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Vast expanses of oxygen-deficient and nitrite-rich water define the major oxygen minimum zones (OMZs) of the global ocean. They support
diverse microbial communities that influence the nitrogen economy of the oceans, contributing to major losses of fixed nitrogen as
dinitrogen (N3} and nitrous oxide {N;0) gases. Anaerobic microbial processes, including the two pathways of N; production, denitrification
and anaerobic ammonium oxidation, are oxygen-sensitive, with some occurring only under strictly anoxic conditions. The detection limit
of the usual method (Winkler titrations) for measuring dissolved oxygen in seawater, however, is much too high to distinguish low
oxygen conditions from true anoxia. However, new analytical technologies are revealing vanishingly low oxygen concentrations in nitrite-
rich OMZs, indicating that these OMZs are essentially anoxic marine zones (AMZs). Autonomous monitoring platforms also reveal
previously unrecognized episodic intrusions of oxygen into the AMZ core, which could periodically support aerobic metabolisms in

a typically anoxic environment. Although nitrogen cycling is considered to dominate the microbial ecology and biogeochemistry of AMZs,
recent environmental genomics and geochemical studies show the presence of other relevant processes, particularly those assodated with
the sulfur and carbon cydes. AMZs correspond to an intermediate state between two end points represented by fully oxic systems
and fully sulfidic systems. Modern and ancient AMZs and sulfidic basins are chemically and functionally related. Global change is affecting
the magnitude of biogeochemical fluxes and ocean chemical inventories, leading to shifts in AMZ chemistry and biology that are likely to
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continue well into the future.

idwater depths in the ocean

tvpically contain reduced

oxygen concentrations. This

is due to the decomposition
of surface-derived sinking organic material
by aerobic respiration, combined with the
introduction of high-latitude, oxygen-rich
surface water to deeper zones (1). In some
areas of the open ocean, high rates of
phvtoplankton productivity, coupled with
poor ventilation and sluggish circulation,
lead to an extensive, oxygen-deficient in-
termediate layer a few hundred meters in
depth, where nitrite accumulates (2) and
oxygen concentrations drop to low levels
undetectable by the most sensitive modern
techniques (3). Also, in this laver, nitrous
oxide (N;Q)) does not accumulate but
covaries inversely with nitrite concentra-
tion (4 6). Henceforth, we will designate
these essentially anoxic marine zones as
AMZs to differentiate them from oxyvgen-
containing oxygen minimum zones (OMZs)
as commonly found in the global ocean.
The nitrite-rich AMZs are prominent in the
eastern tropical North Pacific (ETNP), the
eastern tropical South Pacific (ETSP), and
in the Arabian Sea (Fig. 1).

Due to the vanishingly low oxvgen con-
centrations in these AMZ waters, higher
eukaryotic taxa, such as fish, are normally
excluded or persist due to special adapta-
tions (7) and anaerobic microbial pro-
cesses (i.e., those that do not depend on
free oxygen) dominate (8). Indeed, signif-
icant amounts of nitrate are converted to
dinitrogen (N;) gas in AMZs, generating
large fixed nitrogen (nitrate plus nitrite
and ammonium) deficits, thereby contrib-
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uting to an estimated 30 50% of all the
nitrogen lost to N in the oceans (9). The
extent of these AMZs. however, is un-
certain due to the limitations of standard
techniques for measuring very low oxvgen
concentrations. These limitations hinder
our ability to delineate the spatial distri-
bution and intensity of aerobic and an-
aerobic processes in OMZ settings.
Climate-induced warming of the upper
ocean appears to have already contributed
to deoxygenation of the global ocean (10,
11) and to an expansion of OMZ waters
(12). This trend is expected to increase
into the future (13), expanding the AMZ
area and influencing rates of fixed nitrogen
loss from the oceans.

Here, we highlight how recent advances
in oxygen sensing and observational tech-
nologies (applied initially to the study of
the AMZ of the ETSP) are redefining our
understanding of oxyvgen and its dynamics
in OMZs. These results, combined with
novel molecular and experimental ap-
proaches, reveal unexpected complexity to
elemental cycling in AMZs and show how
modern AMZs represent an interme-
diate state of a geochemical and micro-
biological continuum to sulfidic basins
like the modern Black Sea and ancient
equivalents.

How Much Oxygen Is in OMZs?

It is well known that oxygen concentrations
can reach very low values in some OMZ
waters. Using the Winkler titration method
to determine oxygen concentrations, Johs
Schmidt (14) observed in 1921 that the
water off the western coast of Panama
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contains practically no oxygen at all
at depths between 400 and 500 m. In-
troduced in 1888 by the Hungarian
chemist Lajos W. Winkler (15), Winkler
titrations remain a standard method today,
and if carefully applied, they can reach
a detection limit of about 1 pM. These
concentrations are quite low compared
with air-saturation values of about 250 pM
in equatorial waters and with values in
most of the open ocean, including abyssal
depths. However, is 1 pM sufficiently low
in concentration to delineate where an-
aerobic metabolism dominates and where
aerobic metabolism becomes less rele-
vant? Based on recent results enabled by
newly developed advances in sensor tech-
nology (see below), we argue that it likely
is not and that the role of oxvgen in
structuring OMZ microbial metabolism is
actually much more complex.

The switchable trace oxvgen (STOX)
amperometric microsensor (16) has been
developed recently for measuring ultralow
oxygen concentrations. Its construction is
based on the presence of a front guard
secondary cathode that, when polarized,
prevents oxygen from reaching the pri-
mary internal sensing cathode. With
this design, a zero calibration is obtained
in each measuring cycle, bringing the
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Location and characteristic biogeochemical pro les of AMZs. {(A) Global map of major AMZs

derived from the distribution of waters with 2 pM oxygen and 0.5 uM nitrite based on data from the
US National Oceanographic Database (NODC) and from Thamdrup et al. (3) and Can eld et al. (17)
{observations from inland seas, such as the Baltic Sea, have not been included). Note that oxygen
measurements reported in the NODC database are based on traditional standard techniques, with de-
tection limits in the low micromolar range, and not the new highly sensitive STOX sensors. (B) Cartoon of
characteristic pro les in AMZs illustrate the accumulation of nitrite within the AMZ, due to the anaer-
obic microbial process of nitrate reduction, and the high N;O concentrations at the boundaries {oxy-

cines). The

gure also shows the presence of high microbial cell abundance and of a secondary

chlorophyll-a maximum due to picocyanobacteria within the AMZ waters.

detection limit of the sensor to the nano-
molar range ( 1 10 nM), depending on
the instrument's configuration and elec-
tronics (16).

STOX sensors provide strong clues
about the oxygen levels supporting anaer-
obic metabolism in AMZs. The first STOX
measurements in the OMZ off the Peru-
vian coast demonstrated oxygen concen-
trations of less than the 3-nM detection
limit of the sensor (16). These values are
about three orders of magnitude lower
than those revealed by the Winkler
method and underscore Schmidt's senti-
ment of practically no oxvgen at all in
the core of AMZs. Oxygen concentrations
below the detection limit of the STOX

sensor were also measured off the coast of

Iquique, Chile (17). Moreover, in a survey
of nearly 1.600 km of the ETSP. numerous
STOX measurements through OMZ wa-
ters reveal that the observations made off
Peru and Iquique generally apply and that
nitrite accumulates (>0.5 pM) only when
oxvgen falls below 50 nM (3). This obser-
vation, when coupled with known ocean-
ographic nitrite distributions, suggests that
essentially oxygen-free waters occupy a
volume of at least 2.4 10" km? in the
ETSP (3). Essentially oxygen-free waters
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have also been found using STOX sensors
in the nitrite-rich regions of the Arabian
Sea (18). It is clear, therefore, that vast
volumes of nitrite-rich essentially anoxic
waters (AMZs) occur in the ETSP and the
Arabian Sea. STOX sensor measurements
have not vet been reported for the ETNP,
but the combined distribution of oxygen.
nitrite, and NO (4) suggests that anoxic
waters are also present in this system. In
contrast, other oceanic OMZs, such as
those in the eastern tropical South Atlan-
tic or the eastern subarctic North Pacific,
do not show any signs of anoxia; here,
anoxic waters, when present, are restricted
to coastal regions or fjords.

Anaerobic microbes are known to be
oxygen-sensitive, but they differ in their
oxygen sensitivities depending on the
specific metabolic pathways involved. No-
tably, sulfate reduction and methano-
genesis are believed to require strictly
anoxic conditions in most environments
(19). In contrast, based on experiments
with natural populations from the Black
Sea and the Namibian and Peruvian
OMZs, anaerobic ammonium oxidation
(anammox) may occur at OXygen Concen-
trations up to about 10 20 pM (20, 21).
Experiments with cultures of OMZ bac-
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teria have shown a switch between oxvgen
and nitrate respiration at about 2 4 pM
oxyvgen (22), whereas those with natural
populations from the Namibian and Pe-
ruvian OMZs show that dissimilative ni-
trate reduction to nitrite is still active at
25 pM oxvgen (21).

It seems apparent, however, that al-
though some microbes may tolerate low
micromolar levels of oxvgen during their
anaerobic metabolism, they may not es-
tablish naturally abundant populations at
these oxvgen levels. The Bay of Bengal
offers an interesting test case in which
oxyegen concentrations drop to about 3 pM
(or possibly lower, given uncertainties
of the Winkler method used to establish
these levels):; however, there is no evi-
dence for anaerobic metabolism or N,
production through denitrification or
anammox (23, 24). Therefore, despite the
ability of anaerobic bacteria to metabolize
in up to 20 25 pM oxygen (21), they may
require significantly lower oxygen levels
to grow and to persist at high abundance
in the environment.

The STOX sensor (16) also has been
used to explore the low oxvgen metabolism
of Escherichia coli when grown as a strict
aerobe (25). E. coli possesses a low-oxygen
affinity dioxygen reductase of the cyto-
chrome bd superfamily, and it can grow at
oxygen concentrations below the 3-nM ox-
ygen detection limit of the sensor, with
a half-saturation constant with respect to
growth value of 121 nM (23). If other low-
oxygen adapted aerobes behave similar to
E. coli, the 1-uM detection limit of the
Winkler method is clearly insufficient to
mark the limits of aerobic metabolism.

How Does Aerobic Metabolism Vary
with Time and Space in AMZs?
Although recent STOX sensor measure-
ments have demonstrated essentially an-
oxic conditions in the core of the ETSP and
Arabian Sea AMYs, even the current res-
olution of 3 nM oxygen cannot rule out
the possibility of aerobic metabolism in
some of these waters. Indeed. aerobic
metabolism likely persists in the dimly lit
zones of the upper OMZ off the coast of
Chile, where cyanobacteria, particularly of
the genus Prochlorococcus, form a deep
chlorophyll-a maximum (26) (Fig. 18). This
same feature is also observed in the AMZs
of the Arabian Sea and the ETNP (27).
Oxygen produced by oxygenic photosynthe-
sis by cvanobacteria would provide oxvgen
to feed aerobic processes at these depths.
Deeper in the AMZ, however, and
outside of the photic zone, any aerobic
metabolism must be fueled by oxygen
supplied from turbulent diffusion or by the
episodic injection and mixing of oxvgen-
rich water into the AMZ. Turbulent dif-
fusion seems an unlikely oxygen source,
because the oxygen gradients and mixing
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rates necessary to drive it have not been
reported. In contrast, autonomous con-
tinuously profiling floats deploved off the
coasts of Chile and Peru (28) have revealed
episodic intrusions of oxygen into the
AMZ core (Fig. 2). The available data do
not reveal the frequency or spatial distri-
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bution of such intrusions, but such oxygen
dynamics may play an important role in
establishing and maintaining aerobic mi-
crobial communities in essentially anoxic
waters and in regulating biogeochemical
cycling in AMZs. More work with autono-
mous sensing platforms, such as floats and
gliders, coupled with highly sensitive oxygen
sensors, would help characterize these dy-
namics in detail. More importantly, the
impacts of oxvgen intrusions on AMZ bio-
geochemical cycling remain to be assessed.
The emerging picture suggests that
AMZs have extremely low oxygen levels
of <3 nM. In their upper sunlit portions,
aerobic respiration may be maintained by
local oxygenic photosynthesis or turbulent
diffusion, but below this layer, the waters

http://www.pnas.org/content/109/40/15996.full.pdf#page=1&view=FitH

are essentially anoxic, save for periodic
injections of oxygen during mixing events.
This picture is supported by recent mi-
crobial community gene content (metage-
nomic) and gene expression (metatran-
scriptomic) surveys of the permanent
AMZ waters off the Chilean coast {29).
Regular patterns emerge when the genes
or transcripts are sorted by key taxa of
specific metabolic pathways (Fig. 3). In
particular, sequences matching Candida-
fus Nitrosopumilus maritimus, a member
of the archaeal phylum Thaumarchaeoia
known to oxidize ammonium to nitrite
aerobically during the autotrophic nitrifi-
cation process (Fig. 4), dominate the gene
expression libraries in the upper oxic wa-
ters (50 m), in the lower oxic zone (85 m),
and in the transition zone (110 m). Tran-
scripts of these aerobic organisms, how-
ever, are essentially absent in the core of the
open-ocean AMZ at 200 m, where se-
quences matching the anammox bacterium
Candidatus Scalindua profunda  (30) are
prominent (Fig. 3). These patterns are

consistent with the general vertical distribu-
tion of archaeal groups in the ETSP AMZ
(31) and with the segregation of aerobic
ammonia-oxidizing archaea and anaerobic
anammox bacteria in the Arabian Sea (32).
These observations, however, seem
to contradict other studies reporting ni-
trification activity in the core of AMZ
waters off the coast of Peru (33, 34). In
these prior studies, nitrification was mea-
sured in 2 3 pM oxvgen, which was be-
lieved to be the ambient oxygen level.
These oxygen levels are clearly higher than
ambient levels as revealed by recent
STOX sensor measurements, and elevated
oxyeen may have stimulated nitrification
activity not otherwise found in the AMZ
core. Nevertheless, these earlier studies,
combined with more recent studies also
showing nitrification activity (21, 35)
as well as the expression of ammonia
oxidation genes (36) at very low oxygen
concentrations, demonstrate the signifi-
cant potential for aerobic metabolism in
the heart of AMZs. As described above,
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Fig.2. Pro ling oat observations of oxygen, particle backscattering at 700 nm (an index of particle abundance), and salinity in the upper 800 m of the AMZ
of the ETSP. Oxygen-de cient conditions associated with a high particle load persist over several months within the AMZ but are occasionally interrupted by
instructions of waters with higher oxygen concentrations and lower salinities. {/nset) Trajectory of the oat, which pro led each 3 d during the 9 mo in 2007.

Data are from Whitmire et al. (28).
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Fig. 3. Key patternsin metabolic protein-coding transcripts and gene sequences in the AMZ off Iquique, Chile. {(4) Metatranscriptome sequencing reveals diverse
transcripts matching the genomes or metagenomes of functionally diagnostic taxa. (*Pelagibacter-like transcripts encoding enzymes of heterotrophic aerobic
respiration are mostly restricted to oxycline depths. Pelagibacter-like transcripts at the AMZ core primarily encode transport-related proteins.) (8) Relative
transcriptional activity of genera representing distinct functional clades varies with depth. Reactions (boxed) are based on the characterized metabolisms of
closely related taxa. Colors match those in A. {C) Genes for dissimilatory sulfur and nitrogen metabolism are transcribed in depth-speci ¢ patterns. amo, ammonia
monooxygenase {amoABC subunits combined); apr, APS reductase (subunits aprAB8 and membrane anchor apriM combined); dsr, dissimilatory sul te reductase
pathway (all dsr genes combined); hzo, hydrazine oxidoreductase; narG, nitrate reductase; nirS/nirk, NO-forming nitrite reductase; nor8, NO reductase; nosZ, N;O
reductase; sox, sulfur oxidation pathway (all sox genes combined). The scale differs for the amo gene. (D) Metagenome (DNA) sequences matching the aprA gene
suggest a diverse AMZ community of both sulfur oxidizers and sulfate reducers. Abundances are shown as percentages of the total number of protein-coding
sequences in shotgun-sequenced community RNA (A C) and DNA (D) datasets. Protein-coding genes are arrayed along the x axis in A, with per-gene transcript
abundance normalized to kilobases of gene length. Figures are based on samples collected from the ETSP AMZ inJune 2008 (28) (A C)and January 2010 (17) (D).

this aerobic process may lay dormant
until activated by recurrent oxygen
injection events.

How Are Microbial Communities and
Biogeochemical Processes Coupled

in AMZs?

In the classic view, anaerobic microbial

metabolisms found in AMZs were thought
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to be dominated by heterotrophic de-
nitrification to N» gas (Fig. 4). This view
has changed substantially, in part, because
the anaerobic oxidation of ammonium
with nitrite, (anammox) has now been
identified as a significant or even domi-
nant pathway of N5 formation in many
oxygen-deficient marine systems (e.g., 8,
37, 38). However, denitrification has re-
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cently been shown to be important for the
removal of fixed nitrogen in the AMZs
of the Arabian Sea and ETSP (39, 40).
Modern measurements of anammox and
denitrification have not yet been reported
for the ETNP AMZ. In addition, the dis-
similatory reduction of nitrate to ammonia
(DNRA; Fig. 4) has been shown to be

a significant nitrogen cycling process in the
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Peruvian AMZ (36), as well as in waters
over the Oman Shelf, where DNRA rep-
resents an important ammonium source
for anammox (18).

These insights are largely based on
biogeochemical studies using N tracer
experiments and on gene expression assays
with specific gene markers to explore the
nitrogen cvcle (8). However, recent envi-
ronmental genomic approaches have also
advanced our understanding of both the
nitrogen cycle in AMZ waters as well as
the cycling of other elements previously
unrecognized. Regarding anammox, gene
surveys of AMZ waters have documented
an anammox community of relatively low
diversity, characterized by members of
the marine genus Candidaius Scalindua
of the bacterial Planciomycetes phylum
(41). A metatranscriptome depth profile
from the Chilean open-ocean AMZ
(Fig. 3) revealed few anammox bacterial
transcripts in surface waters and through
the oxvcline, whereas anammox gene
transcripts were a prominent feature in
the AMZ core. This is consistent with
predicted distributions of N5 production
by anammox bacteria in AMZ settings
(42). Anammox rates, however, have also
been shown to be highest at the top of the
AMZ and not in the core (36, 38, 40, 43,
44}, suggesting that other factors, such as
water circulation (e.g., upwelling in-
tensity) and ammonium availability, are
also important in determining the vertical
partitioning of anammox rates at any
given time.

Despite the apparent dominance of
anammox in N> production in many AMZ
settings, gene surveys reveal a complex
assemblage of diverse taxonomic groups
potentially capable of denitrification (39,
45, 46). Sequencing of community RNA
(29) from an AMZ site off Iquique, Chile,
has uncovered all the genes required for
a complete denitrification pathway, and
these are transcriptionally most active in
the core of the AMZ { 200 m) (Fig. 3C).
Although the capacity for classic hetero-
trophic denitrification appears large in
AMZs, it is unclear why denitrification
appears less significant than other pro-
cesses in some cases, although appearing
relatively more important in other settings
(39, 40). One possibility is that heterotro-
phic denitrification is limited by the avail-
ability of organic matter (38 40, 47}, and
hence much more variable in space and
time than anammox.

The first step of the denitrification
pathway, the reduction of nitrate to nitrite,
accounts for the nitrite accumulation in
AMZ waters (Fig. 18). Microbial com-
munity transcriptomes sampled off the
Chilean coast (Fig. 3) revealed a diverse
and abundant pool of nitrate reductase
gene (rar(y) transcripts used in dissimila-
tory nitrate reduction to nitrite in the
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Fig-4. Major microbial biogeochemical processes
in the AMZ core and in the adjacent oxic waters.
The heterotrophic processes within the core are
anaerobic and include sulfate reduction, nitrate
reduction to nitrite, nitrate reduction to ammo-
nium (DRNA), and denitri cation to Nz gas. These
processes oxidize organic matter and liberate
ammonia for use by anammox bacteria. The sul-

de produced by sulfate reducers is oxidized
again to sulfate through autotrophic microbial
metabolisms with nitrate and nitrite as electron
acceptors. Sulfur metabolisms are given with blue
arrows, and nitrogen metabolisms are given with
black arrows, except those coupled to sulfur (sul-

de plus S-intermediate compounds), which are
given by red arrows. Anammox is also an auto-
trophic microbial process. Ammonium oxidation
(nitri cation) is a signi cant aerobic microbial
process in the oxic waters surrounding the AMZ
core and most probably occurring during oxygen
intrusions into the core. Nitrogen xation is the
energy-intensive xation of N; gas to organic ni-
trogen (the oxidation state of ammonium) and is
accomplished by a wide range of microorganisms,
including sulfate reducers, sulfur oxidizers, and
cyanobacteria. It occurs in both the oxygenated
upper layers of AMZ settings and in the AMZ core.

AMZ core (29). Heterotrophic nitrate
reducers might supply significant amounts
of both ammonia (via organic matter
decomposition) and nitrite (via nitrate
reduction) for the anammox process (36).
Transcripts from the anammox gene
hydrazine oxidoreductase (hzo), found at
relatively high abundance in the AMZ
core (Fig. 3), support a possible link
between anammox and dissimilatory
nitrate reduction to nitrite.

Perhaps the most significant recent re-
direction of the classic view of AMZ bio-
geochemistry and microbiology has been
the recognition of a cryptic pelagic sulfur
cycle in these regions. In traditional
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thinking, the anaerobic organic matter
mineralization process of sulfate reduction,
the first step in the sulfur cycle, should not
begin until both oxvgen and nitrate/nitrite
are fully used (48). Therefore, a sulfur
cycle was never envisioned for nitrate- and
nitrite-rich AMZs (Fig. 1), although tran-
sient accumulations of H,S have been
observed in anoxic, nitrate- and nitrite-
depleted. continental shelf waters (49, 50).
Surprisingly, recent taxonomic, meta-
genomic, and metatranscriptomic surveys
have uncovered an abundant and diverse
sulfur-oxidizing microbial community in
the AMZ water column. This community
is particularly enriched in y-proteobacteria
related to sulfur-oxidizing symbionts of
deep-sea bivalves (17, 29, 51 54) (Fig. 3).
Metagenomic analysis of this clade, re-
ferred to as SUPOS, reveals a versatile
metabolism with genes mediating carbon
fixation, dissimilatory reduction of nitrate
to N>O, and oxidation pathways for di-
verse reduced sulfur species (sulfide, sul-
fite, elemental sulfur, and thiosulfate)
(33). SUPOS bacteria thus have the genetic
repertoire for carrying out autotrophic
denitrification coupled with sulfur oxida-
tion (Fig. 4).

The fact that sulfide-oxidizing micro-
organisms are abundant in AMZ waters
immediately raises the question, Where
does the sulfide come from? Radio-
labeled sulfate tracer experiments from
the AMZ off the Chilean coast revealed
significant sulfate reduction in the upper
reaches of the AMZ water column at rates
estimated to contribute up to 20% of the
AMZ carbon mineralization in this region
(17). Consistent with these results, meta-
genomic and metatranscriptomic datasets
from the same AMZ revealed the pres-
ence of dissimilatory sulfur respiratory
genes (aprd and dsrB) similar to those
found in the genomes of known §-pro-
teobacterial sulfate reducers (17, 29) (Fig.
3D). Further experiments revealed that
the rapid removal of sulfide was coupled
to the reduction of nitrate to nitrite, or
N,O reduction to N, (17). The rapidity of
sulfide oxidation in high backgrounds of
seawater sulfate, as well as its coupling
with denitrification processes typically
ascribed to heterotrophic carbon de-
composition, partially explains why this
pelagic sulfur cycle went previously un-
recognized. Overall, these recent findings
suggest the presence of an active pelagic
sulfur cycle in AMZ waters. This sulfur
cvcle fuels nitrate reduction, thereby sup-
plying additional substrates (nitrite and
ammonia) for anammox bacteria (Fig. 4).
Until now, an active planktonic sulfur cy-
cle has only been measured in the ETSP
AMZ, but we expect it to be present also
in the other AMZs. Taxonomic molecular
surveys in the AMZs of the Arabian Sea
and ETNP (51, 56) have suggested the
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Fig. 5. Cartoon shows the development of different chemistries depending on the relative mix ofdifferent
driving parameters, including rates of primary production, rates of nitrogen xation, and the availability of
oxygen. Oxygen availability could imply oxygen limitation as observed in modern anoxic basins, such as the
Black Sea, or the limitation of oxygen availability as occurred during times in the geological past when
atmospheric oxygen concentrations were lower. If oxygen availability becomes limiting enough, rates of
primary production and nitrogen xation may take a secondary role in determining the development of
water column chemistry. Based on information provided in the text, OMZs include those regions of the
global ocean where oxygen is decreased as a result of respiration but where nitrite does not accumulate
{except a nitrite maximum that typically occurs in well-oxygenated, near-surface waters as a result of ni-
tri cation). Modern measurements suggest that nitrite accumulation occurs at oxygen levels of less than 50
nM. AMZs occur as oxygen falls below about 50 nM and nitrite begins to accumulate.

presence of sulfate reducers and sulfur
oxidizers in the water column.

What Processes Control AMZ
Chemistry?
Despite complex interactions between the
sulfur and nitrogen cycles in modern
AMZs, nitrate and nitrite are normally
present in excess. Why should AMZ water
chemistry be poised in this chemical state?
Modeling has revealed that natural feed-
backs operate to maintain a nitrate/nitrite-
rich AMZ chemistry if nitrogen fixation is
limited (57). With limited nitrogen fixa-
tion, the nitrate reduced to N» in the AMZ
will not be replenished, ensuring nitrogen-
limited primary production in the over-
lving waters (57). The feedback control is
quite simple: If denitrification becomes too
intense, nitrogen will become further limit-
ing, decreasing primary production. This will
diminish the organic carbon flux into the
OMYZ, reducing the rate of denitrification
and allowing nitrate (plus nitrite) to persist.
Rather paradoxically, nitrate and nitrite-rich
OMZs persist in this chemical state due to
nitrogen limitation in the overlying waters.
This scenario changes, however, if nitro-
gen fixation balances the N loss in the
AMZ.. In this case, sulfidic conditions would
develop (57) when upwelling rates become
high enough to generate sufficient primary
production and a downward carbon flux
to remove all nitrate (plus nitrite) by de-
nitrification and anammox. This does not
normally happen because nitrogen fixation
in AMZ regions appears to be insufficient to
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replace the N; lost in the AMZ core. Ni-
trogen fixation, however, does occur, and
has been documented in the surface waters
of the Arabian Sea (58) and in the upwelling
waters off the coasts of Peru and Chile (539).
Also, blooms of the nitrogen-fixing cyano-
bacterium Trichodesmiwm, derived from
ocean color satellite data, have been re-
ported for surface waters of the Arabian Sea
and the ETNP off Central America (60). In
the case of the ETSP AMZ (59), nitrogen
fixation appears to be accomplished by
a mixed population of prokaryotes, in-
cluding sulfate reducers and sulfur oxidizers
but apparently not cvanobacteria, which are
believed to be responsible for most of the
nitrogen fixation in the oceans (61). Nitro-
gen fixation is distributed in both the oxic
upper layers of the water column and well
into the AMZ. at rates varying considerably
from vear to vear (39). Still, even at the
maximum observed rate, nitrogen fixation
would only replenish about 5% of the ni-
trate lost to N> in the ETSP AMZ.
Although the factors regulating nitrogen
fixation would be paramount in establish-
ing AMZ chemistry, there is no consensus
as to why nitrogen fixation is so limited in
AMZ areas. One possibility is that the
turbid highly productive waters typically
overlying AMZs are not well suited to the
growth of Trchodesmium-like and unicel-
lular nitrogen-fixing cyvanobacteria, which
prefer open-ocean, oligotrophic, and calm
conditions (62). It is not clear, however, why
AMYZ settings do not support other nitro-
gen fixers whose physiological traits are
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more compatible with the ambient physi-
cochemical conditions. As another possi-
bility, iron limitation demonstrably hinders
primary production in the ETSP AMZ re-
gion (63). Severe iron limitation could ex-
clude nitrogen-fixing cyanobacteria whose
iron requirements are particularly high (64).
Nevertheless, there is no inherent reason
why AMZs must maintain a nitrate/nitrite-
rich chemistry or why such chemistry should
have always defined AMZs in the past.
Indeed. there is evidence for sulfidic AMZs
in the North Atlantic during the Cretaceous
ocean anoxic event 2 at the Cenomanian/
Turonian boundary (63), at the Permian/
Triassic boundary (66), and for time peri-
ods in the Precambrian (67). Because
modern AMZs support the same bio-
geochemical cycles as sulfidic water bodies
today. and presumably also sulfidic AMZs
of the past, one can view them as a partic-
ular chemical intermediate state between
two end points represented by fully oxic
systems and fully sulfidic systems (Fig. 5).
Thus, one can picture periods in Earth
history in which the ocean resembled
modern AMZs with a nitrate/nitrite-rich
chemistry but without the accumulation of
H,S. As nitrogen fixation increases, sulfidic
AMYZs become possible, and with basin
restriction or contact with underlying sedi-
ments, sulfidic conditions can extend to the
sediment water interface (a conceptual
model is provided in Fig. 5). Other factors,
such as atmospheric oxygen concentrations
(controlling oxygen availability to deep
ocean waters), iron availability, and large-
scale ocean ventilation, may also influence
AMZ chemistry, and these factors should
inform the further development of AMZ
biogeochemical models (67, 68).

AMZs in the Anthropocene

OMZs are microbial reactors of global
significance. Models have predicted their
expansion in response to global warming,
both as a result of reduced oxygen solubility
at higher temperatures and from an
increased water-column stratification
resulting from stronger temperature gra-
dients in the upper waters (69, 70). Ex-
amination of a 50-v dissolved oxvgen
database suggests such an expansion (12),
which should continue well into the future
(13). The increasing deposition of atmo-
spheric anthropogenically fixed nitrogen
on the open ocean (71} is also expected
to contribute to AMZ expansion and
intensification, and eventually to the
development of sulfidic conditions. Ex-
panded areas of reduced oxygen will alter
marine ecosystems, including the dis-
tributions and ecology of marine animals.
Expanding AMZs should also increase
rates of fixed nitrogen loss as Nz (57, 72).
as well as production rates of N-Q, an im-
portant greenhouse gas, at their boundaries
(73). It is unclear how these changes will
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affect human welfare. One might assume,
however, that a contraction of animal
habitat and alterations in the elemental
cveles would produce negative effects,
particularly if AMZs expand further onto
the continental shelf and compound the
expansion of shelf anoxia and euxinia from
increasing nutrient inputs from land (74).

For these reasons, recent scientific
progress in our understanding of the mi-
crobiological function, dynamics, and dis-
tribution of oceanic AMZ waters is most
fortunate. However, we view this progress
as only a beginning. New oxvgen-sensing
technologies have barely been applied to
outlining the spatial distribution and dy-
namics of oxvgen accurately in AMZ
waters. We still do not know the nature of
the episodic oxygen intrusions, as revealed
by autonomous platforms, or their role in
structuring AMZ microbial communities
and biogeochemical cycling. Accurate
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