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Abstract We explore how the iron dependence of the Si:P uptake ratio RSi:P of diatoms controls the
response of the global silicon cycle and phytoplankton community structure to Southern Ocean iron
fertilization. We use a data-constrained model of the coupled Si-P-Fe cycles that features a mechanistic
representation of nutrient colimitations for three phytoplankton classes and that is embedded in a
data-assimilated global ocean circulation model. We consider three parameterizations of the iron
dependence of RSi:P, all of which are consistent with the available field data and allow equally good fits to
the observed nutrient climatology but result in very different responses to iron fertilization: Depending on
how sharply RSi:P decreases with increasing iron concentration, iron fertilization can either cause
enhanced silicic acid leakage from the Southern Ocean or strengthened Southern Ocean silicon trapping.
Enhanced silicic acid leakage occurs if decreases in RSi:P win over increases in diatom growth, while the
converse causes strengthened Southern Ocean silicon trapping. Silicic acid leakage drives a floristic shift in
favor of diatoms in the subtropical gyres and stimulates increased low-latitude opal export. The diatom
contribution to global phosphorus export increases, but the lower diatom silicon requirement under
iron-replete conditions reduces the global opal export. Regardless of RSi:P parameterization, the global
response of the biological phosphorus and silicon pumps is dominated by the Southern Ocean. The Si
isotope signature of opal flux becomes systematically lighter with increasing iron-induced silicic acid
leakage, consistent with sediment records from iron-rich glacial periods.

1. Introduction
The dominance of the Southern Ocean in the global marine silicon cycle (e.g., Tréguer, 2014) is the result
of diatoms efficiently stripping silicon out of upwelled deep waters, which short-circuits much of the sili-
cic acid leakage from the Southern Ocean carried by mode waters. The sinking biogenic silica dissolves in
upwelling deep waters, completing the Southern Ocean silicon trap (Holzer et al., 2014). The strong silicon
trap of the present-day Southern Ocean results in mode waters that are depleted in silicic acid (Si(OH)4) but
replete in nitrate and phosphate (PO4). Because these mode waters are an important source of nutrients for
low-latitude productivity (Holzer & Primeau, 2013; Sarmiento et al., 2004) their skewed Si:N:P composition
limits the contribution of diatoms to biological productivity across much of the world ocean.

Iron limitation plays a key role in the Southern Ocean silicon trap because iron has two opposing influences
on diatom physiology: On one hand, iron stress tends to increase silicic acid uptake and hence trapping
by raising the diatom Si:N uptake ratio (e.g., Franck et al., 2000; Hutchins & Bruland, 1998; Takeda, 1998;
Timmermans et al., 2004), while on the other hand iron stress reduces growth, which tends to reduce silicic
acid uptake promoting leakage to low latitudes. The central focus of this paper is on how the iron depen-
dence of the Si:N uptake ratio controls the competition between these opposing factors, thereby shaping the
response of the global silicon cycle to iron fertilization. A key aspect of that response, heretofore not fully
explored, is that iron fertilization increases Southern Ocean phosphorus trapping (Primeau et al., 2013) so
that any increases in silicic acid at low latitudes will be counteracted by reductions in phosphate and nitrate.

While our goal here is to investigate the impacts of iron fertilization on global export production and the
role of diatoms in the modern ocean, much of the literature debate on silicic acid leakage has focused on
paleoceanography. Decreased silicic acid uptake in response to increased iron input is key to the silicic acid
leakage hypothesis (SALH, Brzezinski et al., 2002; Nozaki & Yamamoto, 2001; Matsumoto et al., 2002). The
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SALH postulates that an enhanced supply of silicic acid to low latitudes during glacial times favored diatom
production at the expense of calcifying plankton, which would change the CaCO3/Corg rain ratio, leading
to adjustments in alkalinity and a drawdown of atmospheric CO2. The literature is mixed regarding support
for the SALH. For example, Bradtmiller et al. (2006) and Kienast et al. (2006) used sediment data from the
equatorial Pacific to infer opal fluxes that were not elevated during the last glacial period, contrary to the
SALH. Crosta et al. (2007) argued that weakened mode- and intermediate-water formation counteracted
reduced Southern Ocean silicic acid uptake, and Dubois et al. (2010) emphasized low-latitude iron input as
a control on opal preservation. Other studies provided evidence of the leakage aspect of the SALH in the
form of greater silicic acid availability and opal accumulation in the Atlantic, Pacific, and Subarctic during
glacial periods (Arellano-Torres et al., 2011; Bradtmiller et al., 2007; Griffiths et al., 2013; Maier et al., 2015;
Pichevin et al., 2009). However, silicic acid leakage appears to have been most pronounced during glacial
terminations when atmospheric CO2 levels were already rising suggesting that the effect of leakage on CO2
drawdown was overshadowed by other processes (Hendry & Brzezinski, 2014).

The inherent uncertainties associated with sparse proxy data and the complexity of their interpretation
underscore the importance of modeling. In addition to the box-model studies of Matsumoto et al. (2002)
and Matsumoto and Sarmiento (2008), Matsumoto et al. (2014) used a dynamical coarse-resolution Earth
system model to explore changes in iron input as well as changes in westerly winds and sea ice as mecha-
nisms for silicic acid leakage. However, all these studies used essentially the same parameterization of the
Si:N uptake ratio, and box models or tuned forward models were employed.

In our investigations, we use a data-constrained model of the coupled Fe-P-Si cycles (Pasquier & Holzer,
2017, 2018) that is embedded in a data-assimilated steady circulation representative of the modern clima-
tology (Primeau et al., 2013). To explore the control that diatom physiology exerts on the biogeochemical
response to Southern Ocean iron fertilization, we employ three parameterizations of the iron dependence
of the Si:N uptake ratio, all of which are consistent with the available field data (assuming constant N:P
stoichiometry for diatom communities). In contrast to previous modeling studies that exclusively found
enhanced silicic acid leakage in response to Southern Ocean iron fertilization (e.g., Matsumoto & Sarmiento,
2008; Matsumoto et al., 2002, 2014), we find that iron fertilization can lead to either increased Southern
Ocean silicon trapping or increased silicic acid leakage, depending on how the diatom Si:N uptake ratio
varies with the concentration of dissolved iron (DFe). The degree of silicic acid trapping or leakage is cor-
related with the 𝛿30Si signature of exported opal, highlighting the utility of Si isotope proxy records for
constraining past changes in the ocean's silicon cycle.

2. The Nutrient Model
2.1. Key Model Features
The nutrient model is described in detail by Pasquier and Holzer (2017); here we only mention the key
features relevant to this study. The model considers three phytoplankton functional classes (diatoms,
nanoplanton, and picoplankton, referred to by Pasquier and Holzer (2017) as the diatom, “large,” and
“small” classes) and three nutrients: PO4, Si(OH)4, and DFe. The distribution of each phytoplankton func-
tional class has been constrained by satellite retrievals of size classes (Kostadinov et al., 2016), assuming all
microplankton are diatoms, and by the percentage of the total export due to each class as estimated from
satellite data by Uitz et al. (2010). The biological uptake rate of each nutrient by phytoplankton class c is
keyed to its PO4 uptake rate, UP

c , which is by definition also the growth rate of class c. The phytoplankton
concentrations pc of the three classes are predicted implicitly based on an underlying steady-state logistic
model. The growth rate of class c, in units of phosphate uptake rate per unit seawater volume, takes the form

UP
c =

pmax
c

𝜏c
e𝜅T(FI,c FN,c)2 , (1)

where parameter pmax
c sets the maximum possible value of pc, 𝜏c is the growth timescale, e𝜅T models the tem-

perature (T) dependence, and FI,c and FN,c are the light and nutrient limitations, respectively. For diatoms,
the nutrient limitation FN,dia is modeled as the product of three Monod terms of the form 𝜒n∕(𝜒n + kn,dia),
where𝜒n is the concentration of the nth nutrient and kn,dia is the corresponding half-saturation constant. For
the picoplankton and nanoplankton classes, FN,c is the product of only phosphate and iron Monod terms.
(During model development, we also used the minimum of the three nutrient Monod terms, Liebig's law,
e.g., Saito et al., 2008, but found little difference in the optimized solutions and hence used the simpler
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multiplicative form.) Most biogeochemical model parameters were objectively optimized by minimizing the
mismatch with observed macronutrient concentrations from the World Ocean Atlas (WOA13, Garcia et al.,
2014), observed DFe concentrations from GEOTRACES (Mawji et al., 2015) and an earlier data compilation
(Tagliabue et al., 2012), and with the logarithm of phytoplankton concentrations as estimated from satellite
(Kostadinov et al., 2016).

The silicon cycle is modeled similarly to the work of Holzer et al. (2014), except that the silicic acid uptake
rate per unit volume USi is explicitly keyed to the diatom growth rate UP

dia through the Si:P uptake ratio,
that is,

USi = RSi:P UP
dia , (2)

where UP
dia is given by (1), thus coupling the silicon cycle to the phosphate and iron cycles. The Si:P uptake

ratio RSi:P depends explicitly on the ambient DFe and silicic acid concentrations; we consider three possible
parameterizations of this dependency below in section 3. The dissolution of biogenic opal is temperature
dependent and follows the formulation of Gnanadesikan (1999), except that the subgrid topography is
parameterized so that the fraction of the opal flux intersected by subgrid topography in every grid box is
locally dissolved there. As in the formulation of Holzer et al. (2014), opal is not permanently buried (allow-
ing us to neglect external sources) but the flux onto the sediments and its Si isotope signature can readily be
diagnosed.

The model's iron cycle was analyzed in detail by Pasquier and Holzer (2017, 2018). The iron cycle is not
central to our analysis here and provides primarily a means for supplying DFe to phytoplankton. Because
of large uncertainties in the external iron sources, Pasquier and Holzer (2017) generated a family of optimal
solutions corresponding to a wide range of different iron source strengths. All family members fit the avail-
able phosphate and silicic acid climatologies about equally well. Here we take as our unperturbed base state
the “typical” state of that family, which corresponds to aeolian, sedimentary, and hydrothermal iron sources
of 5.3, 1.7, and 0.9 Gmol Fe/yr, respectively. The details of the response to iron perturbations do depend on
the total iron source, with higher-source states being less sensitive to perturbations than lower-source states,
but a detailed quantification of how the response depends on the iron cycle of the base state is beyond the
scope of this study.

2.2. Iron Fertilization Perturbations
We focus on idealized Southern Ocean iron fertilization, which consists of adding DFe at a spatially uni-
form rate to the ocean surface south of 42◦S. We use iron additions up to 30 Gmol Fe/yr (roughly 4 times
the total global iron source of the unperturbed state). For all Si:P parameterizations considered (details in
next section), the DFe concentration averaged over the Southern Ocean euphotic zone (denoted as SO DFe
from here on) has a value of ∼0.16 nM for of our base state and doubles to roughly 0.3 nM for an additional
Southern Ocean source of 4 Gmol Fe/yr. When 30 Gmol Fe/yr is added to the Southern Ocean, the SO DFe
concentration increases only to ∼0.5 nM because the increasing production also increases iron scavenging
by organic particles. (Figure A1 of Appendix A shows the SO DFe concentration as a function of the addi-
tional Southern Ocean iron source strength.) We have also investigated globally uniform additions of iron to
the surface, but when comparing states at the same SO DFe concentration, the responses are qualitatively
similar, although there are of course quantitative differences especially in the Northern Hemisphere. (For
globally uniform iron fertilization, an additional source of ∼18 Gmol Fe/yr is required for a doubling of SO
DFe.)

3. Si:P Parameterizations
In our model, the Si:P uptake ratio, RSi:P, plays the role of the Si:N uptake ratio to which it can be compared
assuming a constant N:P ratio for diatoms (Quigg et al., 2003; Weber & Deutsch, 2010). High Si:N uptake
ratios in iron-stressed diatom communities have a variety of causes including physiological changes within
species (Franck et al., 2000; Takeda, 1998; Timmermans et al., 2004) and changes in diatom community
composition (Assmy et al., 2013; Marchetti et al., 2010).
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The dependence of RSi:P on the ambient DFe and Si(OH)4 concentrations 𝜒Fe and 𝜒Si was parameterized by
Pasquier and Holzer (2017) as

RSi:P = RSi
min +

(
RSi

max − RSi
min

)( 𝜒Si

𝜒Si + kSi
Si:P

)(
kFe

Si:P

𝜒Fe + kFe
Si:P

)
. (3)

In (3), the parameters RSi
min and RSi

max set the minimum and maximum values of RSi:P, the dependence on
silicic acid concentration 𝜒Si is assumed to have a simple Monod form with half saturation constant kSi

Si:P,
and the parameter kFe

Si:P limits the hyperbolic dependence on iron concentration 𝜒Fe to its maximum of
unity when 𝜒Fe = 0. (Note that kFe

Si:P and kSi
Si:P are distinct from the half-saturation constants for diatom

growth.) This form of RSi:P captures reduced silicification in silicon-poor waters as observed by Paasche
(1973) (although Marchetti & Harrison, 2007, argue for constant Si levels in the cell when iron is low) and
elevated Si:N uptake ratios in iron-depleted waters as measured by Hutchins and Bruland (1998), Franck
et al. (2000), and Timmermans et al. (2004). This form of RSi:P may be thought of as generalizing the form
RSi:P ∝ 1∕𝜒Fe employed by Matsumoto et al. (2008, 2013, 2014).

The hyperbolic iron dependence of (3) makes it difficult to control the sensitivity of RSi:P to increasing 𝜒Fe.
In order to have direct control over this sensitivity, we consider an exponential dependence on 𝜒Fe so that
the sensitivity is simply set by the e-folding DFe concentration, denoted here by 𝜒0:

RSi:P = max

(
RSi

max
𝜒Si

𝜒Si + kSi
Si:P

exp
(
−
𝜒Fe

𝜒0

)
,RSi

min

)
. (4)

We do not advocate that there is any fundamental reason why the DFe dependence of RSi:P should be
exponential, but with the parameter choices discussed below, the functional form (4) does capture the
key features of the existing field data (Franck et al., 2000; Hutchins & Bruland, 1998; Timmermans et al.,
2004)—see Appendix B for a comparison of observed and modeled Si:N uptake ratios. Note that the max
function in (4) prevents the exponential from dropping below RSi

min with increasing DFe in order to capture
RSi:P leveling off to a minimum value as seen in the field data.

While both exponential and hyperbolic DFe dependencies could in principle be fit to the available data, we
did not perform such fits because this data has far too much scatter to narrow down a specific functional
form. Instead, we use the exponential dependence here for its analytic convenience and select the value of
𝜒0 based on simple theoretical considerations discussed next. Other key parameters are then determined
through objective optimization against the observed global nutrient climatology.

3.1. Competition Between Fertilized Diatom Growth and Decreased Si Requirement
Strengthened silicic acid leakage requires decreased silicic acid uptake USi so that more silicic acid remains
in Southern Ocean surface waters from where it leaks out with mode and intermediate waters. In our model,
USi is proportional to the diatom growth rate, UP

dia, as expressed by (2). Because iron fertilization will increase
UP

dia while decreasing RSi:P, RSi:P must drop more than UP
dia increases for there to be an overall decrease

in USi. For small perturbations, we have to first order

𝛿USi

USi = 𝛿RSi:P

RSi:P +
𝛿UP

dia

UP
dia

, (5)

so that the fractional decrease in RSi:P must overcome the fractional increase in UP
dia for leakage (𝛿USi < 0)

to occur.

For our specific forms of RSi:P and UP
dia, we can explicitly evaluate (5). For parameterization (4), for which

RSi:P decreases exponentially with increasing DFe with e-folding concentration 𝜒0, we obtain

𝛿USi

USi ≃
(
−
𝜒Fe

𝜒0
+

2kFe

𝜒Fe + kFe

)
𝛿𝜒Fe

𝜒Fe
, (6)

which holds where𝜒Fe is low enough so RSi:P exceeds its prescribed minimum and for macronutrient-replete
conditions. (The 𝛿𝜒Si∕𝜒Si and 𝛿𝜒P∕𝜒P contributions to 𝛿USi∕USi have been omitted in (6) because they are
negligible in the Southern Ocean where the macronutrient concentrations far exceed the corresponding
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Table 1
Key Biogeochemical Parameters of This Study

Parameter EXP1 EXP2 HYPR Units
𝜒0 0.1a 0.2a — nM Fe
kFe

Si:P — — 0.077 nM Fe

RSi
min 1.4a 1.4a 1.2 (mol Si)/(mol N)

RSi
max 37. 18. 19. (mol Si)/(mol N)

kSi
Si:P 3.5 3.3 4.0 μM Si

𝜏dia 0.65 0.69 0.65 days
𝜏nano 1.9 1.8 1.5 days
𝜏pico 7.8 7.7 7.4 days

Note. The values of RSi
min and RSi

max are expressed as Si:N ratios assuming
a uniform uptake ratio N:P = 11:1 for diatoms (Quigg et al., 2003; Weber
& Deutsch, 2010). The model's other parameters are common to the EXP1,
EXP2, and HYPR cases and have the values reported by Pasquier and Holzer
(2017).
aValues were set by hand (not optimized).

half-saturation constants.) Thus, for leakage (𝛿USi < 0) to occur in response to 𝛿𝜒Fe > 0, the DFe e-folding
scale 𝜒0 of RSi:P needs to be sufficiently small:

𝜒0 ≲
𝜒Fe

2

(
1 +

𝜒Fe

kFe

)
. (7)

Note that for severe iron limitation, 𝜒Fe ≪ kFe, this approximates to 𝜒0 ≲
𝜒Fe

2
. A similar analysis for the

hyperbolic form 3 shows that 𝛿USi > 0 (no leakage) for small increases in 𝜒Fe. While the simple first-order
analysis above cannot predict the finite-amplitude response of the highly nonlinear coupled nutrient cycles,
(7) sets a useful scale for the value of 𝜒0 necessary for small DFe additions to enhance silicic acid leakage.

3.2. Si:P Parameter Choices, Optimization, and Fidelity to Climatology
Our parameterizations of RSi:P have four adjustable parameters, which cannot all be meaningfully optimized
by minimizing the nutrient and phytoplankton fields against observations (attempting to do so tends to
erase all dependence of the Si:P ratio on the DFe concentration). Here we consider three cases. The first
is the hyperbolic iron dependence (3) for which we use the same parameters as reported by Pasquier and
Holzer (2017). The other two cases use the exponential parameterization (4), for which the e-folding scale 𝜒0
and the minimum Si:P ratio RSi

min were fixed by hand and the other parameters (kSi
Si:P and RSi

max) were jointly
optimized with the three uptake timescales 𝜏dia, 𝜏nano, and 𝜏pico. All other model parameters are identical
for the three cases and take the values reported by Pasquier and Holzer (2017) in their Tables 1 and 2.

Our choices for𝜒0 are based on (7). For the unperturbed iron cycle, our model produces a SO DFe concentra-
tion of 𝜒Fe ∼ 0.15–0.16 nM for all Si:P parameterizations considered. With the model's iron half-saturation
constant for diatom growth of kFe = 0.30 nM (Pasquier & Holzer, 2017), this means we expect leakage for
𝜒0 ≲ 0.12 nM. We therefore consider 𝜒0 = 0.1 nM, which should produce leakage for even small iron addi-
tions to the Southern Ocean. To address the question if a less sensitive Si:P dependence can produce leakage
for a finite-amplitude perturbation (for which the linear analysis that led to (7) does not apply), we also
consider 𝜒0 = 0.2 nM. The minimum Si:P uptake ratio, RSi

min, was chosen so that the optimization yielded
reasonable values for the other parameters. The value of RSi

min = 1.4, in terms of Si:N, is higher than the
iron-replete value of Si:N = 1:1 often cited in modeling studies (e.g., Matsumoto et al., 2002), but lies well
within the observed variability across different species and environmental parameters (see also Appendix B,
Figure B1; Brzezinski, 1985).

We will refer to the three Si:P parameterizations considered as EXP1, EXP2, and HYPR, for exponential DFe
dependence with𝜒0 = 0.1 nM, exponential with𝜒0 = 0.2 nM, and hyperbolic DFe dependence, respectively.
The values of the RSi:P parameters and the optimized uptake timescales are collected in Table 1. As shown in
Appendix B, all three parameterizations are broadly consistent with the available laboratory and field data
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Figure 1. Maps of the Si:P uptake ratio (expressed as Si:N using N:P = 11:1 for diatoms) of the unperturbed base state
averaged vertically over the euphotic zone and its zonal average for the three Si:P cases considered (EXP1, EXP2, and
HYPR). Also shown are the zonal averages for the fertilized state corresponding to a doubling of SO DFe to 0.3 nM and
the anomalies from the base state.

for the Si:N uptake ratio, but EXP1 could be argued to come closest to capturing the field data at the lowest
measured DFe concentrations (≲ 0.3 nM).

Figure 1 shows maps and zonal averages of our three parameterizations of the Si:P uptake ratio, averaged
vertically over the euphotic zone and expressed as Si:N assuming a constant N:P = 11:1 for diatoms (Quigg
et al., 2003; Weber & Deutsch, 2010). In the unperturbed base states, all three cases have similar Si:P patterns,
with zonal averages that differ by only ∼10% among the three cases, although large Si:P uptake ratios near
Antarctica are higher for the EXP1 case than for the other two. Note that Si:N values of nearly 16 visible in
small Southern Ocean patches for EXP1 are still within the observed range for low DFe (Appendix B). The
unperturbed zonal-mean Si:P uptake ratios are consistent with the observation-based estimates of the ratio
of Si uptake to total P uptake (all plankton, not just diatoms, and thus a lower bound) diagnosed by Roshan
et al. (2018) using a diagnostic inverse model.

The zonal-mean Si:P uptake ratio at a fertilization amplitude with SO DFe= 0.3 nM and its anomaly from the
unperturbed base state are also shown in Figure 1. The three Si:P cases respond very differently to Southern
Ocean iron fertilization. By construction, both EXP1 and EXP2 decrease their Si:P uptake ratio more than
the HYPR case, with EXP1 having the strongest decreases. At this level of fertilization, the EXP1 Si:P uptake
ratio approaches that of the ambient water (not shown), but as discussed in section 3.1 this is not necessary
for enhanced Si leakage, which for EXP1 already occurs for much smaller perturbations.

All three optimized cases (EXP1, EXP2, HYPR) allow us to fit the nutrient climatology with nearly the
same fidelity, which for the HYPR case was documented in detail by Pasquier and Holzer (2017). For all
cases, the global root-mean-square (RMS) errors for the volume-weighted mismatch are 5.1%, 12%, and
44% of the global mean concentrations for PO4, Si(OH)4, and DFe, respectively. Importantly, the optimized
unfertilized base states of the three Si:P parameterizations have nearly identical nutrient cycles both in
terms of the three-dimensional nutrient distributions and in terms of quantitative cycling metrics, discussed
further below. Employing nearly identical base states embedded in the same ocean circulation ensures that
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Figure 2. Basin zonal averages of the silicic acid concentration for the EXP1 case compared to the observational
climatology from WOA13 against which the inverse model was optimized. The comparisons for the EXP2 and HYPR
cases (not shown) are nearly identical.

differing responses to iron fertilization can be ascribed to differences in the parameterization of the Si:P
uptake ratio.

The basin zonal averages of Si(OH)4 are shown for the EXP1 case in Figure 2 together with the correspond-
ing observational fields. The observed patterns are overall well matched, but biases are also visible: An
overestimate of the Si(OH)4 concentration in the intermediate, mode, and bottom waters of the Southern
Hemisphere and an underestimate in the North Pacific, northern Indian Ocean, and deep North Atlantic.
Similar biases for Si(OH)4, in both pattern and magnitude, occur when silicic acid utilization is modeled
by conditionally restoring surface concentrations to observations (Holzer et al., 2014; Holzer & Brzezinski,
2015). These biases may be due to the very simple parameterization of opal dissolution or to residual biases
in the data-assimilated circulation (Primeau et al., 2013).

4. Results
4.1. Nutrient Response to Iron Fertilization
Before considering systematic variations with fertilization amplitude, we first consider the spatial structure
of the nutrient concentration anomalies for SO DFe = 0.3 nM. Figure 3 shows the basin zonal averages of the
silicic acid anomaly from the unperturbed state. The effect of the different Si:P parameterizations is imme-
diately evident: The HYPR case shows no enhanced leakage—instead silicic acid is trapped more strongly
in the Southern Ocean and the Si(OH)4 concentrations in the upper ocean are reduced from their unper-
turbed values. For the HYPR case, increased biological diatom production (quantified separately below)
wins over reduced Si:P uptake ratio and Southern Ocean Si(OH)4 utilization increases. As a result, lower
Si(OH)4 concentrations exit the Southern Ocean with mode and intermediate waters, reducing the Si(OH)4
concentrations in the upper ocean.

The EXP1 case responds to a doubling of SO DFe as predicted: The reduced Si:P requirement wins over
increased diatom growth. As a result, excess Si(OH)4 on the order of 15 μM exits the Southern Ocean in mode
and intermediate waters and the upper-ocean Si(OH)4 concentration rises north of the Southern Ocean.
Correspondingly, less silicic acid is trapped in the deep Southern Ocean. The differences between the basins
reflect the differences in their circulation: In the Atlantic, NADW returns the excess silicic acid to depth
in the North Atlantic, while the deep overturning cell of the Pacific and Indian Ocean carries the lower
concentrations of the deep Southern Ocean northward.

The EXP2 case is intermediate at this perturbation amplitude. Enhanced diatom production decreases sili-
cic acid in Antarctic waters, but in subantarctic waters, reduced Si:P uptake ratio wins causing weakly
enhanced silicic acid leakage to the rest of the ocean. Because both enhanced Southern Ocean trapping
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Figure 3. Anomalies in the basin zonal averages of the silicic acid concentration for all three Si:P cases (EXP1, EXP2,
HYPR) at the Southern Ocean iron fertilization level corresponding to a doubling of SO DFe to 0.3 nM. Note the
separate color scale for the EXP2 case.

Figure 4. Anomalies in the basin zonal averages of the PO4 concentration for all three Si:P cases at the Southern
Ocean iron fertilization level corresponding to a doubling of SO DFe to 0.3 nM.

HOLZER ET AL. 8
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Figure 5. Anomalies in the zonally averaged euphotic-zone Si(OH)4 (left) and PO4 (right) concentrations as a function
of SO DFe. The unperturbed base state zonal averages are shown as line plots to place the magnitude of the anomalies
in context.

and subantarctic leakage occur, the overall amplitude of the Si(OH)4 response is much weaker than for the
EXP1 case.

Figure 4 shows the response of the zonally averaged PO4 concentration. Although the phosphorus and sili-
con cycles are coupled, differences in the Si:P uptake ratio result in only very minor differences in the PO4
response. For all three Si:P cases, fertilizing the Southern Ocean leads to increased vertical export of partic-
ulate organic matter, resulting in strengthened Southern Ocean phosphorus trapping and a corresponding
drawdown of phosphate out of the upper ocean.

The response of the DFe field (not shown) is similarly insensitive to the form of the Si:P uptake ratio, with
DFe increasing throughout the Southern Ocean water column as more DFe is added to the Southern Ocean
surface. DFe is transported to depth by both the biological and scavenging pumps (Pasquier & Holzer, 2017,
2018)—see Appendix A, Figure A2 for the zonal-mean surface response.

The systematic response of macronutrients in the euphotic zone as a function of SO DFe is shown in Figure 5
in terms of global zonal-mean concentrations. We first consider silicic acid (left panels). The HYPR case
shows a drawdown of silicic acid in the Southern Ocean that becomes ever more pronounced with increasing
DFe, saturating for SO DFe ≳0.4 nM. For the HYPR case, silicic acid in the rest of the surface ocean is barely
affected (confirmed by examining maps, no shown). By contrast, the EXP1 case shows increasing silicic acid
concentrations at all latitudes, with the largest increases in the subpolar oceans. In the Southern Ocean,
these increases saturate for SO DFe ≳0.35 nM DFe. Maps (not shown) reveal that the mid- and low-latitude
increases of Si(OH)4 occur primarily in the Atlantic and Indian oceans (∼5 μM for a SO DFe doubling, and
∼9 μM for SO DFe∼0.5 nM), while in the Pacific subtropical gyres Si(OH)4 increases by less than 1.5 μM. The
tropical and Northern Hemisphere increases in surface Si(OH)4 are the result of increased Si(OH)4 leakage
from the Southern Ocean and not due to a reduced Si requirement induced by additional DFe transported
from the Southern Ocean (see export discussion below). The EXP2 response is again intermediate: only
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Figure 6. The efficiency with which silicic acid (𝜖Si
trap, black curves, left

ordinate) and phosphate (𝜖P
trap, blue curves, right ordinate) are trapped in

the Southern Ocean as a function of SO DFe for the three cases of the Si:P
uptake ratio.

for SO DFe≳0.3 nM does the Southern Ocean start to leak with a response
that is similar to the EXP1 case at lower fertilization levels. At small fer-
tilization amplitudes, the EXP2 case is dominated by increased Southern
Ocean diatom production and Si(OH)4 drawdown.

The surface PO4 response (Figure 5, right panels) is broadly similar for
all three Si:P cases: Southern Ocean iron fertilization increases PO4 draw-
down and trapping in the Southern Ocean. As more PO4 is drawn into the
Southern Ocean, the surface PO4 concentration drops globally, with the
smallest response in the subtropical gyres where the base state has already
low PO4 concentrations (∼0.2 μM in the zonal mean). Maps (not shown)
reveal that the largest reductions north of the Southern Ocean occur
in the eastern tropical and eastern South Pacific, where the upwelling
supply of PO4 is suppressed by increased Southern Ocean trapping.

4.1.1. Southern Ocean Nutrient Trapping
We quantify Southern Ocean nutrient trapping in terms of the trapping
efficiency 𝜖trap, defined as the fraction of the global nutrient inventory that
was last utilized south of 38◦S and that will next be utilized south of 38◦S
(Holzer et al., 2014). In other words, 𝜖trap is the fraction of the global nutri-
ent inventory in transit between successive biological utilizations south
of 38◦S. (Note that Holzer et al. (2014) denote the same quantity by Rtrap;
here we use 𝜖trap to avoid confusion with stoichiometric ratios.) Figure 6

shows 𝜖trap for silicon and phosphorus as a function of iron fertilization amplitude. In the unperturbed base
states, 𝜖Si

trap ∼ 43% for all three Si:P cases (black curves, left ordinate). For the more strongly trapping HYPR
case, 𝜖Si

trap increases to ∼47%, while for the more strongly leaking EXP1 case, 𝜖Si
trap decreases to ∼32% at the

largest fertilization amplitude. The EXP1 case displays weak nonmonotonic behavior with a slight recovery
from a minimal trapping efficiency at SO DFe∼ 0.35 nM as the nonlinear system adjusts to further increasing
iron input. This recovery may possibly be due to the increase in the Si:P uptake ratio with increased surface
silicic acid in regions that are still sufficiently iron limited for Si:P to depend on silicic acid concentration (i.e.,
for Si:P not clamped at its minimum). Even at the highest perturbation amplitude, diatoms in the subpolar
North Pacific and eastern tropical Pacific remain iron limited (Appendix C and Figure C1). The dominantly
iron-limited part of the eastern tropical Pacific shrinks as the equatorial Pacific becomes iron-phosphate col-
imited consistent with strengthened Southern Ocean PO4 trapping and limited DFe increases outside of the
Southern Ocean (Figure A2). For the EXP2 case, 𝜖Si

trap first increases but then decreases to about 36% as SO
DFe increases beyond ∼0.2 nM and silicic acid becomes increasingly untrapped.

The phosphate trapping efficiency, 𝜖P
trap, is roughly 25% in the unperturbed state and then increases with

iron fertilization in nearly identical fashion for all three Si:P cases (blue curves, right ordinate). As biological
production in the Southern Ocean is increasingly fertilized, injection of particulate organic phosphorus
into upwelling circumpolar deepwaters increases, trapping phosphorus ever more strongly in the Southern
Ocean. For SO DFe ∼0.5 nM, 𝜖P

trap reaches 39%.

4.2. Export Response to Iron Fertilization
The left panels of Figure 7 show the anomalies in the zonally integrated opal export as a function of SO DFe
together with the base-state opal export. For the HYPR case, Southern Ocean iron fertilization primarily
increases opal export in the Southern Ocean, but there is also a small poleward shift resulting in a dipolar
export anomaly. The resulting increased Southern Ocean silicon trapping causes a reduction in tropical opal
export. By contrast, the EXP1 case exhibits strongly reduced Southern Ocean opal export with no poleward
shift as the perturbation amplitude increases. The resulting enhanced leakage of silicic acid to the rest of
the ocean drives a smaller increase in opal export at low latitudes that occurs primarily in the tropical east-
ern Pacific and in the eastern South Atlantic (0–30◦S, map not shown). The Southern Ocean opal export
anomaly approximately saturates for SO DFe ≳0.35 nM, with a peak reduction in the Southern Ocean of
∼42% at 55◦S, and a peak enhancement of ∼27% at the equator. The EXP2 case is intermediate, displaying
the characteristics of the HYPR case for SO DFe ≲ 0.3 nM and of the EXP1 case for larger SO DFe.

The right panels of Figure 7 show the zonally integrated phosphorus export converted to carbon units using
C:P = 106:1. (This is not meant to be a precise estimate of carbon export as the C:P export ratio is known to
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Figure 7. Anomalies in the zonally integrated exports of Si (left) and P (right) as a function of SO DFe. The P export
has been expressed in carbon units using a constant C:P = 106:1. The unperturbed base-state zonal averages are shown
as line plots to place the magnitude of the anomalies in context.

vary with phosphate concentration, Galbraith & Martiny, 2015, but merely a unit conversion for the reader
more familiar with export magnitudes in carbon units.) The anomalous phosphorus exports are remarkably
similar for all three Si:P cases. There is a strong enhancement in the Southern Ocean reflecting the fertilized
production. There are weaker decreases near the equator reflecting the reduced low-latitude PO4 supply
due to increased Southern Ocean phosphorus trapping. The phosphorus export anomalies show no sign
of saturation with increasing iron fertilization likely because even at the highest fertilization amplitude
the Monod limitation terms have not yet saturated for PO4 and DFe. The peak anomalies at the highest
fertilization level represent about a 150% increase in the Southern Ocean and a 17% decrease in the tropics.

The globally integrated opal and phosphate exports (the latter again expressed in carbon units) are plotted
as a function of SO DFe in Figure 8a. The global phosphorus export (blue, right ordinate) increases for all
Si:P cases from ∼10 Pg C/yr for the base state to ∼13.5 Pg C/yr for the largest perturbation. The global opal
export (black, left ordinate) of the base states is ∼170 Tmol Si/yr for all three Si:P cases, but the responses to
iron fertilization depend strongly on the RSi:P parameterization. For the more strongly leaking EXP1 case,
the global opal export decreases to about 142 Tmol Si/yr for SO DFe ∼ 0.35 nM and approximately levels off
around this value for larger perturbations. For the more strongly trapping HYPR case, the global opal export
increases monotonically with increasing SO DFe and levels off around 182 Tmol Si/yr for SO DFe ≳0.35 nM.
For the intermediate EXP2 case, the global opal export rises by a few Tmol Si/yr until SO DFe increases
beyond ∼0.2 nM, after which the opal export falls to ∼156 Tmol Si/yr at the largest fertilization amplitude.

Figure 8b quantifies the role of diatoms in organic matter export, which becomes increasingly important as
iron fertilization lowers the Si:P uptake ratio. The base-state fraction of phosphorus export due to diatoms
ranges from 41% to 47% for the different Si:P cases, consistent with other modeling studies (e.g., Aumont
et al., 2003; Moore et al., 2004) and observation-based estimates (Nelson et al., 1995). For all cases, the
fraction of the phosphorus export by diatoms increases monotonically with increasing SO DFe. At the largest
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Figure 8. (a) The globally integrated opal and organic phosphorus exports
(converted to carbon units with C:P = 106:1), and (b) the percentage of
the global phosphorus export due to diatoms. Note that for (a) the ordinate
for opal export (black curves) is on the left, and the ordinate for phosphorus
export (blue curves) is on the right.

perturbation amplitude, this fraction reaches 59% for EXP1, 55% for
EXP2, and 47% for HYPR. We examine the response of the diatom
biomass in more detail in the next section.

For all Si:P cases, the fraction of the global phosphorus export due to
diatoms is dominated by the Southern Ocean response. Indeed, for the
EXP1 and EXP2 cases at the largest fertilization amplitude, the anomaly
in the fraction of the global phosphorus export due to diatoms south of
40◦S is about 1.5 times larger than the anomaly of the global fraction.
For EXP1 and EXP2, the phosphorus export by diatoms north of 40◦S
increases slightly with iron fertilization (see below), but the global phos-
phorus export increases much more, driven mostly by increases in the
Southern Ocean. Thus, the anomaly in the fraction of the global export
from diatoms north of 40◦S actually decreases by a few percent with iron
fertilization. For the HYPR case, this effect is even stronger (the factor of
1.5 becomes 2.0) because in this case the absolute phosphorus export by
diatoms decreases outside of the Southern Ocean.

Increasing carbon export with iron fertilization implies an increased effi-
ciency of the biological pump. We quantify the pump efficiency EP

bio
following Ito and Follows (2005) as the ratio of regenerated to total
phosphate inventory, and we similarly define a biological silicon pump
efficiency ESi

bio as the ratio of the regenerated to total silicic acid inven-
tory. These efficiencies (not shown) display virtually the same systematic
behavior as the global exports. For all Si:P cases, the unperturbed base
states are characterized by EP

bio ∼ 43% and ESi
bio ∼ 66%. At the largest

fertilization amplitude, EP
bio increases to 52% for all Si:P cases, while ESi

bio
drops to around 55% for the leaking EXP1 case and rises to nearly 72% for
the trapping HYPR case.

4.3. Changes in the Role of Diatoms
Here we examine the effects of Southern Ocean iron fertilization on phytoplankton community structure
and the role of diatoms in organic matter export. As shown by Pasquier and Holzer (2017), in the unper-
turbed base state diatoms are silicon colimited with phosphate and/or iron in the subtropical gyres and iron
limited at high latitudes and in the eastern tropical Pacific, consistent with the available field data (Moore
et al., 2013). For reference, the diatom nutrient limitation patterns are defined and plotted in Appendix C
for both the unperturbed and iron-fertilized (SO DFe ∼0.5 nM) states. For all phytoplankton classes and Si:P
cases, iron addition to the Southern Ocean reduces iron limitation primarily in the Southern Ocean, raising
the DFe Monod limitation factor there by 0.2 to 0.6 at the highest perturbation amplitude, depending on
location and functional class. Increased Southern Ocean phosphate trapping lowers the phosphate nutri-
cline everywhere, thus increasing phosphate deficiency with P Monod terms dropping by as much as 0.4 at
the poleward edge of the South Pacific subtropical gyre.

Silicic acid leakage (EXP1, EXP2) at the highest fertilization amplitude nearly eliminates silicic acid col-
imitation in the Atlantic (Si Monod factors in excess of 0.8 except for a small region in the South Atlantic
gyre, where the Si Monod factor remains as low as 0.6). However, even at the highest fertilization rate,
the central Pacific subtropical gyres remain silicon colimited with the Monod factors of all three nutrients
(Si(OH)4, PO4, and DFe) remaining below 0.5. Si-P-Fe colimitation in the equatorial Pacific is replaced by
Fe-P colimitation, except in the eastern upwelling region where Fe limitation persists. For the HYPR case,
increased Southern Ocean Si and P trapping leaves the diatom limitation patterns in the Atlantic largely
unchanged, a region of Fe-Si colimitation in the tropical eastern Pacific becomes also P colimited, and the
Indian Ocean becomes mostly P limited. In our model, phytoplankton concentration is proportional to their
specific growth rate, which is proportional to the product of Monod terms, so that changes in nutrient
limitation will manifest themselves in changes of the phytoplankton community structure.

Figure 9 shows maps of the percentage of the phytoplankton biomass that is diatoms in the base state, in
the perturbed state corresponding to a doubling of SO DFe, and the corresponding anomaly. The base-state
fractional diatom abundance is nearly identical for all three Si:P cases, with ∼30% diatoms at high latitudes.
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Figure 9. Geographic distribution of the diatom percentage of the phytoplankton biomass. Shown are the unperturbed
base states (left), the perturbed states corresponding to a doubling of SO DFe (middle), and the corresponding
anomalies (right).

The response to iron fertilization depends strongly on the details of the Si:P uptake ratio. For the HYPR case,
the dominant effect is a contraction of the Southern Ocean diatom belt toward the Southern Ocean, with the
largest anomaly being a drop of 5–9% in the absolute diatom fraction in the midlatitude South Pacific imme-
diately north of the fertilized region. For the EXP1 case, the diatom percentage increases everywhere, the
dominant effect being an expansion into the subtropical gyres especially in the Atlantic and in the midlati-
tude South Pacific where the absolute local diatom fraction increases by ∼10%. (Note that these are absolute
changes, not relative changes; for example if the unperturbed diatom fraction is 5%, an absolute increase
by 10% means a change to 15%.) At this level of fertilization, the EXP2 case has a similar response pattern
as EXP1 but of smaller amplitude. With increasing fertilization, the EXP1 pattern changes little while the
EXP2 pattern intensifies to become more like EXP1.

For the EXP1 and EXP2 cases with enhanced silicic acid leakage, a more detailed analysis shows that
increases in the low-latitude diatom fraction in the Pacific are dominated by increases in the diatom biomass,
while increases in the Atlantic diatom fraction are due to both diatom increases and nondiatom decreases,
with similar contributions. In the Indian Ocean (other than the Arabian Sea), increases in the diatom frac-
tion occur in spite of slight decreases in diatom biomass because of much lager decreases in the nondiatom
biomass. In the Arabian Sea, the diatom biomass increases, while nondiatoms decrease. Increases in the
diatom concentration are driven by enhanced silicic acid leakage, while decreases in the concentration of
the other phytoplankton classes are driven by decreased surface phosphate.

The response of the absolute diatom biomass is completely dominated by the Southern Ocean where diatoms
increase by about 4 mg C/m3 at the highest fertilization rate for all three Si:P cases. The systematic behavior
as a function of fertilization amplitude is summarized in Figure 10 (right panels) in terms of the zonally
and vertically integrated diatom biomass. Peak increases at the highest fertilization rate are ∼60% at about
57◦S. The Southern Ocean response dwarfs the low-latitude response, which is about an order of magnitude
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Figure 10. Anomalies in the zonally and vertically integrated diatom concentration pdia (left) and zonally integrated
diatom phosphorus export (right), both converted to carbon units, as a function of SO DFe. The unperturbed base-state
zonal averages are shown as line plots to place the magnitude of the anomalies in context.

smaller. Because uptake is proportional to phytoplankton concentration, and export is proportional (with a
detrital fraction that depends only on temperature) to uptake, the anomalies in carbon export due to diatoms
(Figure 10, left panels) approximately mirror the biomass anomalies.

The low-latitude response to enhanced silicic acid leakage (EXP1 and EXP2) is limited by increased phos-
phate limitation due to stronger Southern Ocean phosphorus trapping and by persistent iron limitation in
the tropical Pacific, which is not alleviated by Southern Ocean fertilization (Appendices A and C). Thus,
while the floristic shifts occur mostly at low latitudes, they correspond to only small absolute changes in
diatom biomass and diatom carbon export. In the Southern Ocean, diatom and nondiatom phytoplankton
respond strongly to iron fertilization but in roughly equal proportions, which leads to large increases in
absolute diatom mass and export but only to small changes in the diatom fraction. Nondiatom phytoplank-
ton (not shown) responds with enhanced Southern Ocean biomass and export but decreased biomass and
export outside the Southern Ocean. The low-latitude decreases are most pronounced for the EXP1 case and
least pronounced for the HYPR case, reflecting competition with diatoms when there is enhanced silicic
acid leakage from the Southern Ocean.

4.4. Isotope Signature of the Response
Key information about past states of the ocean's silicon cycle comes from the 𝛿30Si isotope signature of
biogenic opal in the sediments (e.g., Beucher et al., 2007; Brzezinski et al., 2002). Here we examine how the
iron dependence of the Si:P uptake ratio and the strength of Southern Ocean iron fertilization imprint on
the 𝛿30Si signature of opal flux in the modern ocean circulation.

To compute 𝛿30Si, we follow the approach of Holzer and Brzezinski (2015), and we assume that fractiona-
tion on dissolution is negligible. (The adjustable parameter of 𝛿avg in that approach, which sets the global
mean isotope ratio, was objectively optimized to a value of 𝛿avg = +1.27‰, slightly lower than the value of
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Figure 11. 𝛿30Si of the opal flux onto the sediments. Shown are the unperturbed base states (left), the perturbed states
corresponding to a doubling of SO DFe (middle), and the corresponding anomalies (right).

+1.29‰ used by Holzer & Brzezinski, 2015.) Below we examine the 𝛿30Si value of the opal flux onto the sed-
iments, denoted as 𝛿30Sised. In accord with basic isotope dynamics (e.g., Beucher et al., 2007), 𝛿30Sised is to
computational accuracy given by the 𝛿30Sieup value of Si(OH)4 in the overlying euphotic zone shifted by the
fractionation factor, that is, 𝛿30Sised = 𝛿30Sieup − 1.1‰, so that the euphotic and sediment 𝛿30Si values have
the same anomalies.

Figure 11 shows maps of the base-state 𝛿30Sised, the perturbed 𝛿30Sised for a doubling of SO DFe, and the
corresponding anomalies. All Si:P parameterizations show roughly the same-base state 𝛿30Sised distribu-
tion but when iron is added to the Southern Ocean, the sediment isotope response is very different for the
different Si:P parameterizations. The pattern of 𝛿30Sised is roughly anticorrelated with the pattern of the frac-
tional change in the euphotic Si(OH)4 concentration, which plays a role in shaping the fractional diatom
abundance through the Si Monod factor of diatom growth (see Figure 9). The fertilized HYPR case with its
increased Southern Ocean silicon trapping produces isotopically heavier opal flux in the Southern Ocean,
while the EXP1 case with its increased silicic acid leakage shows isotopically lighter opal fluxes throughout,
with the greatest decreases in 𝛿30Sised where the largest relative changes in euphotic-zone silicic acid occur.
The EXP2 case has a similar 𝛿30Sised pattern as EXP1, but with a reduced amplitude consistent with reduced
anomalies in euphotic-zone silicic acid concentration and diatom fraction.

Figure 12 shows the systematic dependence of the zonally averaged 𝛿30Sised anomaly on fertilization ampli-
tude. For the HYPR case, the sediments south of ∼40◦S become progressively heavier with fertilization,
saturating at an anomaly of about +0.3‰ around 50◦S. Elsewhere, the sediments of the HYPR case become
isotopically lighter with greatest anomalies in the subtropical gyres where the anomalies reach about−0.4‰
at the highest perturbation amplitude. For the EXP1 case, the subantarctic sediments become isotopically
lighter, as does the rest of the ocean. The EXP1 𝛿30Sised anomalies saturate for SO DFe ≳0.35 nM, with the
largest zonal-mean anomalies of about −1.0‰ at 40◦S and of about −0.7‰ in the Northern Hemisphere
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Figure 12. Anomalies in the zonally averaged 𝛿30Si of the opal flux onto the sediments as a function of SO DFe. The
unperturbed base-state zonal averages are shown as line plots.

subtropics. The EXP2 case is similar to HYPR for SO DFe ≲0.3 nM but then behaves like EXP1 with further
increasing SO DFe.

5. Discussion and Conclusions
We used a data-constrained model of the global coupled Si-P-Fe cycles in the modern ocean to explore the
impact of differences in diatom physiology on the response to idealized Southern Ocean iron fertilization.
Diatom physiology was parameterized in terms of the iron dependence of the Si:P uptake ratio RSi:P and the
diatom growth rate UP

dia. For conceptual simplicity, we considered two cases where RSi:P has exponential DFe
dependence (EXP1 and EXP2) as well as the original RSi:P with hyperbolic DFe dependence (HYPR) used by
Pasquier and Holzer (2017). With optimized parameters, all three cases have very similar unperturbed base
states that match the observed nutrient climatology equally well.

The numerical efficiency of our model allowed us to systematically map out the steady-state nutrient
cycles as a function of iron fertilization amplitude. The EXP1 case increased silicic acid leakage even for
small-amplitude perturbations, while the EXP2 case increased leakage only for SO DFe ≳0.3 nM. In the
HYPR case, RSi:P does not decrease sharply enough with increasing DFe to overwhelm fertilized diatom
growth and enhance silicic acid leakage regardless of perturbation amplitude.
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In the literature, silicic acid leakage is typically discussed by comparing the Si:N uptake ratio to the Si:N ratio
of the nutrients supplied by the ambient water (e.g., Brzezinski et al., 2002), suggesting that for leakage to
strengthen, iron fertilization should drive down the Si:N uptake ratio to match the Si:N supply ratio. How-
ever, strengthened silicic acid leakage can occur well before this condition is achieved—all that is necessary
is that iron fertilization leads to a fractional decrease in RSi:P that exceeds the fractional increase in diatom
growth, UP

dia. The competing changes in RSi:P and UP
dia that occur for a given level of fertilization depend on

the iron dependence of both factors.

In the formulation of Pasquier and Holzer (2017), the specific diatom growth rate 𝜇dia (the growth rate
per unit of utilized phosphorus, an inverse time) is equal to the specific mortality rate in steady state and
depends linearly on the diatom concentration pdia. Because the diatom growth rate UP

dia = pdia 𝜇dia (mol P
per unit volume per unit time), UP

dia is quadratic in the light and nutrient limitation terms FI,dia and FN,dia
as in equation (1). One could argue for a different dependence of the specific mortalilty rate, and hence
of 𝜇dia, on pdia. For example, Dunne et al. (2005) chose the specific mortality rate of their large class to be
proportional to p𝛼

dia, and Galbraith et al. (2010) take 𝛼 = 1∕3 for numerical convenience (in our formulation,
𝛼 = 1). Choosing 𝛼 ≠ 1 results in UP

dia being proportional to (FI,dia FN,dia)a, where a = 1 + 1∕𝛼. For a given
functional form of RSi:P, these details merely change the threshold for leakage. Specifically, for exponential
RSi:P and macronutrient-replete conditions, the factor of 𝜒Fe∕2 in the threshold e-folding DFe concentration
𝜒0 of equation (7) becomes 𝜒Fe∕a. Thus, for a > 2 (i.e., 𝛼 < 1) there would be increased sensitivity of silicic
acid leakage to changing DFe compared to the case of a = 2 considered here.

Interestingly, in iron-limited regions such as the Southern Ocean, the leakage threshold is relatively insen-
sitive to the iron half-saturation constant kFe of diatoms. This is because under iron-limited conditions
(𝜒Fe ≪ kFe), the iron Monod term is in its linear regime so that the fractional change in diatom growth,
𝛿UP

dia∕UP
dia due to changes in iron concentration 𝜒Fe is independent of kFe. This is reflected in expression (7)

of the threshold e-folding concentration 𝜒0, where kFe enters through the (1 + 𝜒Fe∕kFe) correction term.

In principle the light-limitation term FI,c also has explicit DFe dependence that could influence the detailed
response to iron fertilization. Here we parameterized FI,c as a simple Monod factor in the irradiance with
a half-saturation constant that does not depend on DFe. More detailed parameterizations (e.g., Galbraith
et al., 2010) include empirical DFe dependences in the light-limitation parameters. However, in these more
complicated schemes, the overall dependence of growth rate on irradiance, DFe, and macronutrients is sim-
ilar to the one employed here. While FI,c with explicit DFe dependence would modify the numerical value
of the threshold e-folding scale 𝜒0 required for leakage, this would very likely be a second-order effect, and
it would have no bearing on the simple mechanism of competition between RSi:P and UP

dia.

We have quantified the strength of silicic acid leakage using the Southern Ocean trapping efficiency, which
for the most strongly leaking EXP1 case at the highest perturbation amplitude is reduced to ∼32% from an
unperturbed value of ∼43%. For all Si:P cases, the phosphate trapping efficiency increases to ∼38% at the
highest perturbation amplitude from an unperturbed value of ∼26%. The corresponding decreases in opal
export and increases in phosphorus export are reflected in a decrease of the silicon pump efficiency from 65%
to 55%, and in an increase of the usual biological (phosphorus) pump efficiency from roughly 43% to 52%. In
all cases, RSi:P decreases with increasing iron fertilization, leading to more efficient phosphorus export per
mole of biogenic silica, thus increasing the diatom fraction of the global phosphorus export.

In response to enhanced silicic acid leakage at the highest fertilization rate (SO DFe ∼0.5 nM), surface
Si(OH)4 increases in the Southern Ocean by roughly 15–20 μM, in the Atlantic and Indian Ocean by 5–10 μM,
and in the Pacific subtropical gyres by less than ∼0.5 μM. These increases are sufficient to drive the silicic
acid Monod factor of diatom growth above 0.5 everywhere except in the Pacific subtropical gyres. At this
fertilization rate, colimitation with silicic acid is replaced by phosphate limitation or phosphate-iron colim-
itation in the Atlantic and Indian Oceans, and the silicic acid colimited regions of the Pacific subtropical
gyres contract at their poleward and equatorial flanks.

The biomass response of all phytoplankton classes is largest in the Southern Ocean, with zonal-mean
increases between roughly 50% and 70% at SO DFe ∼0.5 nM, regardless of Si:P parameterization. For
diatoms, the Southern Ocean biomass response dominates, and low-latitude increases driven by silicic acid
leakage are an order of magnitude smaller. For the pico and nano phytoplankton classes, the low-latitude
zonal-mean biomasses decrease by 10% to 30% for all Si:P cases in response to increased Southern Ocean
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phosphate trapping. Shifts in community composition are largest in the subtropics, where silicic acid leakage
and increased phosphate trapping drive order-0.1 increases in the diatom fraction. In the Pacific, these

Figure 13. Summary of the key responses to Southern Ocean iron
fertilization for SO DFe = 0.5 nM and the three Si:P cases considered
(HYPR, EXP2, and EXP1, ordered from strongest silicic acid trapping to
strongest leakage). Responses are shown as anomalies in the global
phosphorus export ΦP (converted to carbon units using C:P = 106:1), the
global phosphorus export due to diatoms ΦP, dia, the global opal export ΦSi,
and the 𝛿30Si value of the opal flux onto the sediments averaged over the
Southern Ocean (SO) and its global complement (north of Southern Ocean,
NOSO). The anomalies of the diatom P and Si exports are partitioned into
their SO and NOSO components, ΦSO and ΦNOSO. The percentages
indicate the anomalies in the fractional contributions to the global exports
from the SO and NOSO, that is, Δ(ΦSO

P, dia∕ΦP) and Δ(ΦNOSO
P, dia ∕ΦP) as well as

Δ(ΦSO
Si ∕ΦSi) and Δ(ΦNOSO

Si ∕ΦSi).

floristic shifts are driven primarily by increased diatom biomass; else-
where attenuation of the nondiatom classes plays an equally important
or dominant role.

Figure 13 summarizes our key findings and illustrates them for the largest
iron fertilization rate explored (SO DFe ∼ 0.5 nM). At this level of fer-
tilization, global organic matter export increases by about 3 Pg C/yr
regardless of the RSi:P parameterization. The absolute percent contribu-
tion of diatoms to the global carbon export increases by 7% to 12%, with
diatoms accounting for 47% to 59% of the total carbon export across the
three Si:P cases (cf. Figure 8b). For EXP2 and the most strongly leak-
ing EXP1 case, the increased diatom carbon export utilizes so much
less of the available silicic acid that the global opal export drops by 15
and 27 Tmol Si/yr, respectively. For the HYPR case, fertilized diatom
growth wins over reduced silicon requirement causing reduced silicic
acid leakage and low-latitude opal export while Southern Ocean opal
export increases for an overall global increase of 9.7 Tmol Si/yr.

Even with strengthened silicic acid leakage, the Southern Ocean dom-
inates the response to Southern Ocean iron fertilization. Although the
increased supply of silicic acid to low latitudes relieves Si colimita-
tion over large regions and drives a subtropical floristic shift in favor
of diatoms, the concurrently increased phosphate deficiency due to
strengthened Southern Ocean phosphorus trapping and the remaining
iron limitation north of the Southern Ocean (NOSO) limit the export
response by diatoms. The NOSO organic matter export by diatoms barely
responds to Southern Ocean iron fertilization so that the NOSO fraction
of the global phosphorus export actually decreases by ∼5% (Figure 13).
However, increased silicic acid supply to low latitudes does increase the
low-latitude opal export in spite of the overall Southern Ocean driven
decrease in global opal export. At the highest fertilization rate and for the
strongest silicic acid leakage (EXP1), the low latitudes export an addi-
tional ∼10 Tmol Si/yr, which corresponds to a 14% increase in the NOSO
fraction of the global opal export.

Differences in the DFe dependence of RSi:P impart distinct responses to
the 𝛿30Si isotope signature of the opal flux. Strengthened silicic acid leak-
age (EXP1 and EXP2) extracts the heavier Si isotopes from the Southern
Ocean in the form of preformed silicic acid (Holzer & Brzezinski, 2015),
resulting in isotopically lighter opal flux throughout most of the oceans.
By contrast, the increased Southern Ocean silicic acid trapping of the
HYPR case produces isotopically heavier opal sediments in the Southern
Ocean and lighter sediments elsewhere. As a result, the 𝛿30Si anomaly of
the opal flux averaged over the Southern Ocean correlates with the global
opal export anomaly.

Finally, we used the same data-assimilated modern ocean circulation model throughout, precluding quan-
titative comparisons with the paleo record. Nevertheless, it is interesting to note that measurements of
sediment cores from the Southern Ocean (Beucher et al., 2007; De La Rocha et al., 1998; Horn et al., 2011;
Robinson et al., 2014) consistently show lower 𝛿30Si during glacial periods, when iron inputs were pre-
sumably higher than during the Holocene (Andersen et al., 1998; Mahowald et al., 1999). This is broadly
consistent with the 𝛿30Si response of the Si:P cases for which iron fertilization drives enhanced silicic acid
leakage. Thus, while the available field and laboratory data for the Si:N uptake ratio has too much scatter
to single out one of the parameterizations as being the most realistic, and all three Si:P parameterizations
allow equally good fits to the current nutrient climatologies, the 𝛿30Si response argues that the EXP1 and
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Figure A1. The euphotic-zone DFe concentration averaged over the Southern Ocean (south of 42◦S) as a function of
the strength of the additional Southern Ocean iron source.

Figure A2. Zonally averaged euphotic-zone DFe concentrations as a function of SO DFe. The contoured plots are the
anomalies from the base state shown in the line plots to the right.
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EXP2 cases are more realistic that the HYPR case. Our results underscore the importance of constraining the
iron dependence of the diatom Si:N uptake ratio, and of accurately representing this dependence in ocean
biogeochemical models, not only to assess the SALH but also to predict the future response of ocean produc-
tivity to changes in iron cycling (e.g., Moore et al., 2018). In future work, we plan to investigate the role of
circulation changes (e.g., Crosta et al., 2007) in controlling silicic acid leakage and its Si isotopic signature.

Appendix A: Surface DFe Response to Iron Fertilization
Figure A1 shows SO DFe, defined as the DFe concentration averaged over the Southern Ocean euphotic
zone (upper 73 m south of 42◦S), as a function of the rate with which additional iron is dissolved uniformly
in the Southern Ocean surface layer. The response of the DFe field to iron fertilization is nearly identical for
all three Si:P parameterizations. The zonally averaged euphotic-zone DFe anomaly as a function of SO DFe
is plotted in Figure A2. DFe in the euphotic zone increases most in the Southern Ocean but the response
extends well into the Northern Hemisphere (NH) where the largest increases occur in the North Atlantic
subtropical gyre. All three Si:P cases have a very similar response, although the NH DFe anomaly is larger
for EXP1 and EXP2 than for HYPR.

Appendix B: Iron Dependence of Si:P Uptake Ratio Compared to Observations
Field and laboratory data for the Si:N uptake ratio of diatoms are plotted in Figure B1. The field data from
Hutchins and Bruland (1998) (blue symbols) and Franck et al. (2000) (black symbols) were obtained from
incubations of seawater samples, taken from California and Southern Ocean waters, respectively, and hence
represent community uptake. The data from Timmermans et al. (2004) (red symbols) is from laboratory

Figure B1. Observed Si:N uptake ratio as a function of dissolved iron concentration compared to our three model
parameterizations of the Si:P uptake ratio converted to Si:N using N:P = 11:1. The black symbols are field data from
Franck et al. (2000) (also reported by Brzezinski et al., 2002, with an additional data point), the red data are
species-specific depletion ratios as reported by Timmermans et al. (2004), and the blue data are from the study by
Hutchins and Bruland (1998). (The horizontal blue lines indicate the reported uncertainty in the DFe concentration.)
The model curves are plotted for silicic acid-replete conditions. Note the change in DFe scale for [DFe]>3 nM.
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cultures of four specific diatom species grown in filtered seawater collected in the Southern Ocean. For com-
parison with our parameterizations of the Si:P uptake ratio, the field data would ideally represent community
uptake ratios of diatoms only. However, the nitrate uptake of the field data is due to all phytoplankton in
the sample and the Si:N uptake ratio could thus be underestimated because of nondiatom nitrate uptake, or
perhaps even overestimated if some of the diatom nitrate requirement is provided by ammonium uptake,
which was not measured. The species-specific data of Timmermans et al. (2004) shows considerable vari-
ation among different diatom species and it is unclear how to average them to get an Si:N uptake ratio
representative of the diatom communities present in seawater.

The model curves (Si:P converted with N:P = 11:1) match the iron-replete limit ([DFe] ≳1 nM) reasonably
well, though there is a great deal of scatter even in this limit. Arguably, the EXP1 curve matches the field
data (blue and black symbols) at the lowest measured DFe concentrations best. The HYPR curve is closest
to the Actinocyclus and Thalassiosira culture data. In the absence of other information (e.g., the Si isotope
response to iron fertilization considered here) it would be difficult to choose any of our Si:P uptake ratios as
being the most realistic. We emphasize that none of the model curves were formally fit to any of these data,
but were selected based on theoretical considerations as described in section 3.

Appendix C: Diatom Nutrient Limitation Patterns
Figure C1 shows the nutrient limitation patterns of diatoms in the unperturbed states and in the
iron-fertilized states corresponding to SO DFe ∼0.5nM. These patterns are defined following Pasquier and
Holzer (2017) in terms of the nutrient concentration 𝜒n (for nutrient n) relative to the half-saturation con-
stant kn,c of the nutrient for phytoplankton class c: We deem nutrient n to be limiting class c if 𝜒n∕kn,c < 1∕2.
Because we have three nutrients, we can define limitation in terms of an RGB color (DP

c ,DSi
c ,DFe

c ), where
the Dn

c ≡ 1 − 𝜒n∕(𝜒n + kn,c) is the deficiency of class c in nutrient n. Because the continuous colors make it

Figure C1. Maps of the nutrient limitation patterns for the unperturbed base states (left) and for the Southern Ocean
iron-fertilized states at SO DFe ∼0.5 nM (right). The colors are defined as described in Appendix C and indicate the
following: red is Fe limitation, blue is P limitation, green is Si limitation, magenta is Fe-P colimitation, cyan is Si-P
colimitation, and yellow is Fe-Si colimitation. Black indicates repleteness in all three nutrients, and white indicates
deficiency in all three nutrients.
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difficult to discern patterns, we use discretized colors (LP
c ,LSi

c ,LFe
c ), where Ln

c = 1 if Dn
c > 1∕2 (equivalently

𝜒n∕kn,c < 1∕2), and Ln
c = 0 otherwise. Thus, with only a single nutrient falling below the half-saturation

constant, red (1, 0, 0) is iron limitation, green (0, 1, 0) is Si limitation, and blue (0, 0, 1) is P limitation. If
two nutrients fall below half saturation, magenta (1, 0, 1) indicates Fe-P colimitation, yellow (1, 1, 0) indi-
cates Fe-Si colimitation, and cyan (0, 1, 1) indicates Si-P colimitation. If none of the nutrients fall below
half-saturation, we obtain black (0, 0, 0), and if all nutrients fall below half-saturation, we obtain white
(1, 1, 1).
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