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Abstract A new box model is employed to simu-
late the oxygen-dependent cycling of nutrients in
the Peruvian oxygen minimum zone (OMZ). Model
results and data for the present state of the OMZ indi-
cate that dissolved iron is the limiting nutrient for
primary production and is provided by the release of
dissolved ferrous iron from shelf and slope sediments.
Most of the removal of reactive nitrogen occurs by
anaerobic oxidation of ammonium where ammonium
is delivered by aerobic organic nitrogen degradation.
Model experiments simulating the effects of ocean
deoxygenation and warming show that the produc-
tivity of the Peruvian OMZ will increase due to the
enhanced release of dissolved iron from shelf and
slope sediments. A positive feedback loop rooted in
the oxygen-dependent benthic iron release amplifies,
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both, the productivity rise and oxygen decline in
ambient bottom waters. Hence, a 1% decline in oxy-
gen supply reduces oxygen concentrations in sub-
surface waters of the continental margin by 22%. The
trend towards enhanced productivity and amplified
deoxygenation will continue until further phytoplank-
ton growth is limited by the loss of reactive nitrogen.
Under nitrogen-limitation, the redox state of the OMZ
is stabilized by negative feedbacks. A further increase
in productivity and transition to sulfidic conditions is
only possible if the rate of nitrogen fixation increases
drastically under anoxic conditions. Such a transition
would lead to a wide-spread accumulation of toxic
sulfide with detrimental consequences for fishery
yields in the Peruvian OMZ that currently provides a
significant fraction of the global fish catch.

Keywords Oxygen minimum zone - Nitrogen
cycling - Iron cycling - Ocean deoxygenation - Ocean
modeling - Benthic fluxes

Introduction

The oxygen content of subsurface waters in the global
ocean is governed by a balance between atmospheric
oxygen uptake by the surface ocean and physical
ventilation, and oxygen consumption by biologi-
cal respiration. The dissolved oxygen content of the
global ocean has decreased by about 2% over the last
50 years (Schmidtko et al. 2017). This loss is about
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twice as high as predicted by ocean models that con-
sider the effects of warming on oxygen uptake in the
surface ocean and biological respiration (Oschlies
et al. 2018). The gap between observed and predicted
trends indicates that physical, biological and biogeo-
chemical processes governing the oxygen content of
the ocean are not yet fully understood. It is conceiv-
able that underrepresented respiration processes and
nutrient dynamics have contributed to the observed
oxygen decline.

Oxygen minimum zones (OMZs) located in the
tropical oceans have expanded significantly over the
last decades (Stramma et al. 2008). In addition to
ocean warming, natural variability induced by e.g.
the Pacific Decadal Oscillation has contributed to
the observed oxygen depletion (Deutsch et al. 2011;
Stramma et al. 2020). Moreover, biogeochemical
feedbacks may have amplified the OMZ expansion
since marine sediments release dissolved iron and
phosphorus into the water column where low oxygen
waters interact with the seafloor (Berelson et al. 2003;
Dale et al. 2015; Ingall et al. 1993; Ingall and Jahnke
1994; Klar et al. 2018; McManus et al. 1997; Plass
et al. 2020; Rapp et al. 2019; Wallmann 2003, 2010).

The Peruvian OMZ has been studied in detail by
e.g. the Collaborative Research Centre 754 (Krah-
mann et al. 2021) and during cruise GP16 of the
GEOTRACES program (John et al. 2018; Moffett
and German 2018). It is located in the Eastern Tropi-
cal Pacific and marked by low oxygen subsurface
waters extending from the Peruvian coast into the
open ocean. Marine productivity in this region is con-
strained by light availability and limited by iron that
is released from continental shelf and slope sediments
and transported into surface waters by upwelling and
vertical mixing (Bruland et al. 2005; Chever et al.
2015; DiTullio et al. 2005; Hutchins et al. 2002;
John et al. 2018; Noffke et al. 2012; Plass et al. 2020;
Rapp et al. 2020; Schlosser et al. 2018b; Scholz et al.
2016). Dissolved phosphate and nitrate are supplied
by the nutrient-rich Peru—Chile Undercurrent which
is the main source for the coastal upwelling off Peru
(Montes et al. 2014). Reactive nitrogen is consumed
by anaerobic oxidation of ammonium (anammox) in
low-oxygen subsurface waters (Kalvelage et al. 2013)
as well as pelagic (Dalsgaard et al. 2012) and benthic
denitrification (Bohlen et al. 2012, 2011). The relative
importance of pelagic denitrification vs. anammox as
sinks for reactive nitrogen is currently debated (Ward

@ Springer

2013). Phosphate is consumed by biological uptake
and replenished by anoxic sediments deposited on
the shelf and upper slope that release large amounts
of dissolved phosphate into ambient bottom waters
(Lomnitz et al. 2016; Noffke et al. 2012).

In the following sections, we provide a detailed
budget of nutrient fluxes in the Peruvian OMZ and
analyze how the redox state and productivity of this
system may respond to global deoxygenation and
warming. We selected the Peruvian margin for this
study because it is the most productive region in
the ocean and provides a significant fraction of the
global fish catch (Chavez et al. 2008). We focus on
the cycling of nitrogen and iron since these elements
serve not only as nutrients facilitating marine produc-
tivity but are also involved in a range of redox pro-
cesses that respond very sensitively to ocean change.
Moreover, positive and negative feedbacks that regu-
late the turnover of these redox-sensitive nutrients
may either amplify or mitigate regional and global
ocean change. We develop and present a new biogeo-
chemical box model that—for the first time—resolves
all known feedbacks in pelagic and benthic nutrient
cycling. The large data set available for the Peruvian
OMZ is employed to calibrate the new model. After
careful calibration, the new model is used to forecast
how redox-state, productivity and fishery yields in the
Peruvian OMZ may change over the coming decades
considering the non-linear response of the system to
ongoing ocean warming and deoxygenation. Finally,
we discuss how our modeling outcomes may help to
explain the fast deoxygenation and OMZ expansion
observed in the global ocean.

Results and discussion
Study area and model set-up

The model covers the continental margin off Peru
between 6° S and 18° S and the offshore area extend-
ing to 100° W (Fig. 1). The study area that captures
the most intense part of the Peruvian OMZ is divided
into 12 subregions. The surface layer (0-50 m), upper
(50-300 m) and lower intermediate water (300-1000)
and deep water (1000 m to seafloor) are represented
by individual boxes. The horizontal and vertical water
fluxes between the resulting 48 boxes and the horizon-
tal fluxes across the outer boundaries of the model are
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Fig.1 Study area and box model set-up. Numbers indicate surface water boxes. Shelf areas at shallow water depths are indicated by

light blue coloring

defined using output of a regional ocean model sys-
tem (ROMS) for the Peruvian OMZ (José et al. 2021;
Montes et al. 2014). They represent annual mean vol-
ume fluxes averaged over the period 1990-2010 (Sup-
plementary Information, Section S1.1). An extended
version of the REDBIO model is used to simulate
the pelagic and benthic turnover of oxygen, sulfide,
nutrients (nitrate, nitrite, ammonium, phosphate, fer-
ric and ferrous iron) and organic matter (Jurikova
et al. 2020; Wallmann et al. 2019). REDBIO was
developed to simulate the redox-dependent cycling of
nutrients during oceanic anoxic events that occurred
in the geological past (Wallmann et al. 2019). Here,
REDBIO equations for iron and nitrogen turnover are
updated and additional processes are considered to
fully resolve nutrient cycling in the Peruvian OMZ.
The modeling approach is presented in Sect. 4 and the
biogeochemical machinery employed in the model is
described in the Supplementary Information (Section
S1.2).

Model optimization and sensitivity

Export production and respiration are largely con-
trolled by the turnover of iron since biological pro-
ductivity is limited by this trace element across the
model region (Browning et al. 2018; Bruland et al.
2005). Dissolved iron concentrations are in turn

mainly governed by the release of iron from anoxic
shelf and slope sediments and by removal through
oxidation and scavenging processes. While the
benthic iron release can be projected using the rate
of organic matter deposition at the seabed and the
dissolved oxygen concentrations in bottom waters
(Dale et al. 2015), scavenging rates are largely
unconstrained. A range of simple and complex
models have been used to simulate iron scaveng-
ing (Tagliabue et al. 2017). Here, we use a simple
scavenging model where scavenging is proportional
to the downward flux of biogenic particles and the
concentration of dissolved ferric iron that is not
complexed by organic ligands. The model has two
adjustable parameters: a scavenging constant (kgc)
and a uniform concentration of organic ligands (C;)
forming stable iron complexes that are not removed
by scavenging (Gledhill and Buck 2012). The
parameter values are estimated by fitting nutrient
and oxygen distributions calculated by the model
to the corresponding concentrations measured in
the study area (Supplementary Information, Section
S2). The model is run into steady state applying dif-
ferent kg—C; combinations covering the parameter
space. The scavenging parameter has a strong effect
on dissolved nutrients, oxygen and export produc-
tion since phytoplankton growth in the OMZ is con-
trolled by the availability of dissolved iron (Fig. 2).
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Fig. 2 Model optimization and sensitivity. a Misfit between
model and observations determined as outlined in Section S2
of the Supplementary Information. b Mean concentration of
dissolved iron in upper intermediate water (50-300 m water
depth) at the continental margin (0-250 km from the coast,
subregions 4, 8 and 12 in Fig. 1). ¢ Mean concentration of dis-
solved oxygen in upper intermediate water at the continental

Dissolved iron concentrations decline when scav-
enging is enhanced by an increase in the scaveng-
ing constant and a decrease in the organic ligand
concentration. Export production decreases when
iron is removed by scavenging while dissolved oxy-
gen in intermediate waters increases due to a corre-
sponding decline in respiration. The model sensitiv-
ity is governed by a positive feedback loop rooted
in the benthic iron release and a negative feedback
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margin. d Export of particulate organic carbon (POC) across
50 m water depth integrated over the entire model area. Black
dots represent combinations of kg- and C; values applied in
the model simulations. The red circle indicates the kg—Cp
combination yielding the best fit to the data (kge=0.7 uM ™,
C.=0.8nM)

provided by iron scavenging. The best fit to the
observations is attained applying kg-=0.7 uM!
and C; =0.8 nM (Fig. 2).

Observations employed for optimization are dis-
solved oxygen, nitrate and phosphate concentrations
taken from the World Ocean Atlas 2018 (mean val-
ues averaged over the period 1955-2014) provided
by NOAA (World Ocean Atlas 2018 (noaa.gov))
and concentrations of dissolved oxygen, nitrate,
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phosphate, nitrite and iron measured during the U.S.
GEOTRACES cruise GP16 (Moffett and German
2018; Schlitzer et al. 2018) and SFB 754 cruises RV
Meteor 135-138 (Krahmann et al. 2021). A good fit is
obtained for all dissolved species applying the best fit
kgc and C; values (Supplementary Information, Fig.
S6). Moreover, all pelagic turnover rates and benthic
fluxes obtained in the standard model run are consist-
ent with rates and fluxes that have been measured in
the study area (Tables S3 and S4). Tracer distribu-
tions obtained in the standard model run are shown in
Supplementary Figures S§8—S13.

In the following sections, we focus on N and
Fe rather than P cycling since the phosphate-rich
Peru—Chile Undercurrent and anoxic margin sedi-
ments supply large amounts of dissolved phosphate
such that P-limitation does not occur in our study area
(Fig. S7).

Nitrogen cycling

Steady state nitrogen fluxes obtained in the standard
case (kge=0.7 uM~!' and C; =0.8 nM) show that

dissolved reactive nitrogen (N =NO;+NO,+NH,)
is rapidly cycled within the Peruvian OMZ (Fig. 3).
All nitrogen fluxes presented in Fig. 3 are dynami-
cally calculated in the model using kinetic rate laws
presented in the Supplementary Information (Section
S1.2). Only atmospheric Ny deposition is externally
prescribed employing previous model estimates (Su
et al. 2016). Pelagic rates and benthic fluxes calcu-
lated in the model are consistent with a large num-
ber of measurements that have been carried out in the
area (Supplementary Information, Tables S3 and S4).
In the following text, numbers in brackets refer to pro-
cesses listed in Fig. 3. Internal N cycling is driven by
net primary production (NPP) of particulate organic
nitrogen (PON) by diazotrophs (2, in Fig. 3) and other
phytoplankton (1) where the contribution of diazo-
trophs to NPP is almost neglectable as previously
indicated by rate measurements that have been con-
ducted in the study area (Chang et al. 2019; Selden
et al. 2019). PON is rapidly degraded in the water
column (4). Only 2% of the PON reaches the seabed
where most of the PON is subsequently degraded
(14) while a small fraction is permanently buried in
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Fig. 3 Nitrogen turnover in the standard model run. Num-
bers in circles indicate processes implemented in the model.
Values listed in the column on the left side of the figure rep-
resent fluxes integrated over the entire model area (3.35x10'?
m?) or rates integrated over the model volume (1.36 X 10" m3)
in Gmol N year™!. Processes: 1. Uptake of reactive nitrogen
(Ng=NO;+NO,+NH,) during primary production of partic-
ulate organic nitrogen (PON). 2. Autotrophic nitrogen fixation.
3. Atmospheric deposition of reactive nitrogen. 4. Ammonium
release during pelagic PON degradation. 5. Aerobic oxida-

tion of ammonium to nitrite. 6. Aerobic oxidation of nitrite to
nitrate. 7. First step of pelagic denitrification. 8. Second step of
pelagic denitrification. 9. Heterotrophic nitrogen fixation. 10.
Anaerobic oxidation of ammonium (anammox). 11. Oxidation
of dissolved ferrous iron and sulfide by nitrate and nitrite. 12.
Benthic dissimilatory nitrate reduction to ammonium (DNRA).
13. Benthic denitrification. 14. Benthic ammonium release
induced by POM degradation in surface sediments. 15. PON
burial in sediments. 16. Net flux of reactive N into the model
across outer model boundaries
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sediments (15). The PON turnover is balanced by a
total NPP of 12,565 Gmol year™! (14 2), total degra-
dation rate of 12,497 Gmol year~! (4 + 14) and a PON
burial flux of 68 Gmol year™! (15).

Ammonium is produced by pelagic and benthic
PON degradation (4 and 14), heterotrophic nitrogen
fixation (9) and benthic dissimilatory nitrate reduc-
tion to ammonium (DNRA, 12) where pelagic PON
degradation is by far the largest ammonium source.
Ammonium is consumed by aerobic (5) and anaero-
bic oxidation (10, anammox) with aerobic oxidation
being clearly the dominant process. Nitrite is pro-
duced by aerobic ammonium oxidation (5) and by
the first step of pelagic denitrification (7). Nitrite is
consumed by aerobic oxidation to nitrate (6), reduc-
tion to N, via anammox (10) and the second step of
denitrification (8). Nitrate is formed by aerobic nitrite
oxidation (6) and consumed by pelagic and benthic
denitrification (7 and 13) and benthic DNRA (12).
Nitrate and nitrite turnover are clearly dominated by
aerobic pathways.

Input of Ny to the model domain is provided by
autotropic and heterotrophic nitrogen fixation (2 and
9), atmospheric deposition (3) and the net horizontal
influx of Ny that is provided by nitrate-rich pelagic
water masses entering the model domain across the
outer boundaries (16). The lateral Ny influx (16) is by
far the largest N source. Heterotrophic nitrogen fixa-
tion is included in the model (Supplementary Infor-
mation, Eq. S11) since the available data indicate that
most of the nitrogen fixation in the Peruvian OMZ
occurs in sub-surface waters where light is not avail-
able (Bonnet et al. 2013; Fernandez et al. 2011). Het-
erotrophs use organic matter instead of light as energy
source (Bonnet et al. 2013; Loescher et al. 2014). In
the model, the biomass produced by heterotrophs is
not conserved but completely degraded such that
heterotrophic nitrogen fixation serves as a source for
dissolved ammonium (9). Ny is removed by pelagic
and benthic denitrification (8 and 13), PON burial
(15), pelagic anammox (10) and by the oxidation of
dissolved ferrous iron and sulfide where nitrite and
nitrate are reduced to N, (11). Pelagic N, production
(8, 10, 11) accounts for 67% of the total N removal
while benthic denitrification (13) and burial of PON
(15) contribute the remaining 33%. The external
Ny cycle is balanced with a total N removal rate
(8+104+11+4+134+15) and Ny input (24+3+9+16)
of 666 Gmol year™".
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The rate of annamox (10) clearly exceeds the rate
of nitrite removal via denitrification (second step of
pelagic denitrification, 8) in our model. Experimen-
tal studies show that the second step of pelagic den-
itrification is less oxygen tolerant than the first step
and annamox (Dalsgaard et al. 2014; Kalvelage et al.
2011). This oxygen sensitivity is considered in the
model and effectively suppresses the second denitrifi-
cation step (Supplementary Information, Eqs. S8 and
S9, Table S2). Our model is consistent with a large
set of rate measurements conducted in the study area
that show wide-spread annamox and no detectable
nitrite removal via denitrification (Hamersley et al.
2007; Kalvelage et al. 2011, 2013). It should, how-
ever, be noted that nitrite reduction to N, via denitrifi-
cation was observed at a few stations in the Peruvian
OMZ (Dalsgaard et al. 2012).

The dominance of annamox over nitrite removal
via denitrification has been challenged using stoi-
chiometric constraints. According to this perspective,
denitrification should dominate over anammox when
most organic matter degradation proceeds via deni-
trification (Babbin et al. 2014; Dalsgaard et al. 2012;
Koeve and Kahler 2010; Ward 2013). However, this
reasoning does not apply to our study area. The model
clearly shows that most of the organic matter pro-
duced in the Peruvian OMZ is degraded aerobically.
Only the first step of denitrification (NO;— NO,)
contributes significantly to organic matter degrada-
tion while the second step (NO,— N,) and dissimi-
latory sulfate reduction are almost completely sup-
pressed (Table 1). Aerobic PON degradation supplies
sufficient ammonium to fuel annamox while nitrite
removal via denitrification proceeds at a low rate
since the oxygen level in the core of the OMZ does
not reach sub-micromolar levels in our model. The
ROMS-derived water fluxes applied in our model
(Supplementary Information, Figs. S1-S4, Table S1)
generate horizontal and vertical oxygen fluxes into
the low-oxygen region that are sufficiently high to
support aerobic respiration throughout the OMZ.

Numbers indicate depth-integrated rates in mmol
PON m~2 year~! averaged over the respective model
areas. Numbers in brackets indicate the contribution
of different pathways of PON degradation to total
PON degradation at 50-300 m water depth.

A growing set of observations indicates that aero-
bic respiration is an important pathway for organic
matter degradation in many OMZs (Garcia-Robledo
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Table 1 Net primary
production, export
production and pathways of

pelagic PON degradation
in the Peruvian OMZ at
50-300 m water depth as
calculated in the model

Process/ Rates in mmol PON m~2 year™! <250 km distance > 250 km distance
to coast to coast

Net primary production at 0-50 m 11482 2 894

Export production at 50 m 3274 586

Total PON degradation at 50-300 m 2 456 439

Aerobic degradation at 50-300 m 2 113 (86.0%) 427 (97.3%)

First step of denitrification at 50-300 m 329 (13.4%) 11 (2.6%)

Second step of denitrification at 50-300 m 5(0.2%) 0.01 (0%)

Sulfate reduction at 50-300 m 9 (0.4%) 0.5 (0.1%)

et al. 2017; Zakem et al. 2020). Metagenomics and
metatranscriptomics suggest widespread aerobic
metabolic potential and activity in OMZs (Kalvelage
et al. 2015; Stewart et al. 2012) while rate measure-
ments revealed that aerobic degradation of organic
matter occurs throughout the Peruvian OMZ, even at
nanomolar oxygen concentrations, and accounts for
most of the organic matter degradation and ammo-
nium production in our study area (Kalvelage et al.
2015). This perspective, that is based on direct rate
measurements and metagenomics data, is supported
by our mechanistic model (Table 1).

|

Iron cycling

Steady state iron fluxes obtained in the standard case
are shown in Fig. 4.

Particulate iron inputs by terrigenous sediments
(process 1 in Fig. 4) and atmospheric deposition (7)
are prescribed employing measurements carried out
in the Peruvian OMZ (Kadko et al. 2020; Scholz
et al. 2014). All other iron fluxes are dynamically
calculated employing the network of biogeochemical
processes implemented in the model (Supplementary
Information, Section S2.1).
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Fig. 4 Iron turnover in the standard model run. Numbers in
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listed in the column on the left side of the figure represent
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ferrous iron by nitrate. 5. Oxidation of ferrous iron by nitrite.
6. Uptake of ferric iron in phytoplankton biomass during pri-
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mary production. 7. Deposition of dust-bound particulate
iron in the surface ocean. 8. Release of dissolved ferric iron
from dust particles. 9. Release of dissolved ferric iron during
organic matter degradation. 10. Scavenging of dissolved ferric
iron by biogenic particles produced in the surface ocean. 11.
Deposition of phytoplankton-bound iron at the seabed. 12. Net
export of dissolved Fe from the model across the outer model
boundaries. Dissolved ferric iron is bound by organic ligands
(L) and occurs as organic complex (FeL) for iron concentra-
tions <0.8 nM

@ Springer



52

Biogeochemistry (2022) 159:45-67

Most of the dissolved iron present in the Peruvian
OMZ is released from shelf and slope sediments that
are covered by oxygen-depleted bottom waters (2) as
previously shown by a range of measurements con-
ducted in the Peruvian OMZ (Bruland et al. 2005;
Chever et al. 2015; DiTullio et al. 2005; Hutchins
et al. 2002; John et al. 2018; Noffke et al. 2012; Plass
et al. 2020; Rapp et al. 2020; Schlosser et al. 2018b;
Scholz et al. 2016). The deposition of terrigenous iron
at the seabed (1) is thus the ultimate source of new
dissolved iron in the Peruvian system. The benthic
iron release calculated in the model is proportional to
the degradation rate of organic matter in surface sedi-
ments and increases when ambient bottom waters are
deoxygenated (supplementary information, Eq. S20).
The resulting benthic iron release (2) is consistent
with iron fluxes measured in the study area (Supple-
mentary Information, Table S4). Dust deposition (7)
provides additional particulate iron for the surface
ocean (Kadko et al. 2020). In the model, 10% of the
dust-bound iron is released into surface waters as dis-
solved ferric iron (8) to support primary production.
This high percentage is chosen to allow for a maxi-
mum impact of dust deposition on dissolved iron and
ocean productivity. However, even at this high value,
iron release from dust (8) is too small to compete
with the much larger benthic iron release (2). Terrig-
enous sediments are, hence, by far the most important
source for dissolved Fe in the Peruvian OMZ. Ferrous
iron released from sediments is rapidly oxidized by
oxygen (3), nitrate (4) and nitrite (5). Microorganisms
mediate ferrous iron oxidation by nitrate (Scholz et al.
2016) while oxidation by oxygen and nitrite proceeds
abiotically (Heller et al. 2017; Millero et al. 1987).
Due to the fast oxidation kinetics applied in the model
(supplementary information, Table S2), ferrous iron
accumulates in the water column only when oxygen,
nitrate and nitrite are depleted.

Phytoplankton take up dissolved iron that reaches
the surface ocean by upwelling, vertical mixing and
dust deposition (6). Most of the dissolved ferric iron
is, however, removed by scavenging onto particles
(10) in sub-surface waters and sinks down to the
seabed before it can be used by phytoplankton. Iron
scavenging is assumed to be an irreversible process
in the model while iron taken up by phytoplankton is
released back into the water column during POM deg-
radation (9). Dissolved ferric iron produced by fer-
rous iron oxidation is complexed by organic ligands.
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The ligand used in the model (uniform concentration
of 0.8 nM) is assumed to have a high binding strength
such that dissolved ferric iron is complexed by the
ligand until the ligand is saturated with iron. Com-
plexed iron is not scavenged but can be taken up by
phytoplankton (Gledhill and Buck 2012). The ligand,
thus, inhibits scavenging and keeps iron in solu-
tion that can be used to support primary production.
Modeled iron concentrations in the surface ocean
(0-50 m) decrease from 0.76 nM at the continental
margin to 0.07 nM at 90-100° W (supplementary
information, Fig. S7). Since the ligand concentration
exceeds these values, the entire dissolved iron pool in
surface waters is organically complexed.

Most of the iron released from sediments and dust
particles is ultimately buried in sediments (88%).
However, a significant fraction (12%) is exported
from the model area to the surrounding regions
(12). This model result is supported by iron isotope
data indicating that iron released from sediments is
partly kept in solution and advected to the open ocean
(Chever et al. 2015; John et al. 2018; Scholz et al.
2014). The highest iron concentrations (3.1 nM) are
observed at the margin in upper intermediate water
(50-300 m, Fig. 2b). However, iron concentrations
at these water depths rapidly decline further offshore
due to scavenging (supplementary information, Fig.
S13) and reach a mean value of 0.7 nM at 90-100°
W such that iron exported across the outer model
boundary at 100° W is bound in organic complexes.
The horizontally exported iron may contribute to the
formation of iron-rich manganese nodules in the adja-
cent Peru Basin (Bollhofer et al. 1996) and support
marine productivity in regions that are located fur-
ther offshore at>100° W (John et al. 2018; Tagliabue
et al. 2019).

Model limitations

Our box model has a very coarse spatial resolution
and uses constant water fluxes representing the clima-
tological mean averaged over a period of 20 years. It
is, thus, not able to resolve interannual and seasonal
variations in circulation, productivity and redox state.
The distribution of dissolved oxygen predicted by
the model is broadly consistent with data reported in
WOA 2018 and oxygen measurements conducted dur-
ing cruise GP16 of the GEOTRACES program and
several SFB 754 cruises (supplementary information,
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Fig. S6). It is, thus, likely that our model adequately
represents the mean oxygenation state of the Peru-
vian OMZ. However, time-series data recorded in the
Peruvian OMZ show a strong temporal variability in
dissolved oxygen (Cardich et al. 2019; Gutierrez et al.
2008; Ulloa et al. 2012). Hence, dissolved oxygen
concentrations at the continental margin have varied
between 0.5 and 25 pM at 200 m water depth over the
last decades (Cardich et al. 2019). Oxygen concentra-
tions calculated by the model for the margin boxes at
50-300 m water depth (8—17 uM) fall into this range.
They are lower than corresponding values reported
in WOA 2018 (30-36 uM) but higher than concen-
trations measured during GP16 and SFB754 cruises
in the margin area (0—13 pM). It is thus possible that
our model does not appropriately resolve oxygen sen-
sitive processes (e.g. second step of denitrification)
during low oxygen periods that prevailed during these
cruises. High-resolution ocean models with dynamic
circulation would be needed to resolve the time-
dependent changes in oxygen conditions. The new
network of biogeochemical processes developed for
our box model could be integrated in such models to
allow for a better presentation of the spatial and tem-
poral variability in the Peruvian OMZ.

Response to ocean deoxygenation

The decrease in dissolved oxygen concentrations
observed in the eastern equatorial Pacific over the last
decades significantly reduces oxygen concentrations
in water masses entering the model across its outer
boundaries (Schmidtko et al. 2017). To investigate
this change and how future ocean deoxygenation may
affect the biogeochemical system in the Peruvian
OMZ, oxygen concentrations in water masses flowing
laterally into the model across the western boundary
are diminished by up to 25% and the model is run
over a period of 150 years to reach a new steady state.
Dynamic tracer concentrations are applied at the
southern and northern boundary of the model located
at 6° S and 18° S, respectively, since deoxygenation
affects the entire eastern Pacific OMZ extending from
approximately 40° N to 30° S along the Pacific coast
of North and South America (Supplementary Infor-
mation, Section S1.3). It is presently unknown to
what degree autotrophic and heterotrophic nitrogen
fixation (NF) may increase when reactive nitrogen
(Ngp) is depleted by a rise in anammox and

denitrification. Hence, the model is run applying dif-
ferent NF sensitivities to Ny loss (supplementary
information, Eq. S1 and Eq. S11). Autotrophic NF is
calculated in the model considering SST and nutrient
limitation as well as the Ng/PO, ratio in surface
waters (ryp) and gheegarameter exg (Eq. S1). NF is

1 NP
observed in surfapge boxes of the modern OMZ and
rﬁ‘\fp is the ratio predicted by the model. With eyp=0,
modeled NF values do not respond to a decline in r]’\‘fp,
eyp=1 induces a moderate NF increase when the
modeled ryp ratio (rAN4P) is smaller than rl\oﬂ, and exp=2
induces a drastic NF increase in Ng- depleted surface
waters such that NF locally compensates for the
N-loss under anoxic conditions.

The model experiments show that the produc-
tivity of the Peruvian OMZ increases significantly
when the lateral oxygen input across the western
boundary at 100°W is diminished by 1-2% (Fig. 5a
and b). This response is caused by an increase in
benthic iron release from shelf and slope sediments
under low oxygen conditions that is further amplified
by the intensification of the biological carbon pump
(Fig. 6¢c, Eq. S20). Oxygen concentrations in interme-
diate waters (50—1000 m water depth) decrease drasti-
cally due to the rise in productivity and respiration.
Hence, a 1% decline in oxygen supply across 100°W
reduces the mean oxygen concentration at 50-1000 m
water depth by 8% (Fig. 5g). An even larger decrease
by 22% is observed at the margin (Fig. 6g). These
drastic changes show that the oxygen level within
the OMZ is highly sensitive with respect to ocean
deoxygenation. Considering that the global ocean
has lost about 2% of its oxygen content over the last
decades (Schmidtko et al. 2017), the strong expan-
sion and intensification of the Peruvian OMZ that has
been observed over this period (Stramma et al. 2008)
may be attributed to a decline in the lateral oxygen
influx that led to an amplified oxygen loss within the
OMZ. The positive feedback that induces these dras-
tic OMZ changes is rooted in the increase in benthic
iron release from shelf and slope sediments covered
by oxygen-depleted bottom waters. Enhanced benthic
iron fluxes promote productivity under iron limita-
tion and amplify oxygen consumption via respira-
tion which leads to a further increase in benthic iron
release and deoxygenation in a self-amplifying posi-
tive feedback loop.

F
proportional to (rN—P) where 79, is the Nx/PO, ratio
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«Fig. 5 Effects of ocean deoxygenation. Model results
shown in panels a-1 are mean values averaged over the entire
model area. a Net primary production. b Export produc-
tion at 50 m water depth. ¢ Nitrogen fixation rate (0-1000 m,
autotrophic + heterotrophic). d First step of denitrification,
NO;—NO,. e Second step of denitrification, NO,—N,. f
Anammox. g Oxygen (50-1000 m). h Nitrate (50-1000 m). i
Nitrite (50-1000 m). j Iron (50-1000 m). k Reactive nitrogen
(0-50 m). 1 Iron (0-50 m). ey defines the response of nitrogen
fixation to N depletion

The system response to deoxygenation is less sen-
sitive when the oxygen input declines by more than
2% since nitrogen limitation is initiated and leads to
a decrease in productivity (Fig. 5a and b). While the
productivity in the entire model area is iron-limited
under present day conditions (Fig. S7), nitrogen
becomes the limiting nutrient in the offshore areas
at>250 km distance to the coast. This change first
appears at the southern part of the model domain
(areas 9-11 in Fig. 1) since the nitrate input across
the southern boundary at 18°S is lower than the input
across the other model boundaries (Fig. S10). The
entire model area is nitrogen limited when the oxy-
gen input is lowered by more than 20% (for exp=0).
Nitrogen limitation is induced by an increase in
anammox in sub-surface waters under low oxygen
conditions (Fig. 5f). The first step of denitrification
strongly increases and supplies nitrite for anammox
(Fig. 5d) while the second step of nitrification pro-
ceeds at a much lower rate (Fig. 5e) such that most
of the Ny depletion is induced by anammox over the
entire deoxygenation range explored in the model.
Enhanced nitrate consumption by denitrification
(first step, NO;—NO,) induces a decline in nitrate
concentrations (Fig. 5i) and increase in dissolved
nitrite (Fig. Sh). Dissolved ammonium is almost com-
pletely consumed by aerobic and anaerobic oxida-
tion such that the concentration is kept below 1 uM
in the standard case over the entire model area (Fig.
S12) and in all other model runs (data not shown). N
values in surface waters decline drastically (Fig. 5k)
since almost the entire Ny pool is consumed by
phytoplankton under nitrogen-limitation while the
Ny input by upwelling is diminished by anammox.
Total dissolved iron concentrations in surface waters
increase since nitrogen limitation inhibits iron draw-
down by phytoplankton (Fig. 51).

Under nitrogen-limitation, the OMZ shows a
much lower sensitivity with respect to oxygen supply.

Hence, a decline in the oxygen input across the west-
ern boundary by 1% (e.g. from 9 to 10%) induces
an oxygen drop of only 0.8 uM under nitrogen limi-
tation while a decline by 4.2 uM is observed under
iron-limitation. The diminished sensitivity is induced
by negative feedbacks in the nitrogen cycle where
deoxygenation results in a decline in productivity
and respiration due to the intensification of anammox
and other Ny consuming processes (Fig. 3). In con-
trast to the open ocean areas, productivity at the con-
tinental margin is maintained at a high level up to a
decline in the oxygen supply by 10% since Ny, is pro-
vided by intense coastal upwelling (Fig. 6a). A fur-
ther decline in oxygen supply leads to a decrease in
productivity due to nitrogen limitation. These trends
do not change significantly when nitrogen fixation is
allowed to increase moderately upon Ny depletion
(eng=1). Dissolved phosphate is maintained at a high
concentration level in all model runs (data not shown)
due to the large influx of phosphate across the outer
boundaries (Fig. S9) and the decline in phosphorus
burial under low oxygen conditions (Eq. S19). Hence,
the productivity is either limited by nitrogen or iron
whereas phosphorus limitation does not occur (Fig.
S7).

Productivity is maintained at a high level over the
entire deoxygenation range explored in the model
when a strong increase in nitrogen fixation compen-
sates for Ny losses (exyp=2, Figs. 5¢c and 6b). Dis-
solved sulfide accumulates in intermediate waters
at the continental margin and reaches micromolar
concentrations when the oxygen supply is dimin-
ished by more than 15% (Fig. 6j). Dissolved sulfide
is produced by pelagic and benthic sulfate reduc-
tion and consumed in the water column by oxidation
using oxygen, nitrite and nitrate as electron acceptors
(Table S2). At the continental margin, 40% of the
total pelagic PON degradation at 50-1000 m water
depth is provided by dissimilatory sulfate reduc-
tion when the oxygen supply is diminished by 25%
(enp=2) whereas this PON degradation pathway con-
tributes less than 1% under present day conditions
(Table 1).

The model runs indicate that the ongoing expan-
sion of the Peruvian OMZ is initiated by a small
decline in the lateral oxygen influx that is strongly
amplified by benthic iron release within the OMZ.
Future deoxygenation induces further oxygen losses
in the Peruvian OMZ. These losses may, however,
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«Fig. 6 Effects of ocean deoxygenation at the Peruvian mar-
gin. Model results shown in panels a-1 are mean values aver-
aged over the margin area (0-250 km distance to the coast)
a. Export production at 50 m water depth. b. Nitrogen fixa-
tion rate (0—1000 m). c. Benthic iron flux (0-1000 m). d. First
step of denitrification, NO; —NO,. e. Second step of denitri-
fication, NO, —N,. f. Anammox. g. Oxygen (50-1000 m). h.
Nitrate + nitrite (50—1000 m). i. Iron (50-1000 m). j. Sulfide
(50-1000 m). k. Reactive nitrogen (0-50 m). 1. Iron (0-50 m).
enr defines the response of nitrogen fixation to Ny depletion

induce nitrogen limitation which enhances the resil-
ience of the system with respect to marine envi-
ronmental change. Most of the organic matter is
degraded via aerobic respiration and denitrification
and the oxygen concentrations are maintained at a low
micromolar level over a wide range of deoxygenation
scenarios (Figs. 5g and 6g) as indicated by previous
modeling studies (Canfield et al. 2019). Stabilization
of the redox state is caused by negative feedbacks
provided by the redox-dependent nitrogen cycle. A
switch to sulfidic conditions is only possible if the
rate of nitrogen fixation is dramatically enhanced.

Response to ocean warming

Sea surface temperatures (SSTs) are enhanced to
investigate how the biogeochemical system in the
OMZ corresponds to ocean warming. Initial SST val-
ues for each of the subregions in Fig. 1 are defined
using SST data from the World Ocean Atlas 2018.
These values are increased in 0.25 °C steps and the
model is run into a new steady state for each incre-
mental SST increase. Since ocean deoxygenation and
warming proceed simultaneously, oxygen concen-
trations in water masses entering the model domain
across the western boundary are diminished as in
the previous model runs. The oxygen content in the
inflowing water is decreased by 4% for each degree of
warming applying the historic relationship between
ocean warming and deoxygenation observed over
the last decades (Schmidtko et al. 2017). It should,
however, be noted that ocean warming may induce
even stronger oxygen losses on centennial to millen-
nial time scales (Oschlies 2021). As outlined in the
supplementary information, net primary production,
autotrophic nitrogen fixation and PON degradation in
the surface ocean increase with ocean warming (Eq.
S1, S2 and S4). Moreover, the solubility of oxygen in
surface waters depends on SST (Garcia and Gordon

1992) such that the modeled oxygen exchange with
the atmosphere responds to ocean warming (Wall-
mann et al. 2019). Changes in stratification and ver-
tical mixing that may be induced by ocean warming
are, however, not considered in the following model
runs since our model is not able to resolve changes in
physical circulation and mixing (Sect. 2.5). It is pos-
sible that productivity and ventilation will be reduced
in the Peruvian OMZ if warming induces a significant
decrease in vertical mixing. The biogeochemical con-
sequences of these changes are not considered in the
following simulations but could be explored using
other more advanced ocean models.

According to our model, coupled warming and
reduction in the lateral oxygen supply has an even
larger effect on dissolved oxygen than ocean deoxy-
genation alone. Hence, a warming by 0.25 °C accom-
panied by a decrease in the oxygen influx across the
western boundary by 1% reduces the oxygen concen-
trations at 50-1000 m water depth by 9% averaged
over the entire model area (Fig. 7g) and 25% at the
continental margin (Fig. 7h). The mean oxygen con-
centration in water masses entering the model domain
at 50-1000 m water depth across the western bound-
ary is reduced by only 0.6 uM when a 1% decline is
imposed whereas the oxygen concentrations in the
model domain at the corresponding water depths
drop by 4.7 uM over the entire model area and 5 uM
at the margin (Fig. 7g and 7h). This amplification is
caused by the SST-induced decrease in oxygen solu-
bility, rise in net primary production (Fig. 7a and 7d)
and the positive feedback provided by benthic iron
release.

The switch from iron to nitrogen limitation is
already initiated when SSTs increase by 0.5 °C. It
induces a corresponding drop in primary and export
production in the offshore regions (Fig. 7a and b)
whereas strong coastal upwelling provides sufficient
Ny, at the margin up to an SST increase of about 3 °C
(Fig. 7d and e).

A moderate increase in nitrogen fixation (exp=1)
mitigates the decrease in productivity in the offshore
region but amplifies the productivity drop at the mar-
gin when warming exceeds 3 °C (12% deoxygena-
tion). This surprising model behavior is caused by
enhanced Ny consumption in offshore water masses
that leads to a decline in the horizontal Ny flux to
the margin. A strong increase in nitrogen fixation
(enp=2) provides sufficient Ny to compensate for
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Fig. 7 Effects of ocean warming and deoxygenation. a Net
primary production averaged over the entire area. b Export
production at 50 m water depth averaged over the entire area.
¢ Nitrogen fixation (0—1000 m) averaged over the entire area.
d Net primary production averaged over the margin area
(0-250 km distance to the coast). e Export production at 50 m
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water depth averaged over the margin area. f Nitrogen fixation
rate (0—1000 m) averaged over the margin area. g Oxygen (50—
1000 m) averaged over the entire model area. h Oxygen (50—
1000 m) averaged over the margin area. i Sulfide (50-1000 m)
averaged over the margin area
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the enhanced Ny loss via anammox. It leads to an
increase in productivity but induces a rise in dis-
solved sulfide at the margin where sulfide concen-
trations exceed 1 UM when a warming of 3 °C is
imposed (Fig. 7i).

Ocean deoxygenation and warming may promote
sulfidic conditions in sub-surface waters of the
continental margin

The model experiments indicate that sulfidic condi-
tions are only attained if N losses via anammox and
denitrification are compensated by a massive increase
in autotrophic and heterotrophic nitrogen fixation.
Field data show that sulfidic conditions occur episodi-
cally at the inner shelf region of the Peruvian margin
when the oxygen supply is reduced presumably by a
decline in physical ventilation (Dugdale et al. 1977;
Ohde 2018; Plass et al. 2020; Schlosser et al. 2018b;
Scholz et al. 2016; Schunck et al. 2013). These con-
ditions are, however, regionally and temporally
restricted, and do not represent the chemistry of the
upwelling zone in general (Canfield 2006). Dissolved
iron concentrations and nitrogen fixation rates drasti-
cally increase during these sulfidic events (Fernan-
dez et al. 2011; Loescher et al. 2014; Schlosser et al.
2018b; Scholz et al. 2016). Dissolved sulfide con-
centrations in stagnant subsurface water masses on
the inner shelf can reach 20 uM while oxygen, nitrite
and nitrate are almost completely depleted (Loe-
scher et al. 2014). Depth-integrated nitrogen fixation
exceeded 0.3 mol m™2 year™' during one of these
events (Loescher et al. 2014). The method used for
this rate measurement underestimates the true value
by a factor of up to 6 (Grosskopf et al. 2012; Mohr
et al. 2010). The rate may thus have been as high as
2 mol m~2 year™! which approaches the values pre-
dicted by the model for 2 °C warming and eyp=2
(Fig. 7f). Further support for a pronounced increase
in nitrogen fixation in anoxic systems is provided by
data recorded in marine sediments deposited during
ocean anoxic events (OAEs) that occurred repeatedly
in the geological past. They are typically enriched in
biomarkers indicative for diazotrophs (Kuypers et al.
2004) and show light PON-8'°N values approach-
ing the atmospheric value (Baroni et al. 2015; Luo
et al. 2011; Scholz et al. 2019). Moreover, models
demonstrate that the high marine productivity that
prevails during OAEs can only be maintained when

sufficient reactive nitrogen is supplied by elevated
rates of nitrogen fixation (Baroni et al. 2014; Canfield
2006; Jurikova et al. 2020; Wallmann et al. 2019).
Considering these findings, it seems to be possible
that future ocean warming and deoxygenation may
ultimately induce a permanent switch to sulfidic con-
ditions across the entire Peruvian margin. However,
whether the future Peruvian OMZ will ever attain
this state depicted in Fig. 8 remains unclear since
pathways and mechanisms of autotrophic and hetero-
trophic nitrogen fixation are still poorly understood
(Zehr and Capone 2020).

If the entire margin would indeed attain a sulfidic
state (Fig. 8), such a change would have massive con-
sequences for fisheries off Peru since sulfide is a toxic
chemical that significantly reduces the habitat avail-
able for fish and may ultimately lead to fish poison-
ing (Currie et al. 2018; Hamukuaya et al. 1998). The
Peruvian margin produces more fish per unit area
than any other region in the world ocean and accounts
for up to 10% of the global fish catch (Chavez et al.
2008). A sulfide-induced decline in fishery yields
could thus have negative impacts on global food
security.

Anecdotal evidence suggests that strong sulfidic
events that occurred in the past led to hydrogen
sulfide release into the atmosphere along the Peru-
vian coast (Ohde 2018). A further spread and inten-
sification of such events may, thus, affect not only the
economic well-being but also the health of coastal
communities.

Effects of biogeochemical feedbacks on future ocean
change

The modeling results clearly show that the effects
of ongoing ocean warming and deoxygenation
are strongly amplified by a positive feedback loop
(Fig. 9). This loop is active at continental margins
where marine productivity is limited by iron and most
of the iron is provided by benthic iron release. These
areas will likely experience a strong decline in oxy-
gen and rise in productivity over the coming decades
driven by enhanced benthic iron release. This trend
will continue until the coeval loss in reactive nitro-
gen induces a transition from iron- to nitrogen-limited
conditions. The predicted transition to nitrogen limi-
tation may induce a decline in productivity that miti-
gates further changes in redox state (Canfield 2006).
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Fig. 8 Model results for 3 °C warming, 12% deoxygenation
and enhanced nitrogen fixation (eyp=2). a Export of PON
across 50 m water depth. b Nitrogen fixation rate (0-1000 m).
¢ Concentration of reactive nitrogen (NO;+NO,+NH,) at
50-300 m water depth. d Total dissolved sulfide concentra-

However, an increase in nitrogen fixation under low
oxygen conditions would weaken this negative feed-
back such that the positive feedback provided by iron
cycling may play out and induce further deoxygena-
tion and productivity gains until the margins attain
an euxinic (sulfidic) state (Fig. 9). In this scenario,
enhanced benthic fluxes provide dissolved iron to
allow for a strong increase in nitrogen fixation. Reac-
tive nitrogen produced by the breakdown of diazo-
troph biomass then mitigates nitrogen limitation
for non-diazotrophs and allows for an increase in
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tion at 50-300 m water depth. Red circles indicate the position
of box centers while black circles indicate the positions at the
outer boundary of the model where solutes are exchanged with
the surrounding area. The color coding indicates the distribu-
tion obtained by linear interpolation

overall productivity. These drastic changes may by
further promoted by phosphorus cycling that provides
positive feedback if P is a limiting nutrient for e.g.
nitrogen fixation since benthic phosphate fluxes are
enhanced under anoxic conditions (Ingall et al. 1993;
Wallmann 2003).

Feedbacks identified in the Peruvian OMZ may
also play out at other continental margins. The dis-
solved iron distribution at the continental mar-
gin of Mauretania is largely controlled by benthic
iron release even though this margin receives large
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Fig. 9 Effects of biogeochemical feedbacks on future ocean
change. Under iron (Fe) and phosphorus (P) limitation, the
external forcing provided by climate change is amplified by a
positive feedback loop (+). This feedback will induce a decline
in oxygen, rise in productivity (NPP) and transition to nitrogen
(N) limitation. Negative feedback provided by the N cycle (—)
may induce a decline in NPP mitigating further ocean change

amounts of dust-bound iron generated in the adja-
cent Sahara (Rapp et al. 2019). Experimental studies
with sediments retrieved at the Mauritanian margin
confirm that large amounts of dissolved ferrous iron
are released from sediments when they are expose to
oxygen-depleted bottom waters (Schroller-Lomnitz
et al. 2019). It is, thus, possible that the positive iron
feedback is not only driving the expansion and inten-
sification of the Peruvian OMZ but may contribute
to the dissolved oxygen decline observed in other
eastern boundary upwelling systems and the con-
nected oxygen minimum zones (Stramma et al. 2008)
when primary production is limited by iron and/or
phosphorus.

We also suggest that the benthic iron feedback
may partly account for the gap between observed
(Schmidtko et al. 2017) and predicted trends in global
ocean deoxygenation (Oschlies et al. 2018). Iron
release from continental margin sediments is prob-
ably the largest source of dissolved iron in the global
ocean (Dale et al. 2015; Somes et al. 2021). Most of
the iron is removed by scavenging before it reaches
the pelagic realm (Somes et al. 2021). Our model
results, however, show that a significant fraction is
protected by organic complexation and exported into
the open ocean. Organic ligand concentrations may

(dotted line). This negative feedback may be overcome if nitro-
gen fixation (NF) rises upon oxygen and reactive nitrogen
depletion (broken line). With enhanced NF, positive Fe and P
feedbacks drive a transition to anoxic conditions where pelagic
organic matter degradation proceeds via anaerobic pathways
(nitrogenous: denitrification, euxinic: sulfate reduction) rather
than aerobic and microaerobic respiration

increase with productivity since ligands are produced
and released during the mineralization of organic
matter (Birchill et al. 2017; Boyd and Ellwood 2010;
Schlosser and Croot 2009). An increase in produc-
tivity and organic matter degradation would thus
diminish iron scavenging and enhance dissolved iron
concentrations (Fig. 2) such that iron could be trans-
ported further offshore. Organic ligands also affect
the redox cycling of iron and are generally found to
retard the oxidation rate of dissolved ferrous iron
(Hopwood et al. 2020) such that ferrous iron released
from shelf sediments may be transported further off-
shore than predicted by the standard kinetic rate law
for ferrous ion oxidation applied in our model (Mil-
lero et al. 1987). Iron solubility also increases with
ocean acidification that proceeds in parallel with
deoxygenation and warming (Zhu et al. 2021).
Another process that may facilitate the offshore
transport of iron is the lateral advection of particles
(Milne et al. 2017) that can be enriched in iron due
to the luxury uptake of iron by phytoplankton on the
iron-rich shelf (Schlosser et al. 2018a). Recent studies
at the Congo River margin confirm that dissolved iron
released from shelf sediments can be transported off-
shore by rapid lateral advection over distances of up
to 1000 km (Vieira et al. 2020). Moreover, meso-scale
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eddies facilitating the offshore transport of oxygen-
depleted water masses are frequently formed at con-
tinental margins (Callbeck et al. 2018; Loscher et al.
2016; Thomsen et al. 2016). These eddies are widely
observed to increase off-shelf iron transport (Aguilar-
Islas et al. 2013; Browning et al. 2021; Lippiatt et al.
2011). They also enhance offshore nitrogen fixation
rates (Loscher et al. 2016) probably due to elevated
iron concentrations in the eddy. All of these processes
could weaken the negative feedback provided by
scavenging and facilitate iron offshore transport under
enhanced productivity and reduced oxygen levels. It
may, thus, be possible that a decline in oxygen con-
centrations of bottom waters at continental margins
induces wide-spread iron fertilization and deoxygena-
tion in iron-limited offshore regions of the global
ocean if the off-shelf transport is facilitated by ocean
eddies and other processes. Since the residence time
of dissolved iron the global ocean may be as low as
7.5 years (Somes et al. 2021), changing iron fluxes
may induce rapid and global scale changes in produc-
tivity and oxygen concentrations. However, a better
mechanistic understanding of pelagic iron cycling is
needed to evaluate this hypothesis (Tagliabue et al.
2017).

Conclusions, hypothesis and outlook

Our model results support previous studies show-
ing that most of the N consumption in the Peruvian
OMZ occurs via anammox (Kalvelage et al. 2013).
Our mechanistic model also confirms the hypothesis
that aerobic PON degradation is the dominant PON
degradation pathway throughout the OMZ and pro-
vides most of the dissolved ammonium that is needed
to fuel anammox (Kalvelage et al. 2015). The mod-
eling further supports previous studies showing that
the productivity of the Peruvian OMZ region is pres-
ently limited by iron where most of the dissolved iron
is provided by ferrous iron release from shelf and
slope sediments covered by oxygen-depleted bottom
waters (Browning et al. 2018; Bruland et al. 2005;
Noffke et al. 2012; Plass et al. 2020).

We propose that the expansion and intensification
of the Peruvian OMZ observed over the past decades
(Stramma et al. 2008) has been induced by the deoxy-
genation of open ocean water masses that enter the
Peruvian OMZ since our model results show that even
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a small decrease in oxygen concentrations at the west-
ern boundary of the OMZ induces a massive decline
in dissolved oxygen within the OMZ due to the posi-
tive feedback provided by benthic iron release. It is
possible that this mechanism also contributes to the
deoxygenation observed in other upwelling regions in
areas where iron is the limiting nutrient and most of
the iron is provided by benthic release. The enhanced
benthic iron release may partly account for the gap
between observed (Schmidtko et al. 2017) and pre-
dicted trends in global ocean deoxygenation (Oschlies
et al. 2018) since a significant fraction of the iron
released at continental margins may be advected fur-
ther offshore by ocean eddies and other transport pro-
cesses and fertilize adjacent areas.

Our modeling strongly suggests that ongoing
deoxygenation and warming will induce a switch
from iron- to nitrogen-limited conditions in major
parts of the Peruvian OMZ, possibly over the coming
decades. A transition to nitrogen limitation may also
occur at other iron-limited continental margins.

The modeling confirms that oxygen concentra-
tions are stabilized under nitrogen limitation due to
the negative feedback provided by anammox and the
resulting decline in productivity (Naafs et al. 2019).
The transition to nitrogen-limited productivity will
enhance the resilience of the system with respect
to future ocean change. Negative feedbacks related
to the nitrogen cycle are difficult to overcome and
our modeling shows that a drastic increase in nitro-
gen fixation is required to allow for a transition into
a sulfidic state. If this transition occurs, it would not
only affect biogeochemical cycling but compromise
fishery yields in the Peruvian OMZ that currently
produces more fish per unit area than any other region
in the world ocean.

Our modeling results confirm that a better under-
standing of nitrogen fixation (Zehr and Capone 2020)
and pelagic iron cycling (Tagliabue et al. 2017) is
urgently required to improve forecasts on ocean pro-
ductivity, health and redox state.

Methods

We use the REDBIO model to simulate nutrient, oxy-
gen and sulfur turnover in the Peruvian OMZ. This
model has been designed to resolve redox-dependent
feedbacks in pelagic and benthic nutrient cycling
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(Wallmann et al. 2019). The model was extended and
revised to consider additional processes in the nitro-
gen cycle (anammox, DNRA, heterotrophic nitrogen
fixation, first and second steps of denitrification) and
improve the simulation of pelagic iron turnover. It
simulates the distribution of the following dissolved
tracers: oxygen, phosphate, nitrate, nitrite, ammo-
nium, ferrous iron, ferric iron and sulfide. It considers
the turnover of particulate organic matter in the water
column and in surface sediments, a suite of organic
matter degradation pathways and a wide range of sec-
ondary redox processes. The model employs annual
mean water fluxes derived from ROMS simulations of
the Peruvian OMZ (José et al. 2021). The model uses
a geochemical approach and has, therefore, a number
of limitations: It does not simulate the abundance of
biota and the transport of particles. It considers the
limitation of primary production by phosphorus,
reactive nitrogen and iron but does not simulate the
effects of light availability on primary production in
surface waters. It has a coarse spatial resolution with
only four depth levels in the water column (0-50 m,
30-300 m, 300-1000 m,>1000 m) and 12 areas
representing the entire OMZ (Fig. 1). It uses a time-
invariant circulation field and is, therefore, not able
to resolve seasonal and interannual variability. A full
description of the model is given in Section S1 of the
Supplementary Information.

Funding Open Access funding enabled and organized
by Projekt DEAL. Funding was provided by the Deutsche
Forschungsgemeinschaft (DFG) via the Collaborative Research
Centre 754 and the Emmy Noether project ICONOX.

Data availability All data that are used in this publication
are taken from publicly available sources.

Code availability The full code of the model presented in the
publication will be provided by the first author on demand.

Declarations

Conflict of interest The authors declare that they have no
conflict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Aguilar-Islas AM, Rember R, Nishino S, Kikuchi T, Itoh M
(2013) Partitioning and lateral transport of iron to the
Canada Basin. Polar Sci 7:82-99

Babbin AR, Keil RG, Devol AH, Ward BB (2014) Organic
matter stoichiometry, flux, and oxygen control nitrogen
loss in the ocean. Science 344:406—-408

Baroni IR, Tsandev I, Slomp CP (2014) Enhanced N-2-fixa-
tion and NH4+ recycling during oceanic anoxic event 2
in the proto-North Atlantic. Geochem Geophys Geosyst
15:4064-4078

Baroni IR, van Helmond N, Tsandev I, Middelburg JJ, Slomp
CP (2015) The nitrogen isotope composition of sedi-
ments from the proto-North Atlantic during Oceanic
Anoxic Event 2. Paleoceanography 30:923-937

Berelson W, McManus J, Coale K, Johnson K, Burdige D,
Kilgore T, Colodner D, Chavez F, Kudela R, Boucher J
(2003) A time series of benthic flux measurements from
Monterey Bay, CA. Cont Shelf Res 23:457-481

Birchill AJ, Milne A, Woodward EMS, Harris C, Annett
A, Rusiecka D, Achterberg EP, Gledhill M, Ussher SJ,
Worsfold PJ, Geibert W, Lohan MC (2017) Seasonal
iron depletion in temperate shelf seas. Geophys Res Lett
44:8987-8996

Bohlen L, Dale AW, Sommer S, Mosch T, Hensen C, Noffke
A, Scholz F, Wallmann K (2011) Benthic nitrogen
cycling traversing the Peruvian oxygen minimum zone.
Geochim Cosmochim Acta 75:6094-6111

Bohlen L, Dale A, Wallmann K (2012) Simple transfer func-
tions for calculating benthic fixed nitrogen losses and
C:N:P regeneration ratios in global biogeochemical
models. Global Biochem Cycles 26

Bollhofer A, Eisenhauer A, Frank N, Pech D, Mangini A
(1996) Thorium and uranium isotopes in a manganese
nodule from the Peru basin determined by alpha spec-
trometry and thermal ionization mass spectrometry
(TIMS): are manganese supply and growth related to
climate? Geol Rundsch 85:577-585

Bonnet S, Dekaezemacker J, Turk-Kubo KA, Moutin T,
Hamersley RM, Grosso O, Zehr JP, Capone DG (2013)
Aphotic N-2 fixation in the Eastern Tropical South
Pacific Ocean. PLoS ONE 8:14

Boyd PW, Ellwood MJ (2010) The biogeochemical cycle of
iron in the ocean. Nat Geosci 3:675-682

Browning TJ, Rapp I, Schlosser C, Gledhill M, Achterberg
EP, Bracher A, Le Moigne FAC (2018) Influence of
iron, cobalt, and vitamin b-12 supply on phytoplankton
growth in the tropical east pacific during the 2015 El
Nino. Geophys Res Lett 45:6150-6159

Browning TJ, Al-Hashem AA, Hopwood MJ, Engel A, Bel-
kin IM, Wakefield ED, Fischer T, Achterberg EP (2021)

@ Springer


http://creativecommons.org/licenses/by/4.0/

64

Biogeochemistry (2022) 159:45-67

Iron regulation of North Atlantic eddy phytoplankton
productivity. Geophys Res Lett. https://doi.org/10.1029/
2020GL091403

Bruland KW, Rue EL, Smith GJ, DiTullio GR (2005)
Iron, macronutrients and diatom blooms in the Peru
upwelling regime: brown and blue waters of Peru. Mar
Chem 93:81-103

Callbeck CM, Lavik G, Ferdelman TG, Fuchs B, Gruber-
Vodicka HR, Hach PF, Littmann S, Schoffelen NIJ,
Kalvelage T, Thomsen S, Schunck H, Loscher CR,
Schmitz RA, Kuypers MMM (2018) Oxygen minimum
zone cryptic sulfur cycling sustained by offshore trans-
port of key sulfur oxidizing bacteria. Nat Commun 9:11

Canfield DE (2006) Models of oxic respiration, denitrifica-
tion and sulfate reduction in zones of coastal upwelling.
Geochim Cosmochim Acta 70:5753-5765

Canfield DE, Kraft B, Loscher C, Boyle RA, Thamdrup B,
Stewart FJ (2019) The regulation of oxygen to low con-
centrations in marine oxygen-minimum zones. J Mar
Res 77:297-324

Cardich J, Sifeddine A, Salvatteci R, Romero D, Briceno-
Zuluaga F, Graco M, Anculle T, Almeida C, Gutierrez
D (2019) Multidecadal changes in marine subsurface
oxygenation off central Peru during the last ca. 170
years. Front Mar Sci 6:16

Chang BX, Jayakumar A, Widner B, Bernhardt P, Mordy
CW, Mulholland MR, Ward BB (2019) Low rates of
dinitrogen fixation in the eastern tropical South Pacific.
Limnol Oceanogr 64:1913-1923

Chavez FP, Bertrand A, Guevara-Carrasco R, Soler P, Csirke
J (2008) The northern Humboldt current system: brief
history, present status and a view towards the future.
Prog Oceanogr 79:95-105

Chever F, Rouxel OJ, Croot PL, Ponzevera E, Wuttig K,
Auro M (2015) Total dissolvable and dissolved iron iso-
topes in the water column of the Peru upwelling regime.
Geochim Cosmochim Acta 162:66-82

Currie B, Utne-Palm AC, Salvanes AGV (2018) Winning
ways with hydrogen sulphide on the Namibian shelf.
Front Mar Sci 5:9

Dale AW, Nickelsen L, Scholz F, Hensen C, Oschlies A,
Wallmann K (2015) A revised global estimate of dis-
solved iron fluxes from marine sediments. Global Bio-
geochem Cycles 29:691-707

Dalsgaard T, Thamdrup B, Farias L, Revsbech NP (2012)
Anammox and denitrification in the oxygen minimum
zone of the eastern South Pacific. Limnol Oceanogr
57:1331-1346

Dalsgaard T, Stewart FJ, Thamdrup B, De Brabandere L,
Revsbech NP, Ulloa O, Canfield DE, DeLong EF (2014)
Oxygen at nanomolar levels reversibly suppresses pro-
cess rates and gene expression in anammox and deni-
trification in the oxygen minimum zone off Northern
Chile. Mbio 5:14

Deutsch C, Brix H, Ito T, Frenzel H, Thompson L (2011)
Climate-forced variability of ocean hypoxia. Science
333:336-339

DiTullio GR, Geesey ME, Maucher JM, Alm MB, Riseman
SF, Bruland KW (2005) Influence of iron on algal com-
munity composition and physiological status in the Peru
upwelling system. Limnol Oceanogr 50:1887-1907

@ Springer

Dugdale RC, Goering JJ, Barber RT, Smith RL, Pack-
ard TT (1977) Denitrification and hydrogen-sulfide
in peru upwelling region during 1976. Deep-Sea Res
24:601-608

Fernandez C, Farias L, Ulloa O (2011) Nitrogen fixation in
denitrified marine waters. PLoS ONE 6:9

Garcia HE, Gordon LI (1992) Oxygen solubility in seawater:
better fitting equations. Limnol Oceanogr 37:1307-1312

Garcia-Robledo E, Padilla CC, Aldunate M, Stewart FJ, Ulloa
O, Paulmier A, Gregori G, Revsbech NP (2017) Cryptic
oxygen cycling in anoxic marine zones. Proc Natl Acad
Sci USA 114:8319-8324

Gledhill M, Buck KN (2012) The organic complexation of iron
in the marine environment: a review. Front Microbiol 3:17

Grosskopf T, Mohr W, Baustian T, Schunck H, Gill D, Kuypers
MMM, Lavik G, Schmitz RA, Wallace DWR, LaRoche J
(2012) Doubling of marine dinitrogen-fixation rates based
on direct measurements. Nature 488:361-364

Gutierrez D, Enriquez E, Purca S, Quipuzcoa L, Marquina R,
Flores G, Graco M (2008) Oxygenation episodes on the
continental shelf of central Peru: Remote forcing and ben-
thic ecosystem response. Prog Oceanogr 79:177-189

Hamersley MR, Lavik G, Woebken D, Rattray JE, Lam P, Hop-
mans EC, Damste JSS, Kruger S, Graco M, Gutierrez D,
Kuypers MMM (2007) Anaerobic ammonium oxidation
in the Peruvian oxygen minimum zone. Limnol Oceanogr
52:923-933

Hamukuaya H, O’Toole MJ, Woodhead PMJ (1998) Observa-
tions of severe hypoxia and offshore displacement of Cape
hake over the Namibian shelf in 1994. South Afr. J Mar
Sci-Suid-Afr Tydsk Seewetens 19:57-59

Heller M1, Lam PJ, Moffett JW, Till CP, Lee JM, Toner BM,
Marcus MA (2017) Accumulation of Fe oxyhydroxides
in the Peruvian oxygen deficient zone implies non-oxy-
gen dependent Fe oxidation. Geochim Cosmochim Acta
211:174-193

Hopwood MJ, Santana-Gonzalez C, Gallego-Urrea J, Sanchez
N, Achterberg EP, Ardelan MV, Gledhill M, Gonzalez-
Davila M, Hoffmann L, Leiknes O, Santana-Casiano JM,
Tsagaraki TM, Turner D (2020) Fe(II) stability in coastal
seawater during experiments in Patagonia, Svalbard, and
Gran Canaria. Biogeosciences 17:1327-1342

Hutchins DA, Hare CE, Weaver RS, Zhang Y, Firme GF, DiT-
ullio GR, Alm MB, Riseman SF, Maucher JM, Geesey
ME, Trick CG, Smith GJ, Rue EL, Conn J, Bruland KW
(2002) Phytoplankton iron limitation in the Humboldt cur-
rent and Peru upwelling. Limnol Oceanogr 47:997-1011

Ingall ED, Jahnke RA (1994) Evidence for enhanced phos-
phorus regeneration from marine sediments overlain
by oxygen depleted waters. Geochim Cosmochim Acta
58:2571-2575

Ingall ED, Bustin RM, Van Cappellen P (1993) Influence of
water column anoxia on the burial and preservation of car-
bon and phosphorus in marine shales. Geochim Cosmo-
chim Acta 57:303-316

John SG, Helgoe J, Townsend E, Weber T, DeVries T, Tagli-
abue A, Moore K, Lam P, Marsay CM, Till C (2018) Bio-
geochemical cycling of Fe and Fe stable isotopes in the
Eastern Tropical South Pacific. Mar Chem 201:66-76

José YS, Stramma L, Schmidtko S, Oschlies A (2021) ENSO-
driven fluctuations in oxygen supply and vertical extent of


https://doi.org/10.1029/2020GL091403
https://doi.org/10.1029/2020GL091403

Biogeochemistry (2022) 159:45-67

65

oxygen-poor waters in the oxygen minimum zone of the
Eastern Tropical South Pacific. Biogeosci Discuss

Jurikova H, Gutjahr M, Wallmann K, Flogel S, Liebetrau V,
Posenato R, Angiolini L, Garbelli C, Brand U, Wieden-
beck M, Eisenhauer A (2020) Permian-Triassic mass
extinction pulses driven by major marine carbon cycle
perturbations. Nat Geosci 13:745

Kadko D, Aguilar-Islas A, Buck CS, Fitzsimmons JN, Land-
ing WM, Shiller A, Till CP, Bruland KW, Boyle EA,
Anderson RF (2020) Sources, fluxes and residence times
of trace elements measured during the US GEOTRACES
East Pacific Zonal Transect. Mar Chem 222:17

Kalvelage T, Jensen MM, Contreras S, Revsbech NP, Lam P,
Gunter M, LaRoche J, Lavik G, Kuypers MMM (2011)
Oxygen sensitivity of anammox and coupled N-cycle pro-
cesses in oxygen minimum zones. PLoS ONE 6:12

Kalvelage T, Lavik G, Lam P, Contreras S, Arteaga L,
Loscher CR, Oschlies A, Paulmier A, Stramma L,
Kuypers MMM (2013) Nitrogen cycling driven by
organic matter export in the South Pacific oxygen mini-
mum zone. Nat Geosci 6:228-234

Kalvelage T, Lavik G, Jensen MM, Revsbech NP, Loscher
C, Schunck H, Desai DK, Hauss H, Kiko R, Holtappels
M, LaRoche J, Schmitz RA, Graco MI, Kuypers MMM
(2015) Aerobic microbial respiration in oceanic oxygen
minimum zones. PLoS ONE 10:17

Klar JK, Schlosser C, Milton JA, Woodward EMS, Lacan F,
Parkinson 1J, Achterberg EP, James RH (2018) Sources
of dissolved iron to oxygen minimum zone waters on
the Senegalese continental margin in the tropical North
Atlantic Ocean: insights from iron isotopes. Geochim
Cosmochim Acta 236:60-78

Koeve W, Kahler P (2010) Heterotrophic denitrification vs.
autotrophic anammox - quantifying collateral effects on
the oceanic carbon cycle. Biogeosciences 7:2327-2337

Krahmann G, Arevalo-Martinez DL, Dale AW, Dengler M,
Engel A, Glock N, Grasse P, Hahn J, Hauss H, Hopwood
MJ, Kiko R, Loginova AN, Loscher CR, Massmig M,
Roy AS, Salvatteci R, Sommer S, Tanhua T, Mehrtens
H (2021) Climate-biogeochemistry interactions in the
Tropical Ocean: data collection and legacy. Front Mar
Sci 8:23

Kuypers MMM, van Breugel Y, Schouten S, Erba E, Dam-
ste JSS (2004) N-2-fixing cyanobacteria supplied nutri-
ent N for Cretaceous oceanic anoxic events. Geology
32:853-856

Lippiatt SM, Brown MT, Lohan MC, Bruland KW (2011)
Reactive iron delivery to the Gulf of Alaska via a Kenai
eddy. Deep-Sea Res 1 58:1091-1102

Loescher CR, Grosskopf T, Desai FD, Gill D, Schunck H,
Croot PL, Schlosser C, Neulinger SC, Pinnow N, Lavik G,
Kuypers MMM, LaRoche J, Schmitz RA (2014) Facets of
diazotrophy in the oxygen minimum zone waters off Peru.
Isme J 8:2180-2192

Lomnitz U, Sommer S, Dale AW, Loscher CR, Noffke A, Wall-
mann K, Hensen C (2016) Benthic phosphorus cycling
in the Peruvian oxygen minimum zone. Biogeosciences
13:1367-1386

Loscher CR, Bourbonnais A, Dekaezemacker J, Charoen-
pong CN, Altabet MA, Bange HW, Czeschel R, Hoff-
mann C, Schmitz R (2016) N, fixation in eddies of the

eastern tropical South Pacific Ocean. Biogeosciences
13:2889-2899

Luo GM, Wang YB, Algeo TJ, Kump LR, Bai X, Yang H, Yao
L, Xie SC (2011) Enhanced nitrogen fixation in the imme-
diate aftermath of the latest Permian marine mass extinc-
tion. Geology 39:647-650

McManus J, Berelson WM, Coale KH, Johnson KS, Kilgore
TE (1997) Phosphorus regeneration in continental margin
sediments. Geochim Cosmochim Acta 61:2891-2907

Millero FJ, Sotolongo S, Izaguirre M (1987) The oxidation
kinetics of Fe(Il) in seawater. Geochim Cosmochim Acta
51:793-801

Milne A, Schlosser C, Wake BD, Achterberg EP, Chance
R, Baker AR, Forryan A, Lohan MC (2017) Particulate
phases are key in controlling dissolved iron concentrations
in the (sub)tropical North Atlantic. Geophys Res Lett
44:2377-2387

Moffett JW, German CR (2018) The U.S. GEOTRACES East-
ern Tropical Pacific Transect (GP16). Mar Chem 201:1-5

Mohr W, Grosskopf T, Wallace DWR, LaRoche J (2010) Meth-
odological underestimation of oceanic nitrogen fixation
rates. PLoS ONE 5:7

Montes I, Dewitte B, Gutknecht E, Paulmier A, Dadou I,
Oschlies A, Garcon V (2014) High-resolution modeling of
the Eastern Tropical Pacific oxygen minimum zone: sen-
sitivity to the tropical oceanic circulation. J Geophys Res
119:5515-5532

Naafs BDA, Monteiro FM, Pearson A, Higgins MB, Pancost
RD, Ridgwell A (2019) Fundamentally different global
marine nitrogen cycling in response to severe ocean deox-
ygenation. Proc Natl Acad Sci USA 116:24979-24984

Noffke A, Hensen C, Sommer S, Scholz F, Bohlen L, Mosch
T, Graco M, Wallmann K (2012) Benthic iron and phos-
phorus fluxes across the Peruvian oxygen minimum zone.
Limnol Oceanogr 57:851-867

Ohde T (2018) Coastal sulfur plumes off Peru during El
Nino, La Nina, and neutral phases. Geophys Res Lett
45:7075-7083

Oschlies A, Brandt P, Stramma L, Schmidtko S (2018) Driv-
ers and mechanisms of ocean deoxygenation. Nat Geosci
11:467-473

Oschlies A (2021) A committed fourfold increase in ocean
oxygen loss. Nat Commun. https://doi.org/10.1038/
s41467-021-22584-4

Plass A, Schlosser C, Sommer S, Dale AW, Achterberg EP,
Scholz F (2020) The control of hydrogen sulfide on ben-
thic iron and cadmium fluxes in the oxygen minimum
zone off Peru. Biogeosciences 17:3685-3704

Rapp I, Schlosser C, Barraqueta JLM, Wenzel B, Ludke J,
Scholten J, Gasser B, Reichert P, Gledhill M, Dengler M,
Achterberg EP (2019) Controls on redox-sensitive trace
metals in the Mauritanian oxygen minimum zone. Biogeo-
sciences 16:4157-4182

Rapp I, Schlosser C, Browning TJ, Wolf F, Le Moigne FAC,
Gledhill M, Achterberg EP (2020) El nino-driven oxy-
genation impacts Peruvian shelf iron supply to the South
Pacific Ocean. Geophys Res Lett 47:10

Schlitzer R, Anderson RF, Dodas EM, Lohan M, Geibere W,
Tagliabue A, Bowie A, Jeandel C, Maldonado MT, Land-
ing WM, Cockwell D, Abadie C, Abouchami W, Achter-
berg EP, Agather A, Aguliar-Islas A, van Aken HM,

@ Springer


https://doi.org/10.1038/s41467-021-22584-4
https://doi.org/10.1038/s41467-021-22584-4

66

Biogeochemistry (2022) 159:45-67

Andersen M, Archer C, Auro M, de Baar HJ, Baars O,
Baker AR, Bakker K, Basak C, Baskaran M, Bates NR,
Bauch D, van Beek P, Behrens MK, Black E, Bluhm K,
Bopp L, Bouman H, Bowman K, Bown J, Boyd P, Boye
M, Boyle EA, Branellec P, Bridgestock L, Brissebrat G,
Browning T, Bruland KW, Brumsack HJ, Brzezinski M,
Buck CS, Buck KN, Buesseler K, Bull A, Butler E, Cai P,
Mor PC, Cardinal D, Carlson C, Carrasco G, Casacuberta
N, Casciotti KL, Castrillejo M, Chamizo E, Chance R,
Charette MA, Chaves JE, Cheng H, Chever F, Christl M,
Church TM, Closset I, Colman A, Conway TM, Cossa D,
Croot P, Cullen JT, Cutter GA, Daniels C, Dehairs F, Deng
FF, Dieu HT, Duggan B, Dulaquais G, Dumousseaud C,
Echegoyen-Sanz Y, Edwards RL, Ellwood M, Fahrbach E,
Fitzsimmons JN, Flegal AR, Fleisher MQ, van de Flierdt
T, Frank M, Friedrich J, Fripiat F, Frollje H, Galer SJG,
Gamo T, Ganeshram RS, Garcia-Orellana J, Garcia-Sol-
sona E, Gault-Ringold M, George E, Gerringa LJA, Gil-
bert M, Godoy JM, Goldstein SL, Gonzalez SR, Grissom
K, Hammerschmidt C, Hartman A, Hassler CS, Hathorne
EC, Hatta M, Hawco N, Hayes CT, Heimburger LE, Hel-
goe J, Heller M, Henderson GM, Henderson PB, van
Heuven S, Ho P, Horner TJ, Hsieh YT, Huang KF, Hum-
phreys MP, Isshiki K, Jacquot JE, Janssen DJ, Jenkins WJ,
John S, Jones EM, Jones JL, Kadko DC, Kayser R, Kenna
TC, Khondoker R, Kim T, Kipp L, Klar JK, Klunder M,
Kretschmer S, Kumamoto Y, Laan P, Labatut M, Lacan
F, Lam PJ, Lambelet M, Lamborg CH, Le Moigne FAC,
Le Roy E, Lechtenfeld OJ, Lee JM, Lherminier P, Little
S, Lopez-Lora M, Lu YB, Masque P, Mawji E, McClain
CR, Measures C, Mehic S, Menzel Barraqueta JL, van
der Merwe P, Middag R, Mieruch S, Milne A, Minami T,
Moffett JW, Moncoiffe G, Moore WS, Morris PJ, Morton
PL, Nakaguchi Y, Nakayama N, Niedermiller J, Nishioka
J, Nishiuchi A, Noble A, Obata H, Ober S, Ohnemus DC,
van Ooijen J, O’Sullivan J, Owens S, Pahnke K, Paul M,
Pavia F, Pena LD, Petersh B, Planchon F, Planquette H,
Pradoux C, Puigcorbe V, Quay P, Queroue F, Radic A,
Rauschenberg S, Rehkamper M, Rember R, Remenyi T,
Resing JA, Rickli J, Rigaud S, Rijkenberg MJA, Rintoul S,
Robinson LF, Roca-Marti M, Rodellas V, Roeske T, Roli-
son JM, Rosenberg M, Roshan S, van der Loaff MMR,
Ryabenko E, Saito MA, Salt LA, Sanial V, Sarthou G,
Schallenberg C, Schauer U, Scher H, Schlosser C, Sch-
netger B, Scott P, Sedwick PN, Semiletov I, Shelley R,
Sherrell RM, Shiller AM, Sigman DM, Singh SK, Slagter
HA, Slater E, Smethie WM, Snaith H, Sohrin Y, Sohst
B, Sonke JE, Speich S, Steinfeldt R, Stewart G, Stichel
T, Stirling CH, Stutsman J, Swarr GJ, Swift JH, Thomas
A, Thorne K, Till CP, Till R, Townsend AT, Townsend E,
Tuerena R, Twining BS, Vance D, Velazquez S, Venchi-
arutti C, Villa-Alfageme M, Vivancos SM, Voelker AHL,
Wake B, Warner MJ, Watson R, van Weerlee E, Weigand
MA, Weinstein Y, Weiss D, Wisotzki A, Woodward EMS,
Wu JF, Wu YZ, Wuttig K, Wyatt N, Xiang Y, Xie RFC,
Xue ZC, Yoshikawa H, Zhang J, Zhang P, Zhao Y, Zheng
LJ, Zheng XY, Zieringer M, Zimmer LA, Ziveri P, Zunino
P, Zurbrick C (2018) The GEOTRACES intermediate
data product 20017. Chem Geol 493:210-223

@ Springer

Schlosser C, Croot PL (2009) Controls on seawater Fe(III) sol-
ubility in the Mauritanian upwelling zone. Geophys Res
Lett 36:5

Schlosser C, Schmidt K, Aquilina A, Homoky WB, Castrillejo
M, Mills RA, Patey MD, Fielding S, Atkinson A, Achter-
berg EP (2018a) Mechanisms of dissolved and labile
particulate iron supply to shelf waters and phytoplank-
ton blooms off South Georgia, Southern Ocean. Biogeo-
sciences 15:4973-4993

Schlosser C, Streu P, Frank M, Lavik G, Croot PL, Dengler M,
Achterberg EP (2018b) H2S events in the Peruvian oxy-
gen minimum zone facilitate enhanced dissolved Fe con-
centrations. Sci Rep 8:8

Schmidtko S, Stramma L, Visbeck M (2017) Decline in global
oceanic oxygen content during the past five decades.
Nature 542:335

Scholz F, Severmann S, McManus J, Hensen C (2014) Beyond
the Black Sea paradigm: the sedimentary fingerprint of
an open-marine iron shuttle. Geochim Cosmochim Acta
127:368-380

Scholz F, Loscher CR, Fiskal A, Sommer S, Hensen C, Lom-
nitz U, Wuttig K, Gottlicher J, Kossel E, Steininger R,
Canfield DE (2016) Nitrate-dependent iron oxidation lim-
its iron transport in anoxic ocean regions. Earth Planet Sci
Lett 454:272-281

Scholz F, Beil S, Flogel S, Lehmann MF, Holbourn A, Wall-
mann K, Kuhnt W (2019) Oxygen minimum zone-type
biogeochemical cycling in the Cenomanian-Turonian
Proto-North Atlantic across Oceanic Anoxic Event 2.
Earth Planet Sci Lett 517:50-60

Schroller-Lomnitz U, Hensen C, Dal AW, Scholz F, Clemens
D, Sommer S, Noffke A, Wallmann K (2019) Dissolved
benthic phosphate, iron and carbon fluxes in the Maurita-
nian upwelling system and implications for ongoing deox-
ygenation. Deep-Sea Res 1 143:70-84

Schunck H, Lavik G, Desai DK, Grosskopf T, Kalvelage T,
Loscher CR, Paulmier A, Contreras S, Siegel H, Holtap-
pels M, Rosenstiel P, Schilhabel MB, Graco M, Schmitz
RA, Kuypers MMM, LaRoche J (2013) Giant hydrogen
sulfide plume in the oxygen minimum zone off Peru sup-
ports chemolithoautotrophy. PLoS ONE 8:18

Selden CR, Mulholland MR, Bernhardt PW, Widner B,
Macias-Tapia A, Ji Q, Jayakumar A (2019) Dinitrogen
fixation across physico-chemical gradients of the eastern
tropical north pacific oxygen deficient zone. Global Bio-
geochem Cycles 33:1187-1202

Somes CJ, Dale AW, Wallmann K, Scholz F, Yao WX, Oschlies
A, Muglia J, Schmittner A, Achterberg EP (2021) Con-
straining global marine iron sources and ligand-mediated
scavenging fluxes with GEOTRACES dissolved iron
measurements in an ocean biogeochemical model. Global
Biogeochem Cycles. https://doi.org/10.1029/2021GB0069
48

Stewart FJ, Ulloa O, DeLong EF (2012) Microbial metatran-
scriptomics in a permanent marine oxygen minimum
zone. Environ Microbiol 14:23-40

Stramma L, Johnson G, Sprintall J, Morholz V (2008) Expand-
ing oxygen-minimum zones in the tropical oceans. Sci-
ence 320:4

Stramma L, Schmidtko S, Bograd SJ, Ono T, Ross T, Sasano
D, Whitney FA (2020) Trends and decadal oscillations of


https://doi.org/10.1029/2021GB006948
https://doi.org/10.1029/2021GB006948

Biogeochemistry (2022) 159:45-67

67

oxygen and nutrients at 50 to 300m depth in the equatorial
and North Pacific. Biogeosciences 17:813-831

Su B, Pahlow M, Oschlies A (2016) Box-modelling of the
impacts of atmospheric nitrogen deposition and benthic
remineralisation on the nitrogen cycle of the eastern tropi-
cal South Pacific. Biogeosciences 13:4985-5001

Tagliabue A, Bowie AR, Boyd PW, Buck KN, Johnson KS,
Saito MA (2017) The integral role of iron in ocean bio-
geochemistry. Nature 543:51-59

Tagliabue A, Bowie AR, DeVries T, Ellwood MJ, Landing
WM, Milne A, Ohnemus DC, Twining BS, Boyd PW
(2019) The interplay between regeneration and scaveng-
ing fluxes drives ocean iron cycling. Nat Commun 10:8

Thomsen S, Kanzow T, Krahmann G, Greatbatch RJ, Dengler
M, Lavik G (2016) The formation of a subsurface anticy-
clonic eddy in the Peru-Chile undercurrent and its impact
on the near-coastal salinity, oxygen, and nutrient distribu-
tions. J Geophys Res 121:476-501

Ulloa O, Canfield DE, DeLong EF, Letelier RM, Stewart FJ
(2012) Microbial oceanography of anoxic oxygen mini-
mum zones. Proc Natl Acad Sci USA 109:15996-16003

Vieira LH, Krisch S, Hopwood MIJ, Beck AlJ, Scholten J,
Liebetrau V, Achterberg EP (2020) Unprecedented Fe
delivery from the Congo River margin to the South Atlan-
tic Gyre. Nat Commun 11:8

Wallmann K (2003) Feedbacks between oceanic redox states
and marine productivity: a model perspective focused on

benthic phosphorus cycling. Global Biogeochem Cycles
17:1084

Wallmann K, Flogel S, Scholz F, Dale AW, Kemena TP,
Steinig S, Kuhnt W (2019) Periodic changes in the Creta-
ceous ocean and climate caused by marine redox see-saw.
Nat Geosci 12:456-462

Wallmann K (2010) Phosphorus imbalance in the global
ocean? Global Biogeochem Cycles 24:GB4030

Ward BB (2013) How nitrogen is lost. Science 341:352-353

Zakem EJ, Mahadevan A, Lauderdale JM, Follows MJ (2020)
Stable aerobic and anaerobic coexistence in anoxic marine
zones. Isme J 14:288-301

Zehr JP, Capone DG (2020) Changing perspectives in marine
nitrogen fixation. Science 368:729

Zhu KC, Hopwood MJ, Groenenberg JE, Engel A, Achterberg
EP, Gledhill M (2021) Influence of pH and dissolved
organic matter on iron speciation and apparent iron solu-
bility in the Peruvian shelf and slope region. Environ Sci
Technol 55:9372-9383

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Biogeochemical feedbacks may amplify ongoing and future ocean deoxygenation: a case study from the Peruvian oxygen minimum zone
	Abstract 
	Introduction
	Results and discussion
	Study area and model set-up
	Model optimization and sensitivity
	Nitrogen cycling
	Iron cycling
	Model limitations
	Response to ocean deoxygenation
	Response to ocean warming
	Ocean deoxygenation and warming may promote sulfidic conditions in sub-surface waters of the continental margin
	Effects of biogeochemical feedbacks on future ocean change

	Conclusions, hypothesis and outlook
	Methods
	References




