to simulating observations of variations in iron solubility over the global ocean and that iron from 132 

a pyrogenic wildfire source stimulates the biological pump at a greater rate than iron from mineral 133 

dust (Hamilton, Scanza, et al., 2020; Ito et al., 2019, 2020; Myriokefalitakis et al., 2018). We 134 

conduct a series of simulations with the improved, dynamic Fe quota model to investigate the 135 
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biogeochemical impacts of variable atmospheric iron inputs and the relative importance of mineral 136 

dust and pyrogenic sources of iron. 137 

2 Methods 138 

We use the Community Earth System Model (CESM) ocean circulation, marine ecosystem 139 

and biogeochemistry components. The version used is modified from CESM v1.21, but includes 140 

most science modifications that were introduced in CESM v2.0, including variable phytoplankton 141 

phosphorus quotas and an explicit ligand, iron model (Long et al., 2021; Wang et al., 2019). The 142 

model contains three explicit phytoplankton groups: diatoms, nano- to pico-sized phytoplankton 143 

(a fraction of which is assigned an implicit calcifier group) and diazotrophs (Long et al., 2021; J. 144 

K. Moore et al., 2004). The model has one class of explicit, iron-binding ligands and external iron 145 

sources from atmospheric deposition (pyrogenic and mineral dust sourced iron), marine sediments, 146 

hydrothermal vents, and riverine inputs (Long et al., 2021; J. K. Moore & Braucher, 2008). We 147 

ran the simulations with constant pre-industrial CO2 for 300 years and averaged the results over 148 

the last 20 years of the simulation. 149 

The iron uptake rate and the Fe:C for new growth of these groups are a function of ambient 150 

iron concentration and a prescribed half-saturation constant, but vary only within a narrow range 151 

(2.5-6 μmol/mol for small phytoplankton and diatoms, and 14-48 μmol Fe/mol C for the 152 

diazotrophs (J. K. Moore et al., 2004). Here we test a much wider range of Fe:C ratios. The cellular 153 

iron to carbon ratio for new growth is assumed to be a linear function of the ambient dissolved 154 

iron concentration (Sunda & Huntsman, 1995). FeOpt is the group-specific, dissolved iron 155 

concentration where the Fe:C reaches its maximum value; above this concentration, the Fe:C for 156 

new growth is set at the prescribed maximum value (gQfe_max). When dissolved iron 157 

concentrations fall below FeOpt, the Fe:C for new growth decreases linearly with iron 158 

concentration until the prescribed minimum value is reached (gQfe_min) (Fig. 1). 159 

 160 
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 161 

Figure 1. Phytoplankton Fe:C ratio for new growth as a function of dissolved iron. FeOpt 162 
determines the dissolved ambient iron concentration at which phytoplankton Fe:C reaches its 163 
maximum value (gQFe_max). Fe:C varies linearly with dissolved iron concentration between the 164 
prescribed, group-specific maximum (gQFe_max) and minimum (gQfe_min) quotas.  165 
 166 

We test applying a broader range of Fe:C ratios, specific for each phytoplankton group, 167 

based on our compiled database of field observations (Table S1) of phytoplankton Fe:C where 168 

ambient dissolved iron was also measured (n = 142), including unpublished Arctic data from the 169 

Twining lab (Abraham et al., 2000; Hopkinson et al., 2013; King et al., 2012; Maldonado & Price, 170 

1999; McKay et al., 2005; Sañudo-Wilhelmy et al., 2001; Sarthou et al., 2008; Schmidt & 171 

Hutchins, 1999; Tovar-Sanchez et al., 2003; Twining et al., 2004, 2010, 2011, 2015, 2019, 2021).  172 

These observations include bulk Fe:C as well as individual phytoplankton Fe:C for small 173 

phytoplankton, diatoms, and nitrogen fixers (Table S1 in supplemental materials (SM) for more 174 

details). Based on these observations, we test a range of maximum Fe:C ratios for new growth 175 

(gQFe_max) from 6.0 to 120 μmol Fe/mol C (12 - 240 μmol Fe/mol C for diazotrophs) as well as 176 

a range of FeOpt values from 1.0 nM to 2.0 nM for each phytoplankton group. We ended up with 177 

a final maximum gQFe_max of 90 μmol Fe/mol (180 μmol Fe/mol for diazotrophs) and an FeOpt 178 

of 1.75nM for all phytoplankton groups based on this tuning, where we aimed to best represent the 179 

observations of phytoplankton Fe quotas as well as observed global distributions of nutrients 180 

including iron, nitrogen, and phosphorus, nitrogen and phosphorus are from World Ocean Atlas 181 

(Garcia et al., 2019). Observational iron data is largely from the GEOTRACES project 182 

supplemented with historical data compilations (Anderson, 2020; J. K. Moore & Braucher, 2008; 183 

Tagliabue et al., 2012). 184 
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In order to investigate the impacts of variable plankton Fe:C stoichiometry on the coupling 185 

of the iron and carbon cycles, we compare simulations with the optimized variable Fe quota model 186 

with simulations using fixed Fe:C values of 3.0, 7.0, and 10.0 μmol Fe/mol C.  We also compare 187 

variable versus fixed quotas in response to different levels of atmospheric iron deposition. We 188 

conduct a series of experiments with four different atmospheric iron deposition fields: pyrogenic 189 

Fe only, dust Fe only, dust + pyrogenic Fe, and dust Fe + pyrogenic Fe deposition where the 190 

solubility of the pyrogenic iron is doubled to account for uncertainties in the pyrogenic solubility 191 

(Hamilton, Scanza, et al., 2020). The dust deposition was extracted from the CMIP6 CESM2 192 

historical simulation, averaged over the years 1990-2009 (Long et al., 2021). We assume the 193 

mineral dust is 3.5% iron by weight, and apply a spatially varying solubility for the aerosol iron at 194 

deposition. This solubility is a function of the ratio of coarser dust particle deposition / finer dust 195 

particle deposition in the CESM2 simulation, optimized to best match to surface iron observations 196 

(Long et al., 2021; J. K. Moore et al., in prep.).  The ratio of coarse/fine dust at deposition is a 197 

useful proxy for the distance traveled from the mineral dust source regions, as the coarse dust 198 

particles are expected to be removed more quickly during atmospheric transport. The dust iron 199 

solubility ranges from 0.5% near dust source regions, gradually increasing to reach values of 10-200 

14% in the remote central Pacific. The deposition of iron from pyrogenic sources includes soluble 201 

iron from wildfires and anthropogenic emissions with month to month seasonality. The deposition 202 

assumes a constant solubility in pyrogenic aerosols of 5%, which tends to be on the lower range 203 

of estimates, which is why we include the scenario where pyrogenic aerosols have a constant 204 

solubility of 10%, which is closer to estimates from the CAM6 model where wildfire sourced iron 205 

has a solubility of 18.8% and anthropogenic iron has a solubility of 11.2% (Hamilton, Moore, et 206 

al., 2020; Hamilton, Scanza, et al., 2020).  207 

We force the ocean model with the pyrogenic soluble iron deposition combined with the 208 

soluble iron deposition from mineral dust in our optimal case. We include sensitivity experiments 209 

where we force the ocean model with only the pyrogenic-sourced iron and with only the dust-210 

sourced iron. The global rate of soluble iron deposition for the pyrogenic and dust sources to the 211 

surface ocean is 1.5 Gmol Fe yr-1 and 4.0 Gmol Fe yr-1, respectively, resulting in a total global 212 

deposition of 5.5 Gmol Fe yr-1. A fourth sensitivity experiment combines the dust iron with the 213 

pyrogenic-sourced iron increased by a factor of two (7.0 Gmol Fe yr-1), to account for uncertainties 214 

in the solubility and aerosol source strengths (Figure 2). One goal is to evaluate the importance of 215 

https://paperpile.com/c/BXs3DV/ghX1m
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the pyrogenic iron source in driving marine biogeochemistry. These experiments provide a wide 216 

range of estimates of the atmospheric deposition of soluble iron to the oceans (1.5 - 7.0 Gmol Fe 217 

yr-1). Each experiment was performed with the optimal, variable Fe:C stoichiometry range of 3-90 218 

μmol Fe /mol C (6-180 μmol Fe/mol C for the diazotrophs) as well as with fixed Fe:C 219 

stoichiometry at value of 7 μmol Fe /mol C, for comparison. 220 

 221 

 222 

Figure 2. Atmospheric soluble iron deposition fields used to force the ocean biogeochemistry 223 
model. (a) PyroFe includes soluble iron from wildfires as well as fossil fuel combustion for an 224 
annual ocean surface deposition of 1.50 Gmol Fe. (b) DustFe includes soluble iron from lithogenic 225 
sources for an annual ocean surface deposition of 4.00 Gmol Fe. (c) Annual ocean surface soluble 226 
iron deposition from pyrogenic and lithogenic sources totaling 5.50 Gmol Fe. (d) Annual ocean 227 
surface soluble iron deposition from pyrogenic and lithogenic sources where the pyrogenic 228 
solubility is doubled for a total deposition of 7.00 Gmol Fe. 229 

3 Results 230 

We find that a broad Fe:C range for new growth (3-90 μmol Fe/mol C for the small 231 

phytoplankton and diatoms and a range of 6-180 μmol Fe/mol C for diazotrophs) best reproduces 232 

the patterns in field observations of phytoplankton Fe:C versus surface iron concentration, 233 

increasing the overall skill of the model (Fig. 3).  CESM previously had varying Fe:C within a 234 

limited range of 2.5-6 μmol Fe/mol C for diatoms and small phytoplankton and 14-48 μmol/mol 235 

for diazotrophs (J. K. Moore et al., 2004). Each group has an optimal dFe concentration for growth 236 

https://paperpile.com/c/BXs3DV/P2BFV
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of 1.75 nM, so the maximum iron quotas are achieved only in the highest dFe surface concentration 237 

regions. The tuned model with these parameters is able to reproduce the observed relationship in 238 

observations of phytoplankton Fe:C and in situ dFe, where dissolved iron concentrations increase, 239 

so do the observed Fe:C ratios (Fig. 3a, R2 of Fe:C vs dFe from observations, the tuned model, and 240 

the previous model were 0.77, 0.71, and 0.35, respectively). In the field observations, cellular Fe:C 241 

increases roughly linearly with dissolved iron variability on log-log plotting scale. The observed 242 

range of Fe:C ratios for small phytoplankton was 3-100 umol Fe/mol C and for diatoms was 4-528 243 

(259) umol Fe/mol C (King et al., 2012; Twining et al., 2019).  244 

 245 

 246 

Figure 3. Comparison of field observations and simulation community average Fe:C of 247 
phytoplankton and dFe concentrations (a) and phytoplankton Fe:C in observations and simulations 248 
(b). Observed community Fe:C as a function of dFe (a, blue squares),  tuned model Fe:C versus 249 
dFe (a, gray circles), previous model Fe:C versus dFe (a, red circles) extracted from the same 250 
locations as the field observation. Observations R2 = 0.77, p < 0.05 (4e-18), tuned model R2 = 251 
0.71, p < 0.05 (6e-14), previous model R2 = 0.35, p < 0.05 (1e-3). (b) Phytoplankton group specific 252 
model Fe:C versus observed phytoplankton Fe:C (gray diamonds are diatoms R2 = 0.83, black 253 
triangles are small phyto R2 = 0.60, white squares are diazotroph R2 = 0.81). Model estimates were 254 
paired based on location and phytoplankton type. Dashed black line in (b) represents a 1:1 fit.  255 
  256 
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The model Fe:C also agrees with the individual cell iron to carbon measurements (Fig. 3b). 257 

For each individual cell measurement we extracted model Fe:C for the same phytoplankton group 258 

at the same location. Deviations from this fit tended to be regionally specific.  259 

Overall, the model is able to reproduce the observed spatial variations in phytoplankton 260 

Fe:C ratios (Fig. 4). Phytoplankton Fe:C is elevated in regions where surface dFe is elevated due 261 

to regional inputs such high atmospheric dust deposition, coastal shelf sources, and upwelling.  262 

Diazotroph Fe:C measurements are limited to the North Atlantic while small phytoplankton and 263 

diatom measurements are available for most ocean basins. However, even within this small region 264 

the model is able to replicate the gradient of decreasing Fe:C ratios for diazotrophs as dFe 265 

decreases from coast to offshore. Regions where the model and observations tend to diverge may 266 

be driven by colimitation. For example, the model underestimates diatom Fe:C in the oligotrophic 267 

southern Pacific gyre, where recent studies have suggested nitrogen limitation may lead to 268 

increases in the cellular Fe:C ratios (Twining et al., 2021). Using a limited range of Fe:C ratios 269 

does not accurately capture the observed variation in Fe:C ratios. The R2 values for model Fe:C 270 

for each group (small phytoplankton, diatom, diazotrophs) versus observations were 0.83, 0.60, 271 

and 0.81 respectively for the variable quota model, while they were 0.16, 0.32, and 0.34 272 

respectively, with the original model with limited range in Fe:C. 273 

https://paperpile.com/c/BXs3DV/z3r1C
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 274 

Figure 4. Optimized model patterns of (a) diatom group Fe:C overlaid with circles showing 275 
observations of diatom Fe:C (R2 = 0.83), (b) small phytoplankton group Fe:C overlaid with circles 276 
showing observations of small phytoplankton Fe:C (R2 = 0.60), and (c) diazotroph group Fe:C 277 
overlaid with circles showing observations of diazotroph Fe:C (R2 = 0.81). 278 
 279 

3.1 Fixed vs Variable Fe Quotas 280 

We find that using fixed stoichiometry in place of variable stoichiometry has first order 281 

impacts on nutrient cycling within the surface ocean. One method that we use to quantify this 282 

impact is the HNLC index. We define an HNLC region in the Pacific Ocean between 25°N and 283 

25°S, east of 150°E, and the HNLC index as the area in the HNLC region that has surface nitrate 284 

concentrations greater than 0.3 μM in the model output, divided by the same metric from the nitrate 285 
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from World Ocean Atlas 2018 (WOA18) (Garcia et al., 2019). With the expanded variable Fe:C 286 

range, we are able to reproduce the HNLC size as seen in the WOA18, with an HNLC index of 287 

1.0063 (Fig. 5). With fixed stoichiometry however, the HNLC size is either overestimated or 288 

underestimated depending on the set fixed value. For fixed Fe:C ratios of 3, 7, and 10, the HNLC 289 

areal extent changes by -54%, +44%, and +81%, respectively (Fig 5).  290 

 291 

 292 

Figure 5. HNLC index for four simulations within the Central Pacific HNLC region (between 293 
25°N and 25°S, east of 150°E). Index is defined as the ratio of ocean surface area where nitrate 294 
concentrations exceed 0.3 μM in each simulation compared to WOA18. Variable is the tuned 295 
model with variable Fe:C ranging from 3-90 μmol Fe/mol C for small phytoplankton and diatoms 296 
and 6-180 μmol Fe/mol C for diazotrophs, the fixed scenarios of 10, 7, and 3 are where the model 297 
phytoplankton Fe:C is fixed for all groups at 10, 7, and 3 μmol Fe/mol C, respectively. 298 

 299 

Comparing the fixed ratios versus the optimized variable Fe quota model there are only 300 

modest impacts on carbon fluxes integrated at the global or Central Pacific HNLC region scale 301 

(Table 1). However, there are large shifts in the spatial patterns of NPP and carbon export across 302 

the simulations, with disproportionate impacts on key fluxes within the marine nitrogen cycle.  303 

Global NPP decreased by up to 5% with fixed quotas, and NPP in the HNLC region decreased by 304 

up to 9% (Table 1). The regional NPP response to the chosen fixed value for Fe:C is non-linear, 305 

with the fixed value of 7 µmol Fe/mol C having the weakest response of a 3% decrease, while the 306 

3 and 10 µmol Fe/mol C versions had stronger decreases of 7% and 9%.   307 

https://paperpile.com/c/BXs3DV/Lgw1M
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Table 1. Changes in key annual global and regional carbon fluxes in the optimal model when fixed 308 
stoichiometry is used versus the expanded variable range. Percentages are percent change from the 309 
tuned variable model where Fe:C ranges from 3-90 μmol Fe/mol C for small phytoplankton and 310 
diatoms and 6-180 μmol Fe/mol C for diazotrophs. The fixed scenarios of 10, 7, and 3 are where 311 
the model phytoplankton Fe:C is fixed for all groups at 10, 7, and 3 μmol Fe/mol C, respectively. 312 
NPP is net primary productivity, POC is particulate organic carbon, HNLC is Central Pacific high 313 
nutrient low chlorophyll region between 25°N and 25°S, east of 150°E. 314 

 
 
 
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%) 

 315 

Surface chlorophyll patterns shift sharply in the tropical Pacific in response to the treatment 316 

of plankton Fe quotas (Fig. 6). While the optimized model is able to reproduce patterns seen in 317 

satellite chlorophyll products (r2 = 0.48), a fixed ratio of 10 µmol Fe/mol C results in up to 60% 318 

underestimation of surface chlorophyll in the equatorial upwelling zone, while the more western 319 

region of the Pacific sees overestimates of up to 60% in some regions. In contrast, using a fixed 320 

Fe:C ratio of 3 µmol Fe/mol C results in an overestimate of chlorophyll in the equatorial upwelling 321 

tongue by greater than 100%. This is due to the increase in iron availability from the lack of 322 

efficient iron export, leading to a buildup of available iron in the surface waters. This allows for 323 

phytoplankton to increase their biomass to a greater extent than they would under stronger iron 324 

limitation, thereby driving the increase in surface chlorophyll. However, due to the reduced iron 325 

limitation, the surrounding areas transition to nitrogen limitation, resulting in a decrease in surface 326 

chlorophyll outside of the equatorial upwelling tongue. The variable Fe quota model, which gives 327 

high Fe:C in the plankton near the coast and very low Fe:C values in the offshore waters, is best 328 

able to replicate the satellite chlorophyll patterns. 329 

 330 
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 331 

Figure 6. SeaWiFS chlorophyll climatology (a) and optimized model surface chlorophyll (b, 332 
mgChl/m3) for our HNLC region. Middle panels show surface chlorophyll for fixed Fe:C 333 
simulations (c-e), bottom panels show the percent change of chlorophyll for fixed Fe:C simulations 334 
(f-h) compared to the dynamic iron quota model. 335 
 336 

There are also large shifts in the spatial patterns of sinking particulate organic carbon 337 

(POC) export in this region (Fig. 7). The simulation with a fixed Fe:C of 7 µmol Fe/mol C had the 338 

pattern most similar to the variable quota model. In the 10 µmol Fe/mol C simulation most of the 339 

sediment-sourced iron is used up nearshore, with little advection to the open ocean (Fig 7c). In 340 

contrast, with the 3 µmol Fe/mol C quota, much less iron is used up nearshore, and there is a much 341 

larger lateral flux of iron to the open ocean. These shifts in the spatial patterns of export influence 342 

the amount of organic matter sinking into the oxygen minimum zones, leading to large swings in 343 

the rates of water column denitrification, even though the integrated, total POC export changes 344 

only modestly at the global or regional scales (Table 1). 345 

 346 
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  347 

Figure 7. Sinking particulate organic carbon (POC) export at 100m depth comparing the dynamic 348 
Fe:C model (a) and with simulations using fixed Fe:C ratios of 3, 7, and 10 µmol Fe/mol C (b-d, 349 
respectively). 350 
 351 

Varying plankton iron quotas changes the efficiency of the biological export of iron. This 352 

can have strong impacts on the spatial patterns of nutrient limitation as iron becomes exported 353 

more or less efficiently relative to the other nutrients. With a fixed Fe:C ratio of 7 µmol Fe/mol C, 354 

the iron-limited areas expand substantially, compared with the variable Fe:C simulation (Fig. 8). 355 

The iron-limited area for the small phytoplankton group increases from 37.4% of total ocean area 356 

with variable Fe:C, up to 45.5% and 56.78% with the fixed Fe:C of 7 and 10 µmol Fe/mol C 357 

respectively (Fig. 8). This is because iron is already limiting in the  HNLC regions, and when 358 

higher Fe:C ratios are prescribed, iron is exported more efficiently per unit carbon, resulting in 359 

even less iron being available in the regions and therefore stronger iron limitation. With a fixed 360 

ratio of 3 µmol Fe/mol C, the HNLC region outside of the equatorial upwelling zone transitions 361 

from iron limitation to nitrogen limitation, as less iron is exported per mol of carbon and iron 362 

limitation is weakened. This results in the region transition to nitrogen limitation as nitrate supply 363 

is high here due to upwelling and can be readily consumed when iron is available due to the 364 

inefficient export..  365 
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 366 

Figure 8. Patterns of nutrient limitation of diatom growth from variable and fixed iron quota 367 
simulations. Phytoplankton are nutrient replete when nutrient limitation reduces growth by less 368 
than 10%. Darker color shading indicates where growth is reduced by more than 50% from the 369 
maximum growth rate. The tuned model is shown in (a) and the simulations using fixed Fe:C ratios 370 
of 3, 7, and 10 µmol Fe/mol C are (b-d) respectively. 371 
 372 

3.2 Impacts of Varying Iron Deposition on Ocean Biogeochemistry 373 

Using fixed versus variable stoichiometry amplifies the impacts of changing iron 374 

deposition on the global ocean carbon cycle. At lower deposition rates, using fixed Fe:C has a 375 

larger impact on carbon cycling, with NPP 15% lower and sinking particulate organic carbon 376 

(POC) 51% lower when a fixed Fe:C of 10 µmol Fe/mol C is used versus the variable ratios (Table 377 

2).  378 

With increasing deposition, NPP and sinking POC do not respond as strongly when using 379 

fixed versus variable stoichiometry, with NPP and POC being 3% and 5% lower respectively 380 

(Table 1). There is a modest change in NPP from low deposition to high deposition (50.3-53.8 381 

PgC/yr) when the optimal variable Fe:C is used. By having dynamic, variable iron quotas, 382 
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phytoplankton are able to partially dampen, or buffer, the effects of changing iron deposition by 383 

decreasing Fe:C when iron is scarce to maintain productivity. Increasing Fe:C ratios lead to more 384 

efficient export of iron with increasing iron deposition.  Thus, models with fixed Fe quotas will 385 

overestimate the biogeochemical impacts of varying iron deposition, by not accounting for this 386 

phytoplankton acclimation to available nutrient concentrations.  387 

 388 

Table 2. Percent change in key carbon fluxes for the pyrogenic iron scenarios compared to the 389 

optimal deposition scenario with variable stoichiometry. 390 

 
Deposition 

 
Fe:C 

Global  
NPP 

Global  
POC Export 

HNLC  
NPP 

HNLC  
POC Export 

CESM2opt 

5.5 Gmol Fe/yr 

Variable 53.8 PgC 8.5 PgC 13.6 PgC 2.03 PgC 

PyroFe Variable -7% -9% -15% -21% 

1.5 Gmol Fe/yr Fixed 7 -13% -14% -32% -37% 

DustFe Variable +0.2% -1% +2% +0.3% 

4.0 Gmol Fe/yr Fixed 7 -3% -4% -4% -8% 

DustFe + 2xPyroFe Variable -0.4% +1% -2% -1% 

7.0 Gmol Fe/yr Fixed 7 -2% -1% -3% -4% 
 391 

 392 

Figure 9. Global annual nitrogen fixation (a) and water column denitrification (b) under the 393 
various iron deposition scenarios. The gray boxes represent the estimated ranges for nitrogen 394 
fixation and water column denitrification from a recent inverse model study (Wang et al., 2019). 395 
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The variations in atmospheric iron inputs have strong impacts on some key global nitrogen 396 

fluxes in conjunction with the optimized variable Fe quota model. When atmospheric deposition 397 

is decreased, (PyroFe and DustFe simulations), both nitrogen fixation and water column 398 

denitrification decrease drastically. The reduction in nitrogen fixation can be attributed to the 399 

decrease in diazotroph productivity. Diazotrophs are iron limited in much of the surface ocean. 400 

Therefore, when the atmospheric deposition is decreased, their productivity is reduced, and global 401 

rates of nitrogen fixation decrease accordingly. The decrease in water column denitrification can 402 

be attributed to a general decrease in productivity and therefore carbon export, especially in the 403 

eastern Pacific, where iron is the primary limiting nutrient. This impacts the HNLC regions in 404 

particular, which increase in area by 23% when pyrogenic sourced iron is omitted, where iron 405 

limitation expands to regions that were previously nitrogen limited. With the reduction of 406 

atmospheric iron deposition and stronger iron limitation, primary productivity decreases, resulting 407 

in less organic matter sinking through the oxygen deficient zones. With less organic matter to 408 

degrade, water column denitrification drops dramatically. This feedback between iron limitation 409 

and water column denitrification is one of the key links between the iron and nitrogen cycles. 410 

Proper estimates of iron deposition are necessary in order to accurately simulate the global marine 411 

nitrogen cycle. When the optimal iron deposition field is used, the simulated global nitrogen 412 

fixation rate is 225 TgN yr-1, while the global water column denitrification rate is 63 TgN yr-1, 413 

which are both in agreement with recent inverse model estimates (Wang et al., 2019). 414 

4 Conclusions 415 

Phytoplankton Fe:C uptake links not only the oceanic iron and carbon cycles, but the 416 

nitrogen cycle as well. It is therefore necessary that phytoplankton iron quotas represent the 417 

observed biological patterns. This requires not only variable quotas, but also a high variable range 418 

to best represent the flexibility of these phytoplankton groups under a changing environment. We 419 

find that a range of 3-90 μmol Fe/mol C for the small phytoplankton and diatoms and a range of 420 

6-180 μmol Fe/mol C for diazotrophs best represents not only field observations of individual cell 421 

iron to carbon ratios but also the observed relationship between iron to carbon and dissolved iron 422 

concentrations. This supports using a nutrient-dependent “frugal phytoplankton” approach that has 423 

been proposed previously (Galbraith & Martiny, 2015). 424 

 The link between iron and carbon via phytoplankton Fe:C uptake has first order impacts 425 

on global nutrient cycling. When Fe:C ratios are fixed, surface nutrient concentrations are 426 
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immediately impacted, particularly in regions where atmospheric iron deposition rates are low, i.e. 427 

the Pacific HNLC region. This response is sensitive to the fixed value chosen, and results in 428 

significant increases or decreases in the areal extent of these regions. This leads to downstream 429 

effects on global water column denitrification, as reductions in the POC export in the nearby 430 

oxygen minimum zones is reduced when the iron supply is not able to maintain phytoplankton 431 

growth at the chosen fixed values. The flexibility of phytoplankton variable iron quotas is key to 432 

them maintaining productivity in regions of low deposition as previously mentioned, but also when 433 

that deposition changes. When only dust sourced iron is used to force the model, global NPP and 434 

POC export are reduced by 3% and 4% respectively when fixed stoichiometry is used. However, 435 

when variable stoichiometry is used, NPP and POC export increase by 0.2% and decrease by 1% 436 

respectively, showing that phytoplankton are able to acclimate according to changes in 437 

atmospheric deposition rates. However, this only dampens the biogeochemical response and there 438 

are limits to this acclimation as shown by the reductions in NPP and POC export when only 439 

pyrogenic sourced iron is used in both the variable and fixed scenarios. 440 

 Future changes in atmospheric iron deposition under different climate scenarios are still 441 

highly uncertain (Hamilton, Moore, et al., 2020; Mahowald et al., 2009, 2011). It is necessary to 442 

include pyrogenic-sources of iron in models of atmospheric iron deposition as this provides the 443 

primary iron source to remote ocean regions that are not as influenced by sedimentary or mineral 444 

dust iron sources.  This includes the equatorial Pacific, where we see some of the greatest impacts 445 

on carbon and nutrient cycling under different deposition scenarios. In order to make reliable 446 

estimates of the interactions between the marine ecosystem and future changes in climate, pyrognic 447 

iron is key to accurately representing the marine nitrogen cycle in particular. Not accounting for 448 

this source could result in underestimates of global ocean nitrogen fixation and water column 449 

denitrification, which are integral to the global ocean fixed nitrogen inventory, and therefore 450 

carbon cycling in a primarily nitrogen limited ocean. Large shifts in the pyrogenic-sourced 451 

aerosols are likely in the future, responding to changes in wildfire activity and anthropogenic fossil 452 

fuel combustion patterns (Hamilton et al., 2022; Liu et al., 2022; Mahowald et al., 2009). It is 453 

therefore necessary to accurately account for pyrogenic-sourced iron as a key portion of 454 

biologically available iron in order to reliably model changes in the global carbon and nitrogen 455 

cycles under a changing climate. 456 

 457 
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