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Nitrogen (N) fixation by diazotrophic plankton is the primary
source of this crucial nutrient to the ocean, but the factors limiting
its rate and distribution are controversial. According to one view,
the ecological niche of diazotrophs is primarily controlled by the
ocean through internally generated N deficits that suppress the
growth of their competitors. A second view posits an overriding
limit from the atmosphere, which restricts diazotrophs to regions
where dust deposition satisfies their high iron (Fe) requirement,
thus separating N sources from sinks at a global scale. Here we use
multiple geochemical signatures of N, fixation to show that the Fe
limitation of diazotrophs is strong enough to modulate the re-
gional distribution of N, fixation within ocean basins—particularly
the Fe-poor Pacific—but not strong enough to influence its parti-
tion between basins, which is instead governed by rates of N loss.
This scale-dependent limitation of N, fixation reconciles local obser-
vations of Fe stress in diazotroph communities with an inferred
spatial coupling of N sources and sinks. Within this regime of
intermediate Fe control, the oceanic N reservoir would respond
only weakly to enhanced dust fluxes during glacial climates, but
strongly to the reduced fluxes hypothesized under anthropogenic
climate warming.

iological N, fixation replenishes the oceanic N reservoir,

which is continually depleted by bacterial denitrification,
maintaining the productivity of the ocean and its biological
storage of carbon. The growth of N,-fixing phytoplankton is
influenced by myriad environmental conditions (1), but two are
considered most important. First, a deficit of nitrate (NO3) in
upwelling deep water is thought to favor diazotrophs by inhib-
iting their faster-growing competitors, who leave behind residual
phosphate (PO;~) (2, 3). Second, an abundant supply of trace
metals—particularly Fe—that form cofactors to the nitrogenase
enzyme is thought to be critical in sustaining rates of N fixation
(4). These two sensitivities are not mutually exclusive, but the
relative importance of Fe versus N deficits in the ecological niche
of diazotrophs leads to distinctly different predictions for both
the spatial pattern of N, fixation and its response to changes in
climate (5).

If a scarcity of NOj is sufficient to ensure favorable conditions
for diazaotroph growth, then N, fixation should be concentrated
in the Pacific Ocean (6), where recently denitrified waters upwell
to the surface bearing the largest NOj3 deficits. In the absence
of other limiting factors, N, fixation would compensate the N
losses close to their origin, and would change in step with de-
nitrification rates but not respond to changing Fe deposition. In
contrast, a strong Fe dependence would produce larger N, fix-
ation rates in the Atlantic and Indian basins, where windblown
dust provides a major conduit for Fe into the upper ocean (7, 8).
In this case, diazotroph growth would respond slowly to climatic
fluctuations of denitrification in the distant anoxic zones of the
Pacific, allowing more persistent imbalances in the N budget and
larger fluctuations in the N reservoir (9). Furthermore, cool, dustier
climate regimes would promote N, fixation and carbon storage,
initiating a positive feedback on global climate that provides a
potential driving mechanism for Pleistocene glacial—interglacial
transitions (4, 10, 11). This Fe-centric view is supported by the
abundance of the important diazotroph Trichodesmium in the
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tropical Atlantic Ocean (9, 12), and the global maximum of
“excess” NO3 observed in the underlying thermocline that has
been attributed to remineralization of N-rich diazotrophs (13).

Direct observations of N, fixation rates are still too sparse to
determine the relative importance of these factors, especially in
light of systematic underestimates (14) particularly in unicellular
cyanobacteria that dominate the diazotrophic community in the
Pacific (15, 16). While observations support a role for both Fe
inputs and N losses in regulating marine N, fixation (9, 17), the
temporal and spatial scales at which they are expressed are
poorly understood.

We used an ocean model combined with observed geochemical
quantities to constrain the relative influence of Fe and N deficits
on rates and patterns of N, fixation (see Materials and Methods, SI
Materials and Methods, and Table S1). Modeled cycles of P, N,
and Fe are coupled through a simple planktonic ecosystem (18)
embedded in a dynamically and observationally constrained
ocean General Circulation Model (19). Nutrients are assimilated
by two groups of phytoplankton: nondiazotrophic plankton with
elemental requirements defined by the ratios Ro (N:P) and Qo
(Fe:P), and diazotrophs that assimilate P and Fe in the ratio Qg
(Fe:P) and introduce new NOJ fixed from N,. The growth rate
of nondiazotrophic plankton is reduced when N is scarce,
a condition arising from denitrification in anoxic waters and
sediments. The rates and distributions of denitrification are
prescribed using tracer-based estimates and their uncertainties
from inverse models (Fig. S1) (20, 21). This minimizes the errors
in geochemical tracer distributions influenced by N loss, allow-
ing those data to constrain N, fixation. Diazotroph growth is
not susceptible to N limitation but depends on the supply of
Fe (both from the atmosphere and deep ocean) per unit of P.
The Fe supply is predicted in a model that includes deposition,
complexation, and scavenging (22), and reproduces observed pat-
terns of Fe (Fig. S2). Distributions of N, fixation and associated
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geochemical tracers are analyzed after the model N and Fe bud-
gets have reached a close balance.

We manipulated the strength of Fe limitation of model diaz-
otrophs by varying their Fe quota (Qg) over the interval 1 <
Qr/Qo < 50 (Qo is constant), which brackets most labora-
tory observations (see refs. 23-25). The changing patterns of N,
fixation produced by raising Qp/Qo reveal three distinct Fe
limitation regimes (Fig. 1). When diazotrophs have similar Fe
requirements to other phytoplankton (Qg/Qo < 5, regime 1),
they grow successfully in any region with N deficits strong
enough to overcome their slower intrinsic growth rate. N, fixa-
tion is concentrated where denitrified waters are brought to the
surface and first reach oligotrophic habitats, and its partition
between ocean basins closely resembles that of denitrification,
with the Pacific contributing ~60%. Within the Pacific, N,
fixation is focused toward the eastern and equatorial gyre
margins, where strongly N-deficient waters upwell from sub-
oxic zones (Fig. 1 and Fig. S34).

As the Fe requirement for diazotrophs rises (5 < Qr/Qo < 25;
regime 2), the distribution of N, fixation within the Pacific
Ocean undergoes major reorganization. Diazotrophs are dis-
placed from the Fe-poor eastern margin, and relocated westward
within the subtropical gyres, where they are better fueled by dust
from the East Asian and Australian continents. The proportion
of total Pacific N, fixation found east of 160°W decreases from
~70% to ~40% over this regime, but the basin-scale rates remain
relatively constant (Fig. 1 and Fig. S3B). At even higher Fe
quotas (Qp/Qp > 25, regime 3), the Fe demand of diazotrophs
cannot be met in the western Pacific either, and N, fixation shifts
out of the Pacific basin and into the Indian and tropical Atlantic
oceans where Fe is more abundant. Its interbasin partition
diverges from that of N losses and begins to resemble the distri-
bution of atmospheric Fe inputs as Qr/Qo approaches 50 (Fig. 1
and Fig. S30).

The large-scale shifts in diazotrophic habitat induced by
varying Fe limitation are associated with detectable changes in
several geochemical quantities. These predictions can be tested
against established data to determine the regime in which the
modern ocean lies.

The most direct diagnostic of a basin-wide rate of N fixation
is the degree to which it compensates basin-scale N losses. Under
the weak to intermediate Fe limitation of regimes 1 and 2, N,

fixation is able to closely balance denitrification to within +5
TgN/y in the Fe-poor Pacific Ocean (Fig. 24). In response to the
strong Fe limitation of regime 3, N, fixation in the basin falls
short of denitrification, with imbalances exceeding 20 TgN/y at
Qg/Qo > 30 and approaching 50 TgN/y in the most Fe-limited
scenarios. The difference between biological sources and sinks
of N is balanced by a net export of N-deficient water from the-
basin, closing the Pacific N budget (Fig. 24). The transport
of a nitrate deficit into or out of the Pacific Ocean can be
directly constrained from observations by estimating the phys-
ical convergence of observed N* (N*=[NOj3] — 16[PO;"]) across
its boundaries (26) in an ocean circulation model, while propagat-
ing uncertainties in the nutrient observations. A suite of 10,000
Monte Carlo calculations yields a transport convergence of just
1.3 + 14.7 TgN*/y into the Pacific, indicating a close balance
between denitrification and N, fixation in the basin. This value is
consistent across three data-constrained circulation models (Fig.
S4), and is compatible only with the low and intermediate Fe
limitation regimes (Fig. 24).

N, fixation leaves well-known regional signatures in the nu-
trient stoichiometry of the surface ocean, where diazotroph
growth consumes excess PO;~(or P*=[PO; ] — [NO3]/16) (6),
and in the underlying thermocline, where the remineralization of
their N-rich organic matter (27) releases an excess of NOj rel-
ative to PO3~ (N*) (13). Both quantities reveal striking differ-
ences between a Fe-rich basin with little denitrification (North
Atlantic), and a Fe-poor basin with large denitrification zones
(North Pacific, Fig. S5). For a given denitrification rate, these
tracer differences predominantly reflect the spatially and tem-
porally integrated rates of N, fixation, making them a strong
constraint on its distribution.

When N, fixation is weakly constrained by Fe (regime 1),
excess PO; is fully consumed by diazotrophs in all oligotro-
phic waters, so simulated surface P* is close to zero in both the
North Atlantic and North Pacific Subtropical Gyres (NASG
and NPSG, respectively). Its mean difference between gyres
(AP* =P{psg — Paasgs see SI Materials and Methods for gyre
definitions) is ~0 pM, lower than the observed value of 0.09 +
0.04 uM (Fig. 2B) computed from a monthly nutrient climatology
(28). As Qp/Qg increases through regime 2, P* begins to accu-
mulate in the eastern NPSG, fueling diazotroph growth down-
stream in the central and western gyre. Its basin-scale difference
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Fig. 1. Distribution of simulated N, fixation (Right) and its environmental stimuli (Left). Basin-integrated rates are given as a fraction of the global total. N
losses comprise water column and benthic denitrification, which are prescribed using data-constrained estimates from inverse models (20, 21); Fe inputs to the
surface ocean are based on dust deposition rates predicted in an atmospheric model (7). The N, fixation distribution varies as diazotroph Fe requirements (Qg)
are raised relative to the fixed Fe requirement of other plankton (Qo). Bar heights and error bars represent average and SD across four model scenarios with
different global rates of benthic denitrification (100, 140, 180, and 220 TgN/y), which bracket the observationally constrained range; The contribution of
the Pacific to each process is divided between western and eastern portions, separated along 160°W.
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Fig. 2. Geochemical constraints on Fe limitation regime of the modern
ocean. Simulated quantities from model Fe limitation scenarios are com-
pared with observations (blue bars). (A) N budget of the Pacific Ocean: the
basin-scale difference between N, fixation and denitrification (green dots) is
balanced by a transport convergence of N* into the basin (red dots). Ob-
servational constraint applies to transport component, showing mean and
SD of 10,000 Monte Carlo calculations of observed N* convergence into the
Pacific (Fig. S4). (B) Difference in surface P* (PO}~ —[NO3]/16) and (C) dif-
ference in thermocline N*(|NO3] - 16[PO;"]) between North Pacific and
North Atlantic Subtropical Gyres (AP* =PRpsg — Pase; AN* =NyasG— Nipsa)-
Observed values are computed from World Ocean Atlas 2009 annual mean
climatology with error envelopes representing SD between months in
the monthly climatology. Arrow on B indicates observed P* difference
between HOT and BATS locations. In all panels, simulated values and error
envelopes represent mean and SD of four benthic denitrification scenarios
for each Q¢/Qo.

reaches agreement with observations in the range 15 < Qg/Qp <
25. Once Fe scarcity precludes complete P* utilization even in
the western Pacific (regime 3), it accumulates rapidly in the
NPSG and simulated AP* diverges sharply from observations.
A similar result is obtained when comparing surface P* at the
Hawaii Ocean Timeseries (HOT) and Bermuda Atlantic Time
Series (BATYS) sites, where nutrients have been measured with
greater analytical precision for more than two decades. The
observed difference between those locations (Pyjor — Phars) of
0.06 + 0.04 uM is most compatible with regime 2 simulations,
with Qr/Qo ~ 20 (Fig. 2B). The interbasin difference in ther-
mocline N* (AN* =N} x56 — Nxpsg) exhibits similar behavior to
AP* as Qg/Qo is raised. It increases gradually through regime
2 as N deficits accumulate in the eastern Pacific thermocline,
then sharply through regime 3, departing significantly from
observations at Qr/Qo > 30 (Fig. 2C).

Weber and Deutsch

The stoichiometric differences between Atlantic and Pacific
basins, from surface and thermocline waters, therefore point to
the intermediate Fe limitation regime (regime 2) as most rep-
resentative of the modern ocean. While regime 1 appears less
likely, it cannot be excluded altogether due to the uncertainty
and variability in nutrient observations, and limited spatial and
temporal resolution of the physical ocean model we use (19).

The Fe-induced shifts in diazotroph habitat also alter large-
scale patterns of organic matter export, and may therefore
change the relative size of major suboxic zones undergoing de-
nitrification. In simulations that account for the coupling of O,
and N cycles, using prognostic rather than prescribed de-
nitrification rates (see SI Materials and Methods), the partition
of N losses between basins provides an additional constraint on
Fe limitation regimes. As Qg/Qg is raised, diazotroph commu-
nities become increasingly separated from the low-O, waters of
the eastern Pacific, and eventually relocate toward correspond-
ing waters in the Indian Ocean, where high Fe flux and anoxia
coexist (Fig. 1). The accompanying shift in subsurface respiration
from the Pacific to Indian Ocean reduces the fraction of global
water column denitrification that occurs in the Pacific Ocean
(Wpae) from ~90% at Qp/Qo = 1 to ~40% at Qp/Qp = 50 (Fig.
3). Under strong Fe limitation, the distribution of N losses as
well as inputs should therefore reflect the atmospheric Fe supply,
but this is not supported by observations. Consistent with pre-
vious constraints, Wp,. matches a tracer-based estimate of 75 +
6% (20) most closely in regime 2 (Fig. 3).

In summary, the intrabasin reorganization of N, fixation as-
sociated with an intermediate degree of diazotroph Fe limitation
(regime 2) brings model predictions into closest agreement with
all observational constraints. In contrast, the interbasin shifts
accompanying the transition to regime 3, representing strong and
widespread Fe limitation, lead to a rapid violation of those
constraints. These results are further supported by N isotope
distributions (Fig. S64) and the global N inventory (Fig. S6B),
and are robust against other factors that influence diazotroph
growth (Fig. S7) and Fe limitation (Fig. S8).

Within regime 2, the factors limiting local diazotroph growth
vary between ocean basins. N; fixation is locally limited by POZ‘
throughout most of the Atlantic and Indian oceans, as indicated by
low resource limitation factors (y) for P relative to Fe (yr./yp > 1,
Fig. 44) (29). In these regions, diazotrophs can obtain sufficient
Fe to completely use the excess PO;~ in upwelling water, either
because atmospheric Fe inputs are large or because subsurface
P* is scarce due to low NO3 removal. In contrast, diazotroph

100
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40 [ =@ Simulated (+/- inter-model s.d.)
----- Inverse model (DeVries et al, 2012)

20 ‘ ‘ ;
1 10 20 30 40 50

Q./Q,

Fig. 3. Additional constraint on Fe limitation regime from model with explicit
O, cycle. Water-column denitrification is simulated prognostically, and the
fraction occurring in the Pacific Ocean (Wp,) declines as Fe limitation of
diazotrophs gets stronger. Simulated values represent mean and SD of four
simulations with different transport models and dissolved organic
matter parameterizations; observational constraint is from an inverse
model that optimally matched global data for N deficits, NO3 isotope ratios,
and excess N, gas in subsurface waters (20).
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Fig. 4. Local and basin-scale limitation of N, fixation rates under modern-ocean conditions (Q¢/Qo = 20). (A) Comparison of nutrient limitation factors for
model diazotrophs: yr = Fe/(Fe + Kre), y»=PO;™/(PO;™ +Kp), Where Kre and Kp are half-saturation constants for diazotroph growth on Fe and POi‘, re-
spectively. Values of yre/yp separate regions where diazotrophs are Fe-limited (yee/yr < 1) and POi‘—Iimited (Yrelyp > 1). (B) Change in column-integrated N,

fixation 30 y after the atmospheric Fe supply is raised by 1 g m—2 y~’

across the Pacific to eliminate Fe limitation. Regions in which N, fixation is raised

(positive) are almost exactly offset by those where it is lowered (negative), yielding a net increase less than 10 TgN/y (Fig. S9).

communities in much of the low-latitude Pacific Ocean are sub-
ject to intensive Fe limitation (yge/yp < 1, Fig. 44), and experience
P limitation only at the poleward and western margins of the
subtropical gyres. Across vast areas of the troplcs and eastern
subtropics, N, fixation is inhibited or excluded in high-PO;~
surface waters of the Pacific due to Fe scarcity, which results
from low dust deposition rates and the upwelling of old waters
with a long history of Fe scavenging. In these regions, small-scale
Fe additions can promote local diazotroph blooms and enhanced
carbon drawdown.

The regulation of N, fixation by Fe does not translate to larger
spatial scales, however. If limited by Fe inputs rather than N
deficits, the integrated fixation rate of the Pacific Ocean could be
permanently raised by widespread Fe fertilization, even while N
loss rates are held constant. In regime 2, an enhanced basin-
wide Fe supply stimulates N, fixation in the strongly Fe-lim-
ited eastern and equatorial Pacific (Fig. 4B), but diazotroph
growth along these margins strips excess PO;~ from waters that
flow westward across the basin and feed into the subtropics.
Consequently, diazotroph communities that were fueled by
downstream PO;~ transport become starved of this nutrient,
suppressing N fixation throughout much of the subtropical gyres
(Fig. 4B). A few decades after the onset of Fe fertilization,

A N reservoir (%)

modern
-25 ocean

(Fig. 2)

10 20 30 40 50
Q./Q,

reduced fixation in those downstream environments offsets the
regional gains from fertilization (Fig. S9), reaching a new steady
state in which basin-integrated N, fixation is just 5% greater than
its initial rate. Thus, in regime 2, Fe limitation does not prevent
diazotrophs from fully compensating the upwelling N deficit in
the Pacific Ocean, it simply dictates where within the basin this
compensation occurs. The N; fixation rate of the whole Pacific is
governed by the production of N deficits through denitrification,
yielding a close balance between biological sources and sinks of
N at the basin scale (Fig. 24).

Taken together, our results reconcile direct observations of Fe
limitation of diazotroph growth in the Pacific (30, 31) with
geochemical evidence for a spatial coupling of N sources and
sinks (6). The key distinction is that Fe limitation operates at
the scale of plankton communities and even over larger bio-
geographical provinces, but does not control the partition of N,
fixation between ocean basins, which instead reflects the distri-
bution of N loss rates. Although local-scale Fe limitation is
confined to the Pacific Ocean in regime 2 of our model (Fig. 44
and Fig. S3B), it might extend to other ocean basins if systematic
differences in Fe sources and utilization exist between basins.
Direct observations support regional Fe control of N, fixation
rates in the Atlantic Ocean (17), potentially indicating a lower

vy

20

T
warming ! cooling
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A N reservoir (%)

—@— prescribed denit.

— -@- - prognostic denit.
7,,*{ glacial Fe distribution
-60
2 3 4 5

Fe source (x modern)

Fig. 5. Sensitivity of the ocean N reservoir to climate forcing. (A) Change in steady-state N reservoir following a prescribed doubling of global water-column
denitrification (denit), as a function of diazotroph Fe limitation regimes. Blue band indicates the range of Q¢/Qo allowed by modern-ocean constraints (Fig. 2).
(B) Change in N reservoir induced by altering Fe inputs to the ocean for Q¢/Qo = 20, in models with prescribed and prognostic denitrification rates. Glacial
simulations use dust deposition fluxes predicted for the Last Glacial Maximum (7); others scale the modern distribution by a constant factor. For cases with
prescribed denitrification in A and B, the mean and SD of four simulations with differing benthic denitrification rates are given.
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solubility of windblown dust in that basin, or a higher Fe re-
quirement of its dominant diazotroph group Trichodesmium
sp., relative to the unicellular groups that dominate the Pacific
(12, 32).

The existence of strong negative feedbacks that regulate the N
reservoir has been assumed to require a very close proximity of
diazotroph habitats to N removal sites. We tested this assump-
tion by simulating the response of N, fixation to the climatically
forced variations of water-column denitrification inferred over
both glacial and modern periods (33, 34). Within the interme-
diate regime of Fe control implied by observational constraints,
an instantaneous doubling of denitrification in suboxic zones is
counteracted fast enough by N, fixation to limit oceanic N loss
to <10% of its current reservoir, before a new steady state is
reached (Fig. 54). Basin-scale coupling of N sources and sinks
is sufficient to produce a strong stabilizing feedback, because
new N deficits generated by enhanced denitrification in the
Pacific are transported only through shallow circulation path-
ways, and compensated rapidly by N, fixation within the basin.
To weaken this feedback, N deficits generated in the Pacific must
penetrate the deeper ocean and traverse sluggish circulation
pathways, before they are compensated in the dustier Atlantic
and Indian oceans. This occurs only in the strong Fe limitation
regime, well outside the plausible range of tracer constraints
(Fig. 54). In contrast to previous hypotheses and model pre-
dictions (9, 35), our results therefore indicate that Fe scar-
city cannot decouple N, fixation from denitrification over the
timescales required to significantly perturb the N reservoir, un-
der modern Fe supply rates.

We also tested the hypothesis that global N, fixation is subject
to climate-forced variations mediated by the Fe supply, in which
enhanced dust fluxes associated with climate cooling are argued
to stimulate N inputs to the ocean (4, 10). However, because
basin-scale N, fixation rates are not limited by Fe under con-
temporary conditions (Fig. 4B), Fe additions have limited po-
tential to change the oceanic N inventory. Raising global Fe
inputs to the ocean by up to five times the modern rate allows for
no more than a 5% increase in our model’s N reservoir (Fig. 5B),
even with the altered dust distribution inferred for the last glacial
maximum (7). However, the N reservoir’s stability under
dustier climate regimes is in stark contrast to its behavior when
dust deposition is reduced. As the Fe supply falls below its
modern rate, the Pacific Ocean is soon unable to support enough
N, fixation to balance its N losses, resulting in a sustained
imbalance of the N budget that persists until N deficits are
exported and compensated in other basins. This mechanism
results in substantial global N loss before a new steady state is
reached. When atmospheric Fe sources are lowered to 25% of
modern values, over 40% of oceanic fixed N is lost and export
production is reduced by a corresponding factor. A slightly
weaker perturbation is found in simulations with prognostic de-
nitrification, in which Pacific N loss rates decline in response to
decreasing export, but the ocean still loses >25% of its N
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reservoir (Fig. 5B). These results raise the possibility that
reduced dust fluxes predicted under a warming climate (7)
could suppress marine N, fixation and weaken the biological
carbon pump.

Materials and Methods

Biogeochemical cycles of N, P, and Fe were simulated in a coarse-resolution
Ocean General Circulation Model (4° x 4°, 24 vertical layers), in which flow
fields are optimized to satisfy dynamical balances and match hydrographic
tracers (19). Elemental fluxes are coupled through a simple ecosystem model
(18) comprising diazotropic plankton (F) and other nonfixing plankton (O)
with growth and mortality governed by:

do . ( P N Fe
—— =p,min

————— |0 -MO 1
dt P+KPN+KNFe+KFe> m

dF (P Fe

pre =uFm|n(m,m)F—MF, [2]
where u, and ur represent temperature and light-dependent maximum
growth rates, Kx is the half-saturation concentration for growth on element
X, and M represents mortality and includes a quadratic term to represent
grazing by zooplankton. Diazotrophs can grow independent of N but are
handicapped by slower growth rates (ur < uo) and a higher Fe requirement
that is manipulated between simulations to vary the strength of Fe limita-
tion they experience. Fe is added to the surface ocean by atmospheric dust
deposition, undergoes complexation with organic ligands, and is removed
by scavenging onto organic particles (22). All simulations were integrated to
a steady state in which model N and Fe budgets reach close balance, gen-
erally requiring 5-10 thousand years.

We compared simulated and observed geochemical quantities, which
integrate the signature of N, fixation over time and space scales much longer
than biological rate measurements, and are relatively insensitive to poorly
constrained model parameters. An observational constraint was placed on
the biological N budget (N, fixation minus denitrification) of the Pacific
Ocean, by computing the balancing physical transport of observed N* across
the basin’s boundaries. Uncertainties in the nutrient data and transport
velocities were propagated into this estimate by adding random samples
from the observed variance of N* and randomly selecting between different
circulation models in 10,000 Monte Carlo iterations. Stoichiometric tracers
(surface P* and thermocline N*) were averaged across the North Pacific and
North Atlantic subtropical gyres, and the differences between basins were
computed. These large-scale differences provide more robust constraints
than mean tracer values for individual basins, because they are not sensitive
to variations in the oceanic N reservoir between simulations. A second model
configuration was used to predict the interbasin partition of suboxic waters
under each Fe limitation scenario in a higher resolution. This incorporated
a prognostic O, cycle and increased model resolution to 2° x 2° to better
resolve low oxygen zones. When oxygen becomes fully depleted, organic
matter remineralization proceeds through denitrification, consuming 6.5
moles of NO3 per mole remineralized.

See SI Materials and Methods for more detailed description of model
simulations and observational constraints.
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