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Decadal oscillations in the ocean’s largest

oxygen-deficient zone

N. N. Duprey**, A. D. Foreman', J. D. Carriquiry?f, C. D. Charles3, S. C. Sanchez*, H. Vonhof',
F. Rubach’, R. Rabenstein®, M. Rohr®, H. Reyes-Bonilla’, D. Marconi?, D. M. Sigman®,

G. H. Haug"®, A. Martinez-Garcia*

The impact of global warming on the ocean’s oxygen-deficient zones (ODZs) is uncertain, partly because of a lack
of data on past changes. We report monthly resolved records of coral skeleton—bound nitrogen isotopes
(CS-3"N) to reconstruct denitrification in the Eastern Tropical North Pacific (ETNP) ODZ over the last 80 years.
The data indicate strong decadal variation in ETNP denitrification, with maxima during the cool North Pacific
phase of Pacific Decadal Variability. The maxima in denitrification (and thus oxygen deficiency) were likely due
to stronger upwelling that enhanced productivity leading to greater oxygen demand in the thermocline.
Prior findings of multidecadal-to-centennial ODZ trends were likely biased by this variability. ODZ evolution
over the next century will depend on how global warming interacts with the decadal oscillations.

lobal warming in the coming decades

has been predicted to drive the expansion

of the oxygen-deficient zones (ODZs, O, <

4.5 umolkg ™) (7), which could have far-

reaching consequences for both pelagic
and coastal ecosystems (2). Most of the current
concerns focus on the Eastern Tropical North
Pacific (ETNP) ODZ, which hosts over 95% of the
world’s suboxic water volume and plays a cen-
tral role in the ocean’s biogeochemistry (Fig. 1A).
Compiled measurements suggest a decline, since
1960, in dissolved oxygen concentration at inter-
mediate depths (100 to 1000 m) in the Equatorial
Pacific (7, 3), along the California coast (4¢) and
in the ETNP ODZ core region (5). However, the
available instrumental dissolved oxygen obser-
vations are sparse. In a number of numerical
models, simulations of global warming suggest
a more complex response of O, concentration,
with tropical intermediate-depth oxygen de-
clining on average but the ODZs contracting
(6). However, across numerical models, the di-
rection of ODZ response varies, some simulat-
ing an expansion of the ODZs (7, 8), and others,
a contraction (6, 9). Better data on the recent
history of the ODZs could help to clarify their
relationship with climate.

Nitrogen isotopes and water column denitrification

Measurements of the stable nitrogen isotopic
composition (§°N) of marine archives can
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provide continuous records of oxygen defi-
ciency both before and during the instru-
mental period (10) {5°N = [(**N/*Ngumpie)/
("N/"Njeference)] - 1) * 1000, where the at-
mospheric N, (AIR) is the universal reference
(%o vs. AIR)}. In ODZs, heterotrophic bacteria
in the water column respire by denitrification,
wherein nitrate (NO3") substitutes for oxygen
(O,) as the electron acceptor in the catabolic
oxidation of organic matter. This water column
denitrification (WCD) preferentially consumes
the light isotope of nitrogen (**N) (11), elevating
the 8N of the remaining nitrate pool above the
mean global pycnocline nitrate 8N [~6.2%o,
(12)]. In oligotrophic settings, this *N-enriched
nitrate pool is upwelled to the surface and fully
assimilated by primary producers. Consequently,
the 8N values of net community production
and particulate organic matter export reflect
the 8"°N of the nitrate supplied to the euphotic
zone from the underlying thermocline and, thus,
provides a proxy for WCD in ODZs (13). The high-
5N signal of the ODZs is also transported far
beyond their boundaries (74), ultimately elevating
the 8N of the entire ocean’s nitrate reservoir
(15). The high-6"N nitrate from the ETNP ODZ
survives far westward into the central tropical
zone within the “shadow zone” of North Pacific
subtropical thermocline (I6), evident as nitrate
5N above 10%o at 150° to 160°W (Fig. 1B).
Different archives offer the opportunity to
generate continuous reconstructions of past
changes in ODZ denitrification. The §'°N of
sinking organic matter is reflected in the skel-
eton of proteinaceous and stony deep-sea corals
that feed on particulate matter from the sur-
face (17, 18). In sites of higher organic matter
preservation (i.e., owing to low bottom water
oxygen), sedimentary organic matter can also
record the 8N of N exported from surface wa-
ters (10). The 8N of Hawaiian proteinaceous
corals, Baja California sediments (Pescadero
and Soledad basins) and California margin
sediments (Santa Monica basin) indicate a
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steady decline in 8'°N over the period ] Check for |

dat
to 2000, followed by a rise in the sedimﬁ

5'°N records from the year 2000 onward (Fig. 2).
The changes in the Baja California 8"°N have
been interpreted as a reflection of WCD in the
ETNP (10), whereas Santa Monica Basin §°N
has the potential to record changes in both
ETNP WCD and the northward transport of
high-5"°N ETNP nitrate by the California Un-
dercurrent (19). ODZ extent and WCD rate are
both enhanced by wind-driven upwelling, which
increases biological production of sinking or-
ganic matter and thus oxygen demand in the
subsurface (10). The decline in the ETNP sed-
iment 8N over the period 1940 to 2000 is
interpreted as a reduction in WCD owing to
a progressive weakening of the easterly winds,
whereas the 5N rise from 2000 onward is in-
terpreted as an invigoration of WCD in response
to a wind strengthening (10).

A dependence of WCD in the ETNP ODZ on
the easterly winds implies that the intensity of
WCD may respond to decadal climatic varia-
bility in the Pacific. However, the deposition
rate of organic sedimentary N and the slow
growth rate of deep-sea corals largely preclude
the reconstruction of interannual and decadal
processes with these archives, and direct water
column measurements of dissolved oxygen and
of other redox-sensitive parameters through
time are sparse.

Nitrogen isotope records from stony corals

In this work, we measured the 5N of aragonite
skeleton-bound organic matter (coral skeletal-
bound 8N, or CS-8"°N) in shallow-water
scleractinian (“stony”) corals to gain new in-
sight into the recent history of WCD in the
ETNP ODZ. Using the “oxidation-denitrifier”
method, we measured CS-6"°N at a subannual
resolution (20, 21). Unlike deep-sea proteinaceous
corals, shallow tropical scleractinian corals live in
sunlit surface waters, where they ingest plank-
ton growing on the nitrate supply from below
(22) or assimilate nitrogen directly through
their photosymbionts (23). As a consequence of
their nitrogen acquisition, their tissues and
skeleton-bound organic matter reflect the §"°N
of the nitrate supply to the euphotic zone from
the shallow subsurface (24), making CS-6"°N a
potential archive of past changes in WCD. CS-
5N is protected from alteration associated
with microbial respiration and other diage-
netic processes (25), in contrast to the vulner-
ability of bulk sedimentary 5N to diagenesis
and exogenous inputs (26). Another advantage
of coral skeleton is that many genera (such as
Porites) display annual density bands, permit-
ting the construction of high-resolution records
of CS-8"N (27, 28), with the potential to recon-
struct rapid changes in ocean suboxia over the
past century.

We generated seven high-resolution (quarter-
ly to monthly) CS-6"N records from the coral
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Fig. 1. Sites of major
0DZs and coral cores
used in this study, in
the context of ther-
mocline dissolved
oxygen concentration,
water column nitrate
55N and previously
published 3'°N records
from sediment and
proteinaceous corals.
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tions focused on the thermocline (O to 500 m) versus latitude {from 20°S to 20°N along 152°W [US GEOTRACES Pacific Meridional Transect — GP15 (29)]}; (C) shows
nitrate concentration (shading) and the location of the currents shown in (B) (dashed contours = eastward flow), and (D) shows nitrate §'°N (shading and
contours). Data are shown here only for samples of 0.3-uM nitrate or greater. The black arrows in (C) and (D) indicate the upwelling within the path of the

NEC that convey the ODZ signal to the reefs of Palmyra Atoll (blue line). STG, subtropical gyre; CCS, California Current System; EUC, Equatorial Undercurrent;

SEC, South Equatorial Current.

genus Porites (table S1) spanning the ETNP ODZ
and nearby waters. Two CS-5"°N records are
from the core of the ODZ: San Benedicto Island
(1956 to 1998; Fig. 1B, red triangle) and Socorro
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Island (1992 to 2016; Fig. 1B, orange triangle).
A third record (1940 to 1998) is from Clarion
Island, at the northern margin of the ODZ (Fig.
1B, green triangle). Four additional records
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(1997 to 2016) are from Palmyra Atoll in the
Central Pacific (Fig. 1B, blue triangle). Palmyra
receives little nitrate from the equatorial up-
welling, which is exhausted southward of ~2.5°N
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Fig. 2. Compilation of existing and new 5*°N records from bulk sediment (10), from the skeleton of the
deep-sea coral Kulamanamana haumeaae (17) and of the shallow tropical coral genus Porites from the
Eastern and Central Tropical Pacific. (A) Sediment and coral 8N records are bounded by the global mean
pycnocline nitrate 5N of ~6.2%o and the value measured within the core of the ODZ (215%o), indicating that
all locations are influenced to some degree by nitrate originating from the ODZ. (B) The CS-6"°N anomalies
presented in this study reveal a decadal cyclicity that is not observed in the bulk sediment and deep-sea coral
8"N records. Anomalies were calculated by subtracting the mean 5N value of each individual record. CS-8°N
records were smoothed with an 8-year Gaussian filter. RT10 and RT4 are two cores collected from individual

colonies at Palmyra Atoll (fig. S14).

(Fig. 1C). Rather, Palmyra most directly receives
nitrogen from a nearby upwelling at ~10°N
(Fig. 1C) (29) owing to a combination of Ekman
pumping, friction between the westward-flowing
North Equatorial Current (NEC) and the eastward-
flowing North Equatorial Countercurrent (NECC),
and meridional circulation (30, 3I). The upwell-
ing water derives from the westernmost arm

Duprey et al., Science 386, 1019-1024 (2024)

of the thermocline “shadow zone,” which is char-
acterized by high-6"N, high-5'®0 nitrate; a strong
nitrogen-to-phosphorus deficit; high nitrite
concentration; and proteomic signs of nitrite
reduction, demonstrating its connectivity with
the ETNP ODZ (Fig. 1D) (29, 32, 33). This up-
welling therefore links the CS-8'°N of the

Palmyra corals to the main ETNP ODZ. In
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addition, the controls on the upwelling near
Palmyra are linked to the same band of east-
erlies that causes upwelling over the main ODZ
(31). With this network of corals, we investi-
gated the history and regional influence of
ETNP suboxia over the last 80 years.

Replicate monthly CS-8'°N records, when
aligned by using coral §®0 (a mixed proxy of
temperature and salinity), show high fidelity
between different parts of the same colony
and between different colonies, highlighting
the robustness of CS-3°N as a recorder of en-
vironmental signals (Fig. 3). On average, both
the existing sediment 8N records and our
new scleractinian coral-bound §°N records
have values that are intermediate between
the mean global pycnocline §'°N of nitrate
(~6.2%o0) (12) and the value found in the core
of the ODZ (215%o) (Fig. 2A). This suggests
that all locations are influenced regionally by
the ODZ, highlighting the potential of these
records to track historical changes in oxygen-
ation. The composite scleractinian coral CS-§"°N
timeseries covering the last 80 years is, in its
apparent longterm structure, arguably sim-
ilar to the ETNP sediment and Hawaiian deep-
sea coral 3'°N records, with a decline over the
20th century (Fig. 2B). At shorter timescales,
however, the coral CS-8°N is very different
from that of the other ETNP 8N records. Spe-
cifically, we observe multiple positive CS-5"°N
excursions (of >1%o), approximately centered
on years 1950, 1957, 1975, 1990, 2001 and 2012,
that last less than 10 years each (Fig. 2B). The
coral records thus reveal a strong decadal
periodicity in WCD (fig. S1). The CS-5'°N
records from the ODZ region and from the
Central Pacific share 74% and 67-86% of their
variance, respectively (figs. S2, S3), demon-
strating that the recorded changes are not
site-specific but rather reflect regional ocean-
ographic processes.

The high-resolution CS-8"°N records reported
here provide insight into the mechanisms
regulating suboxia in the ETNP. The CS-8"°N
maxima (interpreted as peaks in ETNP deni-
trification) coincide with North Pacific cool
phases of Pacific Decadal Variability (PDV)
(84) (Fig. 4). A cool PDV phase is characterized
by lower sea surface temperature over the North
Pacific (north of 20°N) and stronger tropical
winds across the Pacific basin (i.e., the easterlies),
along the California coast (i.e., the California
Current System) and across the Sierra Madre
Mountain Range (i.e., the gap-wind jets). These
key regions respond synchronously to atmo-
spheric forcing over the North Pacific, leading
to periods of intense wind-driven upwelling
that bring the thermocline closer to the sur-
face, enriching the surface water in nutrients,
stimulating primary production, and increas-
ing the export of organic matter to the ETNP
thermocline (fig. S4). We infer that this in-
creases oxygen demand in the ETNP shadow
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Fig. 3. The intercolony fidelity of monthly resolved geochemical proxies in the genus Porites was
assessed by comparing records from three different colonies (RT4, RT10, and FR3), and the intracolony
fidelity was assessed by comparing a record from the top and a record from the side of colony

RT4. (A) A strong seasonal and interannual (EI Nifio events, red shading) cyclicity can be seen in the coral skeleton
80 records 8'°0 is expressed as per mille, normalized versus the Vienna Peedee Belemnite isotope reference

(%o vs. VPDB). (B) The interannual variability is absent from the CS-8°N record, which is characterized instead by a
strong decadal variability. The correlation between the records presented here is further examined in fig. S2.

zone and thus causes the ODZ to expand and
WCD to intensify.

The overall tight coupling between decadal
oscillations in WCD and the thermocline depth
(Fig. 4) is consistent with two previously pro-
posed contributors to eastern Pacific ODZ var-
iability: (i) stronger easterlies can increase
upwelling, biological productivity, and organic
matter export to depth, causing the ODZ to
expand and WCD to accelerate (35, 36); and
(ii) shoaling of the thermocline can bring the
thermocline’s “shadow zone” of slower venti-
lation closer to the surface, causing more re-
spiration of sinking organic matter to occur
within suboxic waters, also accelerating WCD.
However, the correlation between CS-8°N and
thermocline depth changes is not perfect (Fig. 4:),
and there may also be other contributors to
the observed ODZ variation, including pro-
cesses that involve teleconnections. The most
powerful modes of the PDV are the Pacific
Decadal Oscillation (PDO, the first principal
component of the sea surface temperature
anomaly north of 20°N) (37) and the North
Pacific Gyre Oscillation (NPGO, the second
dominant mode of sea surface height variabil-
ity over 180° to 160°W, 25° to 62°N) (38). These
indices capture modes of spatiotemporal change

Duprey et al., Science 386, 1019-1024 (2024)

in SST and, thus, also in winds, upwelling, and
thermocline depth (fig. S5). Upwelling and pri-
mary production will depend on the respective
phases of the NPGO and PDO as well as their
interaction (fig. S6). These changes vary spa-
tially, implying that the size of the ETNP ODZ
and the WCD rate are potentially sensitive not
only to local changes in productivity and ven-
tilation but also to more distal changes. Such
changes may, for example, impact the oxygen
content of the water that advects into or mixes
with the ETNP ODZ (39).

The CS-8"°N observations have implications
for a range of hypotheses for the decadal con-
trols on the ETNP ODZ. The finding of a link-
age of increased WCD with cold anomalies in
North Pacific surface waters is counter to pre-
vious predictions (7, 3) that focus on the expec-
tation that, in a warmer world, O, solubility would
decrease, and stratification would strengthen,
leading to slower resupply of oxygen to the ODZs
(2). Moreover, our coral records contradict the
prediction of numerical model simulations,
that the enhanced surface productivity and sub-
surface oxygen demand of the negative (cool,
high upwelling) phase of the PDO would be
overwhelmed by the associated strengthening of
the Equatorial Undercurrent (EUC) that imports

29 November 2024

oxygen to the ETNP (40, 41). In this prediction,
denitrification in the ODZ would hold con-
stant or decline during the high-upwelling (i.e.,
negative) phase of the PDO, contrary to our
data (Fig. 4). Rather, our coral records suggest
that the strength of the EUC does not exert a
strong feedback on the ODZ at decadal time-
scales (fig. S7A). A change in the oxygen con-
centration of the North Pacific Current (NPC),
which feeds the California Current System, has
also been proposed to modulate the dissolved
oxygen content in the ETNP by altering the ven-
tilation of the North Pacific subtropical gyre (42).
However, the North Pacific Gyre Oscillation Index
(NPGO, a proxy for O, supply to the NPC) shows
increased O, supply (i.e., positive NPGO phases)
during periods of increased WCD (i.e., greater
suboxia) (fig. S7B) suggesting that this ven-
tilation pathway does not drive the observed
WCD changes. The El Nino-Southern Oscilla-
tion (ENSO) is thought to be another major
cause of WCD variability in the Eastern Trop-
ical Pacific. Hindcast simulations suggest that,
during La Nifia events, WCD rates are up to 70%
higher in response to shoaling of the upper
boundary of the ODZ, a response to stronger
easterlies (43). However, we did not find evi-
dence of such changes in our finely resolved
(monthly to subannual) network of coral records
(Fig. 4). The fact that ENSO-driven modulation
of WCD is not recorded in the coral records
may be, at least partly, due to the decades-long
residence time of nitrate in the ODZs (44), which
would dampen the effect of interannual changes
on ODZ nitrate "N and, thus, on the CS-5°N
records. In general, however, the lack of ENSO-
driven variability in our CS-8"°N records leaves
unproven the model-supported hypothesis that
ENSO causes large oscillations in suboxia and
WCD rate.

The high-resolution CS-5'°N records clarify
the ODZ baseline for any changes due to global
warming. Recent expansion of the ETNP ODZ
has been inferred from ship measurements
from years 1972, 1994, 2007, and 2012 (5), with
a major change observed between 2007 and
2012. Data on the cumulative ODZ-integrated
nitrite concentration (a proxy for WCD) from
these discrete sampling intervals agrees well
with our CS-8"N reconstruction of ODZ varia-
tion (white circles, Fig. 4A). However, our con-
tinuous record indicates that the differences
among these four discrete measurements can
be attributed to decadal ODZ oscillations. The
first three historical measurements took place
during excursions to lower CS-5°N and, hence,
lower denitrification associated with weaker
wind-driven upwelling indices (e.g., positive PDO
phases), whereas the 2012 observations coincided
with a peak in CS-8"°N and, hence, high denitrif-
ication at the climax of stronger upwelling indices
(e.g., the negative PDO phase) (Fig. 4B). This
aliasing by the strong decadal-scale variability
of the ODZ led to the inference that the ODZ
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has undergone a secular expansion over recent | last 80 years, the gradual §°N decline observed
decades. More broadly, although our CS-6°N | in Hawaiian proteinaceous corals and ETNP
composite records do not show a clear global | sediments over the 20th Century (10, 17) is not
warming-induced trend in the ODZ over the | falsified by the CS-8"°N data. However, if there
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Fig. 4. In the Eastern Tropical North Pacific ODZ, suboxia is modulated on decadal timescales by bacte-
rial oxygen demand, which is in turn fueled by wind-driven upwelling. (A) Events of enhanced suboxia are
indicated by shaded areas and correspond to phases of elevated CS-8'°N and ODZ-integrated nitrite concentration
(white circles) (5), both proxies for WCD. The justification for the +2%o offset applied to the Clarion record is
provided in the supplementary text. (B) The PDO (white line), a component of North Pacific Decadal
Variability, influences the low-frequency temperature variability within the ODZ: 10° to 25°N, 90° to 120°W
(colorized raster, data source: World Ocean Database) and sea level pressure gradients between the Eastern
and Western Pacific [ASLP, HadSLP2 (47), black line], which affects the strength of the easterlies. All

time series were smoothed with an 8-year Gaussian filter, represented by bold lines.
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was such a trend, then it appears to have been
reversed in recent decades. Conversely, the strong
decadal 5N variations evident in CS-8°N are
not apparent in the other records. Future gen-
eration of CS-8"°N records from before 1940
will shed light on the history of and controls on
the ODZs at the centennial time scale.

Implications for the future of the ETNP ODZ

The discovery of strong decadal ODZ varia-
tion, best explained by wind-driven changes in
upwelling, offers a new perspective on the
possible future of the ETNP ODZ. Specifically,
any global warming-driven trend in the ODZ
will be strongly overprinted by decadal varia-
tion. Given our findings, improved forecasting
of PDV would provide a degree of predictability
to future ODZ changes. In this context, we ex-
pect that the recent onset of extremes in PDV
(fig. S6) will manifest in correspondingly large
changes in Eastern Tropical Pacific oxygen de-
ficiency, potentially impacting marine ecosys-
tems along the western American coast (45, 46).
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