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Abstract
Aerobic processes require oxygen, and anaerobic processes are typically
hindered by it. In many places in the global ocean, oxygen is completely
removed at mid-water depths forming anoxic oxygen minimum zones
(A-OMZs). Within the oxygen gradients linking oxygenated waters with
A-OMZs, there is a transition from aerobic to anaerobic microbial processes.
This transition is not sharp and there is an overlap between processes using
oxygen and those using other electron acceptors. This review will focus on
the oxygen control of aerobic and anaerobic metabolisms and will explore
how this overlap impacts both the carbon and nitrogen cycles in A-OMZ
environments. We will discuss new findings on non-phototrophic microbial
processes that produce oxygen, and we focus on how oxygen impacts the
loss of fixed nitrogen (as N2) from A-OMZ waters. There are both physiologi-
cal and environmental controls on the activities of microbial processes
responsible for N2 loss, and the environmental controls are active at
extremely low levels of oxygen. Understanding how these controls function
will be critical to understanding and predicting how fixed-nitrogen loss in the
oceans will respond to future global warming.

INTRODUCTION

Oxygen typically reaches a minimum concentration
at some depth in the marine water column. This mini-
mum results from the aerobic respiration of organic
matter produced in, and settling from, the upper photic
zone, balanced against oxygen-rich water derived from
high latitudes and circulating in the deep ocean
(Wyrtki, 1962). When oxygen levels are reduced to
below about 60 μM, these ocean regions are typically
called oxygen minimum zones (OMZs). In some
regions of the global ocean, patterns of circulation,
together with intense upwelling, conspire to reduce oxy-
gen concentrations to levels well below detection with
the newest oxygen sensing technologies (<3 to 4 nM)
(Revsbech et al., 2011; Thamdrup et al., 2012). We will
refer to these as ‘anoxic’ oxygen minimum zones (A-
OMZs), and they are found the Arabian Sea, the North
and South Eastern Tropical Pacific and in the Benguela
upwelling current. Other regions of the oceans, such as

the Cariaco Basin, the Black Sea and various fjords
and embayments have bottom waters that are either
permanently or periodically anoxic. Such anoxic basins
will not be the focus of this review, but they will be men-
tioned when appropriate.

Sharp oxygen gradients mark the transition
between oxygenated waters and the oxygen-depleted
waters of A-OMZs, and these gradients house funda-
mental ecological shifts between aerobic and anaerobic
metabolic processes (Bristow et al., 2017; Dalsgaard
et al., 2014; Jensen et al., 2008; Kalvelage et al., 2011;
Ulloa et al., 2012). The aerobic processes we will con-
sider are parts of the C and N cycles and include aero-
bic respiration, ammonium oxidation and nitrite
oxidation, to which we also group oxygenic photosyn-
thesis. The anaerobic processes include nitrate reduc-
tion to nitrite, nitrate (and nitrite) reduction to
ammonium, denitrification and anammox (Table 1).
These microbial processes (together with possibly sul-
fate reduction; Canfield et al., 2010) are viewed as the
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most important in determining A-OMZ ecology and bio-
geochemical cycling (Dalsgaard et al., 2014; Jensen
et al., 2008; Kalvelage et al., 2011; Lam et al., 2009;
Ulloa et al., 2012).

As oxygen concentrations control the transition
between aerobic and anaerobic microbial processes,
they will also control the nature of elemental cycling,
but how? For example, how is carbon mineralization
rate impacted by the transition between aerobic and
anaerobic respiration? Also, which anaerobic pro-
cesses dominate carbon mineralization through the
transition? The transition between aerobic and anaero-
bic processes also impacts the cycling of nitrogen. For
example, low-oxygen concentrations will lead to the
anaerobic process of nitrate reduction to nitrite
(Kalvelage et al., 2013; Lam et al., 2009a) (Table 1).
The fate of this nitrite will depend on oxygen, as with
sufficient oxygen, the nitrite will be oxidized back to
nitrate, forming a cryptic cycle. If this happens, nitrite
will not be available to fuel anammox, and thus will not
contribute to fixed N loss as N2 from the oceans. Thus,
the extent to which low-oxygen conditions contribute to
marine fixed nitrogen loss will depend on the oxygen
concentration and relative oxygen sensitivities of the
associated aerobic and anaerobic processes (Bristow
et al., 2016).

There is growing interest in how oxygen impacts the
nitrogen cycle as the oceans have lost some 2% of
their oxygen inventory over the last 50 years
(Schmidtko et al., 2017; Stramma et al., 2012). This
loss has been linked to ocean warming and altered cir-
culation due to climate change (Oschlies et al., 2018;
Schmidtko et al., 2017). Further ocean deoxygenation
is expecting as the atmosphere and oceans continue to
warm (Oschlies, 2021), leading to expanded A-OMZs
and a likely increase in the volume of ocean water
where aerobes and anaerobes cohabitate, with possi-
ble impacts on elemental cycling and the ocean nutrient
(mainly N) economy.

While oxygen contributes to elemental cycling alon-
goxygen gradients, it may also, paradoxically, contrib-
ute to elemental cycling under the ‘anoxic’ conditions

of A-OMZs. For example, photosynthetic oxygen pro-
duction has been found in the upper reaches of
‘anoxic’ A-OMZ waters (Garcia-Robledo et al., 2017),
and some microbial aerobic processes have been dis-
covered to occur in the absence of any external supply
of oxygen. As examples of the latter case, both the
methane oxidizer Candidatus Methylomirabilis oxyfera
(Ettwig et al., 2010) and the ammonia oxidizer Nitroso-
pumilus maritimus (Kraft et al., 2022) produce their own
molecular oxygen that they use in aerobic metabolism,
with potential impacts on elemental cycling in A-OMZs.

This review will explore the relationship between
oxygen concentrations and aerobic and anaerobic
metabolisms of biogeochemical significance in A-OMZ
environments. This review explores how oxygen regu-
lates the transition between aerobic and anaerobic pro-
cesses, and how this regulation impacts both carbon
and nutrient cycling in both A-OMZs and OMZs. We
give attention to how biogeochemical cycling in low-
oxygen environments might be impacted by global
warming. By focusing on the oxygen regulation of
microbial processes, this contribution complements
oxygen-minimum zone reviews focusing on the nitro-
gen (Lam & Kuypers, 2011; Ulloa et al., 2012; Wright
et al., 2012) and sulfur (Callbeck et al., 2021; van Vliet
et al., 2021) cycles, and it follows an earlier review on
microbial life at low-oxygen concentrations (Morris &
Schmidt, 2013) and a recent review (Berg et al., 2022)
that offers a broad overview of microbial life in low-
oxygen environments.

STRUCTURE OF A-OMZS

The basic features of A-OMZ biogeochemistry are
shown in Figure 1. This cartoon is modelled after the A-
OMZ of Northern Chile (Canfield et al., 2010), but it
reflects features common to most A-OMZs. These fea-
tures include oxygenated waters above and below the
‘anoxic’ core depicted by the accumulation of nitrite.
Indeed, in A-OMZ settings, nitrite accumulates only
when oxygen is below detection by STOX sensors

TAB LE 1 Metabolisms of interest in A-OMZs

Metabolism Reaction

Oxygenic photosynthesis CO2 + H2O à CH2O + O2

Aerobic respiration CH2O + O2 à CO2 + H2O

Ammonia oxidation 2NH4
+ + 3O2 à 2NO2

� + 2H2O + 4H+

Nitrite oxidation 2NO2
� + O2 à 2NO3

�

Anammox NO2
� + NH4

+ à N2 + 2H2O

Nitrate reduction to nitrite 2NO3
� + CH2O à 2NO2

� + CO2 + H2O

Nitrate reduction to ammonium NO3
� + 2CH2O + 2H+ à NH4

+ + 2CO2 + H2O

Denitrification 4NO3
� + 5CH2O + 4H+ à 2 N2 + 5CO2 + 7H2O

Note: Net reactions are given.
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(Thamdrup et al., 2012). Associated with nitrite accu-
mulation, there is a reduction in the concentrations of
nitrate within A-OMZ waters. Many A-OMZs also
harbour a secondary chlorophyll a maximum in their
uppermost layers where oxygen concentrations are
below detection and where nitrite has begun to accu-
mulate (Cepeda-Morales et al., 2009; Garcia-Robledo
et al., 2017; Goericke et al., 2000; Lavin et al., 2010).
This secondary chlorophyll a maximum is generated by
cyanobacteria of the genus Prochlorococcus.

OXYGEN CONTROL OF MICROBIAL
METABOLISMS

Terminal oxidases and Km values

Aerobic metabolism in microbes occurs as electrons
supplied from an electron donor (e.g. organic matter,
ammonium, nitrite) are combined with oxygen at a termi-
nal oxidase enzyme forming water. A number of different
terminal oxidases are found, and these can be divided
into three broad classes: the heme-copper oxidases
(HCOs), the cytochrome bd-type oxidases (Degli Esposti
et al., 2019; Morris & Schmidt, 2013; Sousa et al., 2012)
and the alternative (AOX) oxidases. The HCOs can be
further divided into A, B and C class oxidases, with the A
class oxidases divided into A1 and A2 types. The cyto-
chrome bd-type oxidases are found in multiple forms
including bd-1 and cio types (Morris & Schmidt, 2013).
The AOX oxidases are not widely distributed among pro-
karyotes (Stenmark & Nordlund, 2003) and will not be
considered further here.

In the context of Michaelis–Menten kinetics, and as
reflected in their respective Km values (Table 2), HCO
A-class oxidases and the cytochrome bd cio oxidase
have a low affinity for oxygen (Km ranging from 250 to
4300 nM, Table 2), while the HCO-C class oxidases, as
well as the cytochrome bd-type bd-1 oxidases, have a
high affinity for oxygen (Km ranging from 3 to 300 nM,
Table 2). The affinity of the HCO B-class oxidases has
not been explicitly studied, but they are believed to be
high-affinity oxidases based on the environments
where a high affinity for oxygen is expected (Morris &
Schmidt, 2013).

Many microbes have both high- and low-affinity oxi-
dase enzymes, with E. coli as a conspicuous example,
containing both the high-affinity cytochrome bd oxidase
and the low-affinity HCO A-class cytochrome bo oxidase
(D’mello et al., 1996). Indeed, following expectations,
E. coli expresses the low-affinity oxidase under full oxy-
genation, while under oxygen limitation, the high-affinity
oxidase is preferentially expressed (Cotter et al., 1990).

In A-OMZ environments, both gene abundance and
gene expression data show a dominance of low-affinity
oxidases in environments ranging from full oxygenation
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F I GURE 1 Cartoon showing typical depth distribution of
biogeochemical properties in A-OMZ waters. Typical concentration
ranges of chemical species and chl a in A-OMZs are also given.
Source: Figure inspired by Ulloa et al. (2012)

TAB LE 2 Summary of oxidase enzymes used by prokaryotes and associated Km valuesa

Family HCO HCO HCO

Class A B C Cytochrome bd

Type A1 A2 bd-1 cio

Km (nM) 600–4300 250–3200 7–250 3–300 400–4000

O2 affinity Low Low High? High High Low

References Arai et al. (2014), Miura
et al. (2013), and
Ramel et al. (2013)

Arai et al. (2014) Arai et al. (2014)
and Preisig
et al. (1996)

Preisig et al. (1996)
and Ramel et al.
(2013)

Arai et al. (2014)
and Miura et al.
(2013) and

aTable inspired by Morris and Schmidt (2013) and Degli Esposti et al. (2019).
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to anoxia, but there is a decided increase in the signifi-
cance of high-affinity oxidases as oxygen concentra-
tions decrease (Kalvelage et al., 2015). If we turn to Km

values, a community level value of 391 nM O2 was
obtained from measuring aerobic respiration rates over
a wide range of oxygen concentrations (300–
10,000 nM) from the low-oxygen waters of Golfo Dulce,
Costa Rica (Garcia-Robledo et al., 2016). This relatively
elevated Km could indicate the co-expression of both
high- and low-affinity oxidase enzymes through the oxy-
gen range tested, with the dominance of one or the other
oxidase type depending on the oxygen concentration. In
support of this view, separate oxygen draw-down experi-
ments conducted under oxygen limitation yielded
‘apparent’ Km values of 35–40 nM, and these low Km

values could reflect the expression and use of high-
affinity oxidases under oxygen limitation. In a separate
study from A-OMZs of the north and south tropical
Pacific, oxygen draw-down experiments yielded Km

values ranging from 18 to 113 nM O2, with typical values
of about 100 nM O2 (Tiano et al., 2014). These values
are in line with the presence of Km values for high-affinity
oxidases (Table 2), and overall, aerobic heterotrophic
microbes are well adapted to their environments with
the capacity to use oxygen to very low concentrations.

The same can also be said of nitrifying bacteria.
Indeed, ammonium and nitrite oxidation in A-OMZ
waters from Chilean coast were measured down to the
5–33 nM oxygen limits of the experiment (Bristow
et al., 2016), with a Km value for ammonium oxidation
of 333 nM oxygen, and a Km for nitrite oxidation of
778 nM (Bristow et al., 2016). Careful inspection of the
nitrite oxidation kinetic results revealed a best model fit
with two simultaneous kinetic responses: one with a Km

of under 1 nM, and the other with Km of around
1500 nM. Thus, the nitrifiers involved in nitrite oxidation
from the low-oxygen waters appear to employ both
high- and low-affinity oxidase enzymes, with the high-
affinity oxidase displaying an extremely high oxygen
affinity. Accordingly, members of the Nitrospina, the
most abundant group of nitrite oxidizers in marine envi-
ronments, encode high-affinity HCO-C or HCO-B type
terminal oxidases (Lücker et al., 2013).

We note also that the Km values for nitrogen metab-
olism could impact the activities of aerobes using both
nitrogen and oxygen in their metabolism. Thus, in addi-
tion to oxygen, the concentration of ammonium and
nitrite could affect the various stages of nitrification in
OMZ environments. We will not explicitly explore these
Km values and their impact on microbial metabolism,
but the microbial affinities for nitrogen substrates will be
mentioned where appropriate.

Oxygen limits to aerobic respiration

Michaelis–Menten kinetic analysis reveals when an
organism’s metabolism becomes oxygen limited, but

it does not reveal the lower oxygen limit to metabolism
and growth. From an organismal perspective, the oxy-
gen limit to aerobic respiration comes when the
energy gained during respiration is insufficient to
allow the organism to grow. From an ecological per-
spective, growth should be sufficiently rapid to bal-
ance losses due to death, including predation and
viral attack.

We begin with an organismal perspective (see
Stolper et al., 2010; Zakem & Follows, 2017). When
growth is oxygen limited, as occurs with oxygen con-
centrations below the Km value, the flux of oxygen into
an organism depends on the surface area of the cell
and the concentration of oxygen in the environment. If
we assume that a cell doubles when accumulating
twice its normal carbon content, then the growth rate is
given as Stolper et al. (2010):

μ¼3 ln2yD O2½ �env� O2½ �cell
� �

=qr2 ð1Þ

where μ (d�1) is the growth rate of the organism, [O2]env
is the environmental concentration of oxygen, [O2]cell is
the concentration of oxygen at the cell surface, r (μm) is
the radius of the cell, D (μm2 d�1) is the diffusion rate
for oxygen, y (mol cell carbon produced/mol O2

respired) is the oxygen efficiency of the organism and
q (molC μm�3) is the volumetric carbon content.

For the purpose of an example calculation, we
assume [O2]cell = 0, a y value 0.5 as found experimen-
tally for E. coli (Stolper et al., 2010), a q of
1.85 � 10�14 molC μm�3 as typical for E. coli (Stolper
et al., 2010) and a D of 1.72 � 108 μm2 d�1 (seawater
at 20�C). From these values, we calculate the oxygen
concentrations that can sustain a range of growth rates
for different cell sizes as shown in Table 3. Different
values of y, [O2]cell, and q will change these results
somewhat. For example, y depends on the energy con-
servation efficiency of the electron transfer chain, as
well as the terminal oxidase and the carbon source.
However, a reasonable range of these values is
unlikely to change the main conclusion that small
slowly growing aerobes can grow with oxygen concen-
trations lower than measurable with currently available
oxygen-sensing technology (see also Stolper
et al., 2010). This conclusion is consistent with the abil-
ity of E. coli to grow aerobically at oxygen concentra-
tions below the 3 nM detection limit of STOX sensors
(Stolper et al., 2010).

In nature, however, cells face mortality by cell
death, grazing and viral infection, and growth will
only be possible if the growth rate of the organism
matches or exceeds its rate of removal from the
ecosystem. Thus, following Zakem and Follows
(2017), we can define a critical O2 concentration,
O2*, where the loss rate, L (d�1), is equal to the
growth rate, μ, as expressed in Equation (1),
yielding:

LOW OXYGEN MICROBIAL METABOLISM 5335



O2
� ¼Lqr2=3yD ð2Þ

In principle, the oxygen level where growth and loss
are balanced should set the minimum oxygen concen-
tration in the environment (Zakem & Follows, 2017). If
we assume grazing is the most important source of
loss, then prokaryote loss rates by grazing in low-
oxygen A-OMZ settings of 0.06–0.3 d�1 (Medina
et al., 2017) should balance rates of cell growth
(Table 3). If we focus on prokaryote cells of between
0.6 and 1 μm in diameter, a size that covers most pro-
karyotes in the water column, growth and grazing is
balanced at minimum oxygen levels of between about
0.5 and 5 nM. It is possible that these low-oxygen
levels could impact grazing rates by protists, but the
oxygen control of protist grazing is unexplored. Further-
more, anaerobic, grazing protists are found in anoxic
environments (e.g. Fenchel et al., 1995), so oxygen
concentration may not have a large impact on protist
grazing rates.

The analysis above, however, misses the possibility
that prokaryotes can grow with a mix of aerobic and
anaerobic metabolisms. For example, most microbes
capable of nitrate reduction and denitrification are facul-
tative aerobes. Therefore, a microbe may metabolize
and grow with oxygen under oxygen-limiting condition
as indicated in Equation (1), but supplement this growth
with anaerobic metabolism and thus grow at higher
rates than if growing with oxygen alone. These higher
growth rates will allow a facultative aerobe to persist in
the environment to lower oxygen concentrations than if
the organism was a strict aerobe. In this way, oxygen
can be drawn down by a facultative aerobe to lower
concentrations than expected from Equation (2).

In principle, aerobic autotrophs, like nitrifiers for
example, would be subject to the same constraints as
outlined in Equation (2), where growth rates must
match loss rates for the organism to persist. If aerobic
autotrophs lacked alternative anaerobic metabolisms,
they might not be able to persist at oxygen levels as
low as those for facultative heterotrophic aerobes
assuming grazing rates were similar. However, some

members of the nitrite-oxidizing genus Nitrospira, for
example, can metabolize organic compounds using
nitrate as an electron acceptor (Koch et al., 2015), thus
displaying anaerobic metabolic potential and the possi-
bility of surviving under lower oxygen concentrations
than if growing as a strict aerobe. Other alternative
metabolisms for nitrifiers under anoxic conditions have
been recently discovered, and these will be explored in
a later section.

Oxygen inhibition of anaerobic metabolism

While oxygen is known to interact with and inhibit many
anaerobic organisms, we will focus here on metabo-
lisms of the nitrogen cycle as shown in Table 1. As
noted earlier, organisms responsible for nitrate reduc-
tion to nitrite and denitrification are facultative anaer-
obes, so oxygen does not inhibit their anaerobic
metabolism, but rather, it offers an energetically favour-
able alternative. We could imagine that facultative aer-
obes switch to anaerobic metabolism when oxygen
availability limits their metabolic rate relative to the
availability of the electron donor (organic matter) driving
their metabolism (e.g. Zakem et al., 2020).

In principle, the onset of oxygen limitation by a fac-
ultative anaerobic process can be evaluated by looking
at its oxygen sensitivity. Thus, for A-OMZ waters off the
coast of Chile, denitrification rates (N2 + N2O produc-
tion) were reduced to half of their maximum values at
200–300 nM oxygen (Dalsgaard et al., 2014), while for
waters of the Bay of Bengal, ‘potential’ rates of denitrifi-
cation were reduced to half of their maximum rate at
oxygen concentrations of about 2000 nM (Bristow
et al., 2017). This site-to-site variability in the oxygen
sensitivity of denitrification could reflect variable contri-
butions from the so-called ‘aerobic denitrifiers’, who
can denitrify at high rates under fully oxygenation con-
ditions (e.g. Robertson et al., 1995). Aerobic denitrifiers
apparently defy expectations about how energy limita-
tion during low-oxygen aerobic respiration triggers the
transition to anaerobic metabolism. When aerobic

TAB LE 3 Calculated oxygen concentrations to sustain growth at different specific

Specific growth rate d�1

Diameter (μm) 1 0.5 0.2 0.1 0.05 0.02 0.01

O2 (nM)

2 103 52 21 10 5.2 2.1 1.0

1.5 58 29 12 5.8 2.9 1.2 0.58

1 26 13 5.2 2.6 1.3 0.5 0.26

0.8 17 8.3 3.3 1.7 0.82 0.33 0.16

0.6 9.3 4.6 1.9 0.93 0.47 0.18 0.093

0.4 4.14 2.07 0.82 0.41 0.21 0.082 0.041

Note: Growth rates and different cell sizes.
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denitrification is observed in pure cultures, however, a
surplus of organic carbon is usually present and simul-
taneous aerobic respiration is the preferred pathway for
growth (Chen & Strous, 2013). Therefore, the site-to-
site variability in denitrification oxygen sensitivity may
also be driven by differences in organic carbon avail-
ability. Alternatively, denitrification under elevated oxy-
gen concentrations could be sustained by selective
environmental adaptations, perhaps driven by dynamic
redox fluctuations (Marchant et al., 2017).

The oxygen sensitivity of nitrate reduction to nitrite
has been explored for A-OMZ waters at various sites
off the Peruvian coast, and the sensitivity depends very
much on sampling site (Kalvelage et al., 2011). At its
most sensitive, for water from within anoxic waters of a
coastal site of 250 m water depth, rates of nitrate reduc-
tion to nitrite were reduced to half-maximum rates at
about 3000 nM O2. At its least sensitive, for shallower
slightly oxygenated waters at the same site, nitrate
reduction occurred at maximum rates through the
whole range of O2 concentrations tested, up to
25,000 nM.

Anammox bacteria are anaerobic autotrophs, and
they may be inhibited by oxygen through a reduction in
protein function, although this is not certain (Dalsgaard
et al., 2014). Several studies have explored the oxygen
sensitivity of the anammox processes in A-OMZ
waters. For example, for the A-OMZ off the coast of
Chile, anammox was inhibited to half-maximum rates at
about 900 nM O2, while it persisted at up to 1500 nM
O2 (Dalsgaard et al., 2014). Anammox activity in the
nitrogenous zone of the Black Sea was much less oxy-
gen sensitive, showing half inhibition at about
10,000 nM O2 and full inhibition at about 13,000 nM
(Jensen et al., 2008). Such low-oxygen sensitivity to
anammox was also observed in nitrogenous waters of
both the Namibian shelf and coastal Peru (Kalvelage
et al., 2011). Overall, the anammox process itself does
not appear to very oxygen sensitive. Indeed, the ana-
mmox process is conducted in the so-called ana-
mmoxosome, a structurally unique membrane-bound
‘organelle’ with limited gas permeability that may help
protect the anammox process from oxygen (van Niftrik
et al., 2004). However, as explored in more detail
below, anammox can still be impacted, even at very
low-oxygen concentrations, if oxygen controls the avail-
ability of the principal substrates for anammox, nitrite
and ammonium.

OXYGEN PRODUCTION IN ANOXIC
WATERS

Apart from the oxygen supplied to the ‘anoxic’ core of
A-OMZ waters along gradients by advection and diffu-
sion from above and below, some processes can con-
tribute oxygen directly to the anoxic waters. One of

these is oxygenic photosynthesis by cyanobacteria of
the genus Prochlorococcus forming a secondary chlo-
rophyll a maximum in the upper reaches of some
anoxic A-OMZ waters (see Figure 1). Such secondary
chlorophyll a maxima have been found in the A-OMZs
of the Eastern Tropical North and South Pacific and the
Arabian Sea (Cepeda-Morales et al., 2009; Garcia-
Robledo et al., 2017; Goericke et al., 2000; Lavin
et al., 2010).

Experiments monitoring oxygen dynamics in these
chlorophyll a-rich waters demonstrated active photo-
synthetic oxygen production, where the oxygen, in most
cases, was actively consumed generating a cryptic
oxygen cycle with no net oxygen accumulation (Garcia-
Robledo et al., 2017). Transcriptomic analysis further
revealed active nitrite and ammonium-oxidizing com-
munities in these ‘anoxic’ waters suggesting that the
oxygen produced is actively scavenged by aerobic pro-
cesses including those of nitrite and ammonium oxida-
tion (Garcia-Robledo et al., 2017). These observations,
together with the discussions above, reveal that both
heterotrophic and autotrophic processes of oxygen utili-
zation occur in A-OMZs at low nM or even sub nM oxy-
gen concentrations.

Such cryptic oxygen cycling may also occur in dee-
per dark waters, where oxygen production may pro-
ceed through nitric oxide (NO) dismutation. Microbial
NO-dismutation was first discovered in the methane-
oxidizing member of the NC10 phylum Candidatus
M. oxyfera (Ettwig et al., 2010). Candidatus M. oxyfera
reduces nitrite to NO, which then is dismutated to O2

and N2. The produced oxygen is used to oxidize meth-
ane to CO2. Recently, an apparently similar NO-
dismutation pathway was discovered in the ammonia-
oxidizing archaeon N. maritimus. In N. maritimus, NO is
apparently dismutated to O2 and N2O, and the N2O is
then reduced to N2 in an additional enzymatic step
(Kraft et al., 2022). The oxygen produced by Nitrosopu-
milus maritimus is used to oxidize ammonia, its normal
metabolism (Kraft et al., 2022). While oxygen produc-
tion is very tightly coupled to methane oxidation in Can-
didatus M. oxyfera, oxygen accumulates to about
200 nM in experiments with pure cultures of
N. maritimus. This oxygen accumulation indicates that
only a portion of the oxygen produced by N. maritimus
is used for ammonia oxidation. Therefore, in the envi-
ronment, trace amounts of oxygen may be available for
other aerobic microbes in close proximity to the
ammonia-oxidizing archaea (AOA). AOAs are fre-
quently found in the upper transitional zone of A-OMZs
(Stewart et al., 2012) and methane oxidizers of the
NC10 phylum are present and active in the Eastern
Tropical North Pacific (ETNP) (Padilla et al., 2016).
NO-dismutation could explain how some ‘aerobic’
organisms can gain energy when no external oxygen is
available. NO-dismutating microbes also stand in com-
petition for nitrite with denitrifiers, anammox bacteria
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and nitrite oxidizers. Indeed, nitrite reduction to N2 via
NO-dismutation is bioenergetically advantageous over
heterotrophic denitrification when the produced oxygen
is also consumed by the same organism (Chen &
Strous, 2013). Overall, though, the importance of NO
dismutation as an O2 source in anoxic A-OMZ settings
will depend on the density of cells that can produce O2

and their actual metabolism in these settings. These
are active areas of current research.

TRANSITION FROM AEROBIC TO
ANAEROBIC METABOLISM

In this section, we will explore how carbon mineraliza-
tion rates and mineralization processes are impacted
by the transition from oxic to anoxic conditions. As
noted earlier, this switch might occur as oxygen con-
centrations become low enough to limit aerobic metab-
olism relative to electron donor supply, encouraging a
switch to anaerobic metabolism in facultative organ-
isms. For E. coli, the transition between aerobic and
anaerobic metabolism is both smooth and gradual,
beginning at about 10% air saturation oxygen levels
(about 25 μM O2) and continuing to anoxia (Tseng
et al., 1996). The nature of this transition has not been
explored in natural environments, but there is sufficient
information from available process rate measurements
to offer some insights.

Our analysis draws from process rate data obtained
from the A-OMZ of northern Chile as reported in refer-
ences (Babbin et al., 2017; De Brabandere
et al., 2014); these data sets are mutually compatible.
As reference point for discussion, we calculate the
depth distribution of organic carbon mineralization rates
as might be expected under oxygenated conditions as
determined from the attenuation of organic matter flux
in sediment traps. The attenuation is typically modelled
with a so-called ‘Martin’ curve having a mathematical
form of:

FluxZ ¼Flux100 Z=100ð Þ�b ð3Þ

where FluxZ, is the organic matter flux at any depth, Z,
Flux100 is the flux at 100 m, and b is the attenuation
coefficient providing the best fit to the sediment trap
data. We use a Flux100 for the Equatorial Pacific of
7 mmolC m�2 d�1, a value that matches results from a
floating sediment trap deployed off the southern
Peruvian margin (Engel et al., 2017) and similar to trap
deployments in the Eastern Tropical Southern Pacific
(ETSP) (Berelson, 2001). Values for b range mostly
from about 0.7–1.2 throughout the global ocean
(Berelson, 2001). Using these values for Flux100 and b,
rates of carbon mineralization can be calculated as the
difference in carbon flux between adjacent depths,

assuming that the decrease in flux is due to carbon oxi-
dation. These results are shown in Figure 2, and we
interpret them to approximate the depth distribution of
carbon oxidation as might be expected for waters of
the ETSP.

Overlain on these results is rates of carbon oxida-
tion due to nitrate reduction to nitrite, using the values
measured by Babbin et al. (2017) and carbon minerali-
zation due to denitrification with values measured by
De Brabandere et al. (2014). Both of these data sets
were obtained from about the same region of the
ETSP. In addition, we calculate the carbon mineraliza-
tion rates needed to support the ammonium require-
ments of anammox bacteria based on the measured
rates of N2 production by the anammox process (deter-
mined from 15N-ammonium) as reported by De Braban-
dere et al. (2014). Ammonium supplies half of the
reported total rate of N2 production, and we calculate
the carbon oxidation rate required to supply this ammo-
nium using a C/N ratio of 5.8/1. This C/N ratio is that
required to reproduce the C/N of settling organic matter
in particles captured in the sediment traps deployed by
Engel et al. (2017) off the southern Peruvian coast.

From these values, we make several observations.
First, denitrification is a minor pathway of carbon miner-
alization in the A-OMZ of northern Chile, as already
expected due to the low rates typically measured in A-
OMZ waters (De Brabandere et al., 2014; Kalvelage
et al., 2011; Lam et al., 2009; Thamdrup et al., 2006).
Next, and in contrast, carbon mineralization by nitrate
reduction to nitrite generally follows patterns of carbon
mineralization as predicted from sediment trap data,
except in the oxycline near the top of A-OMZ waters,
where the reported rate is lower than expected. Thus,
deeper in the A-OMZ, nitrate reduction to nitrite
appears to be a very important, if not dominant pathway
of carbon mineralization (see also Lam et al., 2009).
The seemingly low rate of nitrate reduction to nitrite
near the bottom of the oxycline could result from a shar-
ing in carbon mineralization between nitrate reduction
and aerobic respiration. Alternatively, there could be a
suppression of carbon mineralization rates, a kind of
‘metabolic hole’, in the transition from aerobic to anaer-
obic metabolism. This idea could be tested, but we are
unaware of any direct determinations of the carbon
mineralization rates in the transition between aerobic
and anaerobic metabolism.

Source and fate of ammonium in the upper
A-OMZ and oxygen control of N2O
production

Next, we compare the carbon oxidation rates required
to support the ammonium requirements for anammox
with the predicted rates of carbon mineralization from
sediment trap calculations and from measured rates of
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nitrate reduction to nitrite (Figure 2). Below about
120 m depth, the ammonium requirements for ana-
mmox can apparently be supplied by carbon minerali-
zation, and much of this carbon mineralization comes
from nitrate reduction to nitrite. It would seem, however,
that some additional ammonium might be needed, and
this might be supplied by sulfate reduction operating in
a cryptic cycle of sulfate reduction and sulfide oxidation
(Canfield et al., 2010).

Above about 120 m depth, the situation is different
where anammox rates are quite suppressed compared
to expected rates of ammonium liberation by organic
matter decomposition (Figure 2). This result suggests
competition for the ammonium produced by organic
matter respiration in this zone. It is possible that oxygen
is mixed from overlying waters and is rapidly used by
nitrifying microbes, reducing the ammonium available
to anammox bacteria. It is also possible, indeed proba-
ble, that oxygen produced by photosynthetic cyanobac-
teria in the secondary Chl a maximum (gray box in
Figure 3) is quickly utilized to oxidize ammonium and
nitrite. A possible ‘dark’ oxygen source from Nitroso-
sphaerota might also oxidize ammonium. Unrelated to
oxygen, some of the ammonium might be incorporated
directly by Prochlorococcus during growth. Indeed,
cyanobacteria of the deep Chl a maximum in A-OMZs
can uptake ammonium, nitrate and nitrate (Ulloa
et al., 2021). To be an important net sink for ammo-
nium, however, Prochlorococcus must quantitatively

utilize ammonium over the more available nitrate and
nitrite and cells must settle quickly and not recycle
ammonium back to the upper A-OMZ. Further work will
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Ammonium oxidation
Nitrite oxidation

Anammox
Nitrate reduction
Denitrification

F I GURE 3 Cartoon showing the oxygen sensitivity of aerobic
(blue) and anaerobic (orange) microbial processes. While anammox
bacteria can metabolize under low micromolar concentrations of
oxygen, microbial ammonium and nitrite oxidation are very efficient at
very low-oxygen concentrations removing these substrates from
anammox bacteria at oxygen levels where they would otherwise be
active. Thus, in the BoB OMZ, oxygen is sufficiently low that
anammox bacteria should be active, but sufficiently high that nitrite
and ammonium are effectively oxidized, so there is no anammox
activity. In the upper A-OMZ oxygen concentrations are below
detection, and the oxygen range depicted here is an educated guess.
Still, anammox activity, while measurable, is restricted due to active
ammonium oxidation with oxygen likely coming from oxygenic
phototrophic cyanobacteria and possibly N. maritimus. In the A-OMZ
core oxygen concentrations are likely even lower, and an oxygen
source is apparently restricted. Here, anammox bacteria operate to
their full potential. While physiological possible through a great range
of oxygen concentrations, denitrification plays a minor role in both N2

production and carbon mineralization in A-OMZ environments
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be required to fully understand the fate of ammonium in
the ‘transitional zone’ of upper A-OMZ waters.

Finally, oxygen exerts other types of control on the
nitrogen cycle. Indeed, in the oxygen gradients associ-
ated with A-OMZs, N2O, a potent greenhouse gas, is
released to the water column through both incomplete
nitrification (ammonium oxidation) and denitrification
(from both nitrate and nitrite reduction) producing over-
saturation and thus the potential for N2O release to the
atmosphere. While both nitrification and denitrification
are both potential sources for N2O, in the oxygen gradi-
ents of A-OMZ settings, most N2O is apparently
released to the water column from denitrification (Ji
et al., 2018). Nitrous oxide is released under low-
oxygen conditions of <10 μM O2 to >0 μM O2, but it is
not liberated under complete anoxia where nitrification
is inhibited and under conditions when denitrification is
mostly complete (Ji et al., 2018; Naqvi et al., 2010).

OXYGEN REGULATION OF ANAMMOX

As explored above, when given the necessary sub-
strates, anammox bacteria have a relatively high toler-
ance for oxygen, performing anammox even in
presence of micromolar O2 concentrations. Still, as dis-
cussed above, anammox activity in the upper secondary
Chl a maximuim of A-OMZs can be lower-than-expected
when compared to ammonium production rates, even
with undetectable levels of oxygen. In this case, we sug-
gested that ammonium may be removed through nitrifi-
cation using oxygen from a variety of sources. The
nitrifiers utilizing the oxygen, likely members of the Nitro-
sosphaerota (Garcia-Robledo et al., 2017), have a dem-
onstrated high affinity for ammonium (Martens-Habbena
et al., 2009), and they probably also have a high affinity
for oxygen where in oxygen draw-down experiments,
Km values for O2 would be in the low nM range (Kraft
et al., 2022). Some of the oxygen produced in and deliv-
ered to the zone of the secondary Chl a maximum might
be used to oxidize nitrite as well.

In the Bay of Bengal (BoB), anammox activity is
also hindered under low-oxygen concentrations where
anammox bacteria should be otherwise physiologically
active. Thus, in the BoB OMZ, O2 concentrations are
reduced to the range of 10–500 nM (Bristow
et al., 2017), but anammox activity was unmeasurable
for samples incubated under in situ conditions
(Bristow et al., 2017). Still, anammox bacteria were
present in the water, and anammox activity was mea-
sured when nitrite and ammonium were added to the
incubating samples. Nitrite and ammonium are other-
wise (mostly) absent from BoB OMZ waters despite
their active production by nitrate reduction under low
ambient O2 concentrations (Bristow et al., 2017).
Thus, in the low-oxygen waters of the BoB OMZ, both
nitrite and ammonium are actively removed by

nitrifying microbes, removing them for use by ana-
mmox bacteria.

Overall, low-oxygen conditions can impact ana-
mmox by removing key substrates for the process.
Substrate limitation occurs at lower oxygen concentra-
tions than the physiological oxygen limit for anammox
bacteria. These principles are shown in Figure 3, outlin-
ing our best estimates as to the oxygen control of the
different aerobic and aerobic processes, and the oxy-
gen levels and environments where various types of
anammox inhibition are found, including the Bay of
Bengal and the ‘anoxic’ secondary chlorophyll
a maximum in A-OMZs.

CONTROL OF OXYGEN IN OMZS AND
A-OMZS

We argue above that oxygen plays a key role in regu-
lating fixed nitrogen loss from the environment, particu-
larly through anammox, and at oxygen levels well
below the physiological constraints of anammox bacte-
ria. In this regard, it matters whether oxygen concentra-
tions are 0.1, 1, or 10 nM (Figure 3), as each bears
different consequences for the ultimate regulation of
nitrogen loss from the environment. Thus, we might ask
what processes set the oxygen concentrations of OMZs
and A-OMZs recognizing the BoB as a conspicuous
example of a large basin with low semi-persistent, but
measurable, oxygen concentrations? With continuing
ocean deoxygenation, it is possible that low-oxygen
regions like the BoB will develop and expand, and
whether they support fixed nitrogen loss will depend
critically on the levels of oxygen they attain.

If the sink for oxygen due to organic matter respira-
tion in the marine water column outpaces the source of
oxygen from advection and diffusion, anoxia will
develop, generating A-OMZs (Canfield, 2006;
Shaffer, 1989). At the same time, there likely exist bio-
logical controls and feedbacks regulating how OMZs
become A-OMZs; indeed, some form of oxygen regula-
tion is required to explain the persistence of semi-stable
low-oxygen concentrations in the BoB (Canfield
et al., 2019). We discussed earlier how the balance
between growth and death for aerobic microbes could
set oxygen levels to low, but measurable, nM levels.
However, as also noted, this analysis does not explain
the lower oxygen levels attained in A-OMZs, and it
does not consider that microbes might grow by faculta-
tive metabolisms.

Thus, we look for other biological controls. Here, the
kinetics of aerobic respiration represent a potential con-
trol, where oxygen consumption rates are reduced as
oxygen concentrations are lowered. If aerobic respira-
tion follows Michaelis–Menten control, then the rate of
aerobic respiration as a function of oxygen concentra-
tion depends on the Km value. This concept is shown in
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Figure 4, where results from a simple 3-box OMZ model
show how oxygen concentration responds to upwelling
rates with various values of Km (Canfield et al., 2019).
Higher upwelling rates generate higher rates of primary
production and high fluxes of organic carbon into the
OMZ waters (Figure 4A). As expected, higher upwelling
rates produce lower oxygen concentrations, but oxygen
concentrations stabilize to non-zero values that depend
on the Km value for the aerobic heterotrophs.

This simple model generates a stable oxygenated
water column, compatible with observations from the
BoB, but oxygen concentrations cannot be drawn down
to the values attained in A-OMZs even using the lowest
Km values reported for oxidase enzymes (Table 2,
Figure 4A). For one, this model misses the oxygen
sinks that are generated during the transition to anaero-
bic metabolism, with the nitrite produced through nitrate
reduction as a conspicuous example. If this nitrite is
reoxidized with a much lower Km than aerobic respira-
tion, then oxygen concentrations may be drawn down
to lower values. This concept was approximated by
modelling some portion of the aerobic respiration with
zero order kinetics. Such kinetics can be viewed as
approximating a very low Km for the second oxygen
sink (see Canfield et al., 2019). With this model, a
region of oxygen stability is still observed, but oxygen

concentrations can be reduced to anoxia (Figure 4B).
In this scenario, the low-oxygen levels of the BoB rep-
resent intermediate upwelling rates (and carbon fluxes),
while an ‘anoxic’ A-OMZ would develop under higher
carbon fluxes (see Canfield et al., 2019).

Feedbacks involving the nitrogen cycle could also
impact the persistence of low-oxygen conditions in
OMZ environments (Canfield et al., 2019). Thus, if deni-
trification and/or anammox became active at low-
oxygen concentrations, then the subsequent removal
of fixed nitrogen through N2 production would limit pri-
mary production and the carbon flux into OMZ waters,
stabilizing oxygen to levels limiting N2 loss. However,
with the low rates of denitrification measured in OMZ
waters, and the high oxygen sensitivity for the ana-
mmox process, the nitrogen cycle may not be a primary
oxygen stabilizing mechanism in OMZ waters. Still,
understanding the processes regulating the transition
between OMZ to A-OMZ waters will be critical to cor-
rectly predict N2 loss resulting from future ocean deoxy-
genation, as the processes regulating N2 production
function at very low-oxygen levels.

CONCLUSIONS

This review has focused on how oxygen regulates key
microbial processes in OMZs and A-OMZs. The main
conclusions are offered in bullet form:

• High-affinity oxidase enzymes are expressed under
low-oxygen conditions, but the Km values of these
enzymes do not predict the oxygen limit to aerobic
metabolisms.

• The aerobic metabolisms of aerobic respiration and
nitrification likely occur at oxygen levels below detec-
tion with current oxygen-sensing technology. This
ability to metabolize at ultra-low oxygen levels likely
arises through concurrent aerobic and anaerobic
metabolisms in facultative organisms.

• Facultative aerobic heterotrophs transition between
aerobic and anaerobic metabolisms at low-oxygen
concentrations, but the oxygen levels where this tran-
sition occurs and whether this transition is smooth
are uncertain.

• Nitrate reduction to nitrite is likely the most important
anaerobic carbon mineralization process in A-OMZs,
and the rates of this process in the ‘anoxic’ A-OMZ
core appear to follow expectations based on sedi-
ment trap carbon dynamics.

• The anammox process is suppressed at oxygen con-
centrations well below the physiological limit for ana-
mmox bacteria due to competition, by aerobic
processes, for ammonium and nitrite.

• In the upper ‘anoxic’ A-OMZ, anammox rates are
lower than expected from rates of ammonia produc-
tion from carbon mineralization, with ammonium
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likely oxidized with oxygen produced by oxygenic
photosynthesis and maybe also by non-
photosynthetic oxygen production by ammonia-
oxidizing archaea.

• In the Bay of Bengal, low, but measurable oxygen
concentrations suppress anammox through both
ammonium and nitrite limitation.

• The persistently low-oxygen concentrations such as
found in the Bay of Bengal likely result from the oxy-
gen control on biological processes such as aerobic
respiration and possibly N2 production.

• Accurately predicting oxygen concentrations in future
global-warming scenarios is imperative as the impact
of low oxygen on N2 production depends critically on
the oxygen levels attained.
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