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Water column denitrification, a major oceanic nitrogen (N) sink, decreased
under past warmer-than-present climates, but the response of N, fixation,
the main oceanic N source, remains unresolved. Here we address this gap
using foraminifera-bound N isotope records from the tropical Atlantic
spanning the warm late Pliocene, a geological analog for projected 21*
century warming. Our records show that tropical North Atlantic N, fixation
was reduced during the late Pliocene and had increased markedly by the late
Pleistocene, likely due to an increase in water column denitrification, a
process that globally engenders N-poor, phosphorus (P)-bearing surface
waters. After ~ 2.8 million years ago, as glaciations intensified, our records
show that obliquity-paced variations in the intensity of N, fixation emerged,
likely reflecting sea-level controlled changes in continental shelf area and
benthic denitrification in the western tropical Atlantic, again through the
generation of N-poor, P-bearing surface waters. These findings show that N,
fixation responds to the ocean’s N loss processes both over millions of years
and on orbital timescales, suggesting that the global marine fixed N budget
may rebalance under warmer climates by reducing both water column
denitrification and N, fixation.

Nitrogen (N) is a key element in ocean biogeochemistry due to its role
as a limiting nutrient for biological productivity and its asso-
ciated influence on the carbon (C) cycle and the oceanic dissolved
oxygen distribution (e.g., 1). A unique characteristic of the N cycle is
that the oceanic inventory of biologically available (“fixed”) N is
dominantly controlled by biological processes'. Fixation of atmo-
spheric N, by cyanobacteria, the major N,-fixing microorganisms in the

open ocean, produces most of the bioavailable N in the ocean and thus
plays a vital role in sustaining marine life’. Denitrification is an anae-
robic microbial process that removes fixed N from the ocean by con-
verting biologically available N back into N,. The removal of fixed N by
denitrification generates excess Phosphorus (P), i.e., P that exceeds
phytoplankton requirements based on the Redfield stoichiometric
ratio (N/P =16/1). With the supply of excess P to the euphotic zone,
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nutrient consumption by phytoplankton leads to N-deplete but
P-bearing surface waters, which encourages N, fixation, providing a
mechanism that couples N inputs to losses in the ocean*™’.

Global warming has the potential to perturb components of the
marine N cycle, including the sources and sinks of fixed N'°. However,
the interactions between N, fixation and denitrification, as well as their
spatiotemporal response to a warmer climate, are poorly
understood® ™, Past climate analogs can provide important infor-
mation about changes in N cycle dynamics in a warmer world. The
Middle Pliocene Warm Period (- 3.3 to ~ 3.0 million years ago; Ma) is
considered as a potential analogue for 21st century Earth™. Pliocene
global average temperatures were ~2-4 °C warmer than today, with
atmospheric CO, levels (hereafter, pCO,) and a continental config-
uration similar to present'. During the Pliocene-Pleistocene Transi-
tion (PPT; defined here as -3.2-2.6 Ma), Earth’s climate cooled and
became more variable"” as Northern Hemispheric glaciations intensi-
fied (iNHG; defined here as occurring at ~2.8 Ma). During this interval,
pCO, decreased™'*'**° and ocean circulation and spatial productivity
patterns reorganized”**. Given this context, N cycle dynamics may
have shifted as well. While changes in the oceanic N inventory have
been proposed to modulate the biological pump and, in turn, atmo-
spheric pCO, levels” %, their contribution to late Pliocene climate
change and the PPT remains poorly constrained, and will depend on
the relationship between N fixation and denitrification.

Nitrogen isotopes are a powerful tool for studying changes in the
modern and past marine N cycle’* . N, fixation in surface waters of
the ocean adds newly fixed N with a &N of ~-1%.* (where
8N = ("N/“*N)sampte/ (*N/“N)reference —1, With atmospheric N, as the
reference). The newly fixed N is exported in sinking matter and nitrified
in the subsurface, lowering the 613N of the shallow pycnocline nitrate
pool®. Denitrification occurs mainly in oxygen-deficient zones (ODZs)
of the oceanic water column and in suboxic sediment porewaters on
marine continental shelves**. Within the ODZs, water column deni-
trification preferentially removes “N-nitrate, raising the residual nitrate
85N to ~14-20%.”. This 8N elevation is transported throughout the
ocean by circulation and export production®, ultimately raising the
8N of global mean ocean nitrate above that of oceanic N inputs, which
are dominated by N, fixation’**. By contrast, benthic/sedimentary
denitrification, which is probably the ocean’s greatest fixed N loss
pathway, has little isotopic effect on the mean oceanic nitrate §“N as it
typically consumes nitrate to completion®*. Accordingly, the global
mean 6°N of ocean nitrate is sensitive to the ratio of denitrification
occurring in the water column vs. the sediments, with proportionally
more water column denitrification translating to a higher mean ocean
S8BN**¥, Both denitrification pathways also generate excess P relative to
N, which may in turn encourage N, fixation as described above. How-
ever, because of the high isotope effect of water column denitrification
and the minimal isotope effect of sedimentary denitrification, the
coupling of each to N, fixation has distinct effects on global 8°N mean
value of, and regional pycnocline gradients in, nitrate §"N°*,

Existing studies of changes in the Pliocene N cycle were based on
bulk sediment 8°N***°. However, bulk sediment 6°N may be altered by
diagenetic effects and the contribution of exogenous N GSN*#™5,
Foraminifera-bound 8“N (hereafter FB-6N) reliably records the
65N of the nitrate supplied to the euphotic zone**”, in part because
the fossil test protects the bound organic matter from diagenesis and
external N contamination®. A recent study based on both bulk sedi-
ment 8N and FB-6"N showed that water column denitrification in the
Eastern tropical Pacific was lower during the warmer conditions of the
Pliocene, and increased as global climate cooled into the Pleistocene™.
This result aligns with additional data indicating that global water
column denitrification rates were lower during past warmer climatic
periods***74839-52 As possible explanations for reduced water column
denitrification during warmer periods, weaker low-latitude winds may
have suppressed upwelling and reduced subsurface oxygen demand,

while invigorated Southern Ocean deep-water ventilation may have
increased deep-ocean oxygen supply”’. However, the potential con-
sequences of these changes for N, fixation and their implications for
the feedbacks that shape the global ocean N budget remain unclear.

Benthic denitrification rates have been suggested to vary with
continental shelf area changes and therefore respond to glacial-
interglacial sea-level fluctuations®*, thus influencing oceanic nitrate
815N indirectly. Regional pycnocline 8“N values may deviate from the
global mean pycnocline 8N, currently - 6.25%.°**°, for example due to
local isotopic modification by water-column denitrification in ODZs
and N, fixation in oligotrophic gyres. Given the large changes in con-
tinental shelf area that accompanied the expanded glacial-interglacial
sea level variations after the iNHG>*, benthic denitrification may have
changed substantially as well.

In this work, we investigate the Plio-Pleistocene history of N,
fixation by generating a new, high-resolution FB-8“N record spanning
the mid-late Pliocene and into the early Pleistocene (-3.6 to ~2 Ma)
based on measurements of two foraminifera species (see “Methods”)
from the western tropical Atlantic (WTA) Ocean Drilling Program
(ODP) Site 999 (12°45'N, 78°44’'W; 2828 m; Figs. 1 and S1; “Methods”).
ODP Site 999 is located in the tropical North Atlantic, which appears to
host nearly 90% of the Atlantic basin’s N, fixation’, and has previously
been shown to record orbitally paced variations in N, fixation over the
last glacial cycle***. We compare our WTA FB-6"N record with new
high resolution data from the eastern equatorial Atlantic (EEA) ODP
Site 662 (1°23.41°S, 11°44.35'W, 3832 m; Figs. 1, S1, S2, and S4; “Meth-
ods”), where FB-6"N changes reflect variations in the §“N of nitrate in
the main pycnocline that underlies the Atlantic subtropical gyres> (see
“Methods” section for further details). Site 999’s record spans more
than a million years (~2.0-3.6 Ma) at 4-5 kyr resolution, with Site 662
covering the interval ~2.5-2.9 Ma, enabling the evaluation of both long-
term and orbitally paced N, fixation and pycnocline dynamics in a
warmer-than-present climate context.

Results
Our FB-8N records from the WTA (Site 999A; Supplementary Data 1)
and EEA (Site 662; Supplementary Data 2) capture the gradual evolu-
tion of conditions over the Plio-Pleistocene as well as changes over
glacial-interglacial timescales. WTA FB-6°N values of the surface-
dwelling foraminifera Trilobatus sacculifer and Globerginoides ruber
(see “Methods”) are elevated across the PPT compared to modern
ocean measurements’, coretop sediments of Holocene age” and time
series records of the last 160 kyr*. As we observe no significant differ-
ence between G. ruber and T. sacculifer FB-6"N variation in the WTA
(“Methods” and Fig. S2), our measurements focused on T. sacculifer.
During the PPT, T. sacculifer FB-8"N averages 5.4 + 0.3 (10)%. compared
to 4.5+0.9 (10)%o during the last 160 kyr (Welch’s t-test, p «0.001;
Fig. 2a). PPT T. sacculifer N content (Fig. S3) in the WTA varies between
2.6 and 5.6 pmol/mg, with an average of 3.9 + 0.4 pmol/mg, and does
not correlate with FB-6N, consistent with a lack of an isotopically
fractionating diagenetic change in foraminifera-bound N (Fig. S4).
The PPT WTA FB-8"N record shows clear glacial-interglacial
variability, with glacial values generally higher than interglacial values
and ranging from around 6 to 7%., with a notable increase during
Marine Isotopic Stages (MIS) 100 and 98 (~ 2.46-2.55 Ma). Interglacial
values decrease slightly after -2.8 Ma. However, compared to inter-
glacial FB-8"N of the last 160 kyr, PPT interglacial values are elevated
by ~2%o (Fig. 3d). Using spectral analysis (“Methods”), the orbital var-
iance and spectral density amplitude of WTA FB-6"N begin to increase
~ 3 Ma (Fig. 4c), with sharper “jumps” during and after the iNHG at MIS
Gl10 (~ 2.8 Ma) and MIS 100 (- 2.5 Ma). In addition, a consistent increase
in the dominance of the 41-kyr obliquity frequency band of FB-6"N at
Site 999 occurs after ~ 2.8 Ma (Fig. 4d). The importance of the 100-kyr
eccentricity band also increases sharply during the iNHG; however, it
remains inconsistent throughout the rest of the record. Finally, while
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Fig. 1| Core locations and shallow subsurface nutrient characteristics. a annual
average excess P at 120 m water depth, and b annual average nitrate concentra-
tions, both at 120 m depth. Maps were generated using Ocean Data View (ODV)%.
Excess P is derived from annual average of phosphate and nitrate data (Excess
P=[P0O,*]-[NO571/16, with units of pmol/I)®. Stars mark locations of Ocean Drilling
Program (ODP) Sites 999 and ODP 662, from which this study’s data are presented.
Other cores referenced in the text are marked with circles. ODP Sites 806 and 849
are located in the West and East Equatorial Pacific and represent changes in Eastern
Pacific water column denitrification driven by the strength of the Oxygen Deficient
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Zone (ODZ)*. Alkenone mass accumulation rates (MAR) data from ODP 662* and F.
profunda percentage data from core RC24-7% are used to reconstruct changes in
Eastern Equatorial Atlantic (EEA) upwelling during the Pliocene Pleistocene Tran-
sition (PPT) and over the last glacial cycle, respectively. Also shown are sites with
Plio-Pleistocene dust flux data (ODP Sites 659, 662°°, and 663°°). Shallow sub-
surface nitrate is higher at the EEA Site 662 and lower at the Western Tropical
Atlantic (WTA) Site 999, reflecting the east-west nutrient supply gradient. The black
arrow represents the Northern Brazil Current (NBC), which today transfers excess
P-rich waters from the EEA upwelling regions into the WTA®,

the 23-kyr precession band within the ODP Site 999 §“N record
increases after the iNHG, this increase is smaller than the observed
increase in obliquity spectral density. This is in contrast to the last 160
kyr, during which the FB-8"N record from Site 999 shows pronounced
dominance of the 23-kyr cyclicity (Figs. 2b and S9; ref. 53), overprinted
on a longer timescale signal of higher FB-6"N values during the last ice
age and lower values during the Holocene and the Last Interglacial
(Fig. 4; ref. 4).

At Site 662 in the EEA, we combine FB-8"N from surface-dwelling
T. sacculifer, whose dinoflagellate symbionts keep its 8N close to the
local nitrate source signal***¢, and thermocline-dwelling N. dutertrei,
adjusted for a measured interspecies offset of 0.83+0.47%., to
reconstruct pycnocline nitrate 8°N at Site 662 (“Methods”; Fig. S2).
The Site 662 combined FB-8®N record displays values over the mid-
late Pliocene (averaging 6.17 + 0.63 (16)%o) that are 0.5-2%. lower than
the last 160 kyr (averaging 7.54 + 0.58 (10)%o; Welch’s ¢-test, p « 0.001;
Fig. 3d; ref. 53).

During the PPT, Site 999 FB-8"N was generally lower than at Site
662, but the inter-site average difference (0.5+0.7 (10)%.) was far
smaller than the average difference over the last 160 kyr (3.1+1.1
(10)%o). While the influence of orbital frequencies is observed at both
sites after the iNHG (Figs. 4 and S8; “Methods”), the FB-8“N values
from the two sites are either inversely correlated or uncorrelated.
Similar FB-615N structural differences are observed over the last 160
kyr, with a strong precession-paced variability at Site 999 versus the
absence of a clear precessional signal at Site 662%.

Discussion

Drivers of WTA N, fixation since the Pliocene

We first evaluate global pycnocline §°N change as reconstructed from
Site 662 and then assess regional N, fixation changes inferred from FB-

8N Site 999 and its difference from that of Site 662. At Site 662, the
lower FB-6"N values seen across the PPT relative to the last 160 kyr
indicate that the 6“N of pycnocline nitrate supplying the tropical
Atlantic was lower during the warmer Pliocene and increased into the
late Pleistocene. Lower Pliocene nitrate §"N is consistent with reduced
water column denitrification and/or enhanced sedimentary deni-
trification. N isotope evidence already exists for reduced global water
column denitrification in the Pacific during the PPT (ODP Sites 806 and
849; Fig. 2; ref. 50), which would have decreased the §"N of nitrate in
the global mean pycnocline (Fig. 2b) and, thereby, FB-8"N at Site 662.
The 8N of the global mean pycnocline nitrate value (~ 6.25%. today;
Fig. S1; refs. 54,55) represents the best value for calculating the global
ocean’s N isotopic budget®, which is composed dominantly of N,
fixation and denitrification. Regions where the main pycnocline out-
crops, such as at Site 662%, provide an opportunity to monitor its
nitrate 8N for comparison with records such as that of Site 999. In
contrast to the 662 long-term observation, FB-8N values at Site 999 in
the WTA were generally higher across the PPT relative to the last
160 kyr interglacials (Fig. 2a).

Both water column and sedimentary denitrification consume
fixed N, but not P, thus generating the global supply of excess P.
Reduced water column denitrification throughout the PPT, as docu-
mented in the Pacific sites®, is therefore consistent with reduced
global supply of excess P, which would have impacted both the EEA
and WTA regions, though not in the same manner. In the modern low
latitude Atlantic, upwelling in the EEA outcrops nutrient-rich Southern
Ocean-sourced intermediate and mode waters that carry signals from
the Indo-Pacific denitrification processes*’. The excess P generated by
Indo-Pacific water column denitrification in these intermediate and
mode water is upwelled in the low latitude Atlantic, including the EEA,
and transported to the WTA through surface currents’”.
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Fig. 2 | Foraminifera-bound (FB)-6"N from Atlantic ODP Sites 999 and 662 and
their relationship to changes in Pacific FB-8"N. a benthic §'0 data from LRO4
benthic &0 stack (gray)”. b FB-8°N from ODP Site 999 (this study in purple and
ref. 4. in pink, derived from T. sacculifer) in the Caribbean Sea at the Western
Tropical Atlantic (WTA) and ODP Site 662 (this study in teal and ref. 53 in light teal,
derived from T. sacculifer and N. dutertrei) from the Eastern Equatorial Atlantic
(EEA). The representative average standard uncertainty for both records is shown
next to the site name. The thick lines mark the weighted average with a 21-point
window width (- 105 kyr for the Pliocene Pleistocene Transition (PPT) records and

~26 kyr for the last 160 ka record). ¢ FB-8"N records from Pacific ODP Sites 849%
(light green, thick line marks the weighted average with a 3-point window) and
806°° (dark green, thick line marks the weighted average with a 3-point window for
the PPT and 5-point window for the last 160 kyr). The dashed black horizontal arrow
represents the intensification of Northern Hemispheric Glaciation (iNHG) starting
at~-2.8 Ma. The thick purple, teal and light and dark green arrows show the direction
of FB-8"N change between the PPT and the Late Pleistocene. Background shading
indicates long-term cooling since the PPT. Note that higher isotope values are
plotted downward in all panels.

Because N, fixation in the oligotrophic WTA is in part a response
to the excess P supply from the global pycnocline®*, a lower excess P
reservoir during the PPT would be expected to suppress regional N,
fixation in the WTA. This expectation is supported by the higher WTA
FB-6"N interglacial values over the PPT relative to late Pleistocene
interglacials (Fig. 2), which indicate reduced PPT levels of N, fixation.
We estimate the strength of N, fixation in the tropical North Atlantic
from the FB-8"N difference between the WTA and EEA (AFB-8"N = FB-
85Noggo—FB-8"Nge; Fig. S9). This interpretation is based on the infer-
ence that Site 662 approximates the §“N of the Atlantic-wide pycno-
cline nitrate supply®, with Site 999 indicating modification of the local
pycnocline (and shallower) nitrate 8N by the addition of newly fixed N
carrying a low 8N (Fig. 1). In this framework, lower AFB-8“N during
the warmer late Pliocene indicates lower N, fixation rates, and higher
AFB-8"N into the Pleistocene indicates higher N, fixation rates in the
WTA (Fig. 5). Considered together, Site 662 indicates reduced global
water-column denitrification, while the Site 999 record and its offset
from Site 662 indicate reduced regional N, fixation in the WTA
(Fig. S9), consistent with the patterns described above.

The Pliocene-to-present increase in tropical interglacial Atlantic
N, fixation indicated by AFB-8"N could be a response to dust-derived
iron (e.g., refs. 23,24), might have had a connection to sea surface
temperature (SST; ref. 59), and/or could have represented an excess-P-
driven compensation for denitrification®****, While the dust supply to
the tropical Atlantic increased after ~2.75Ma (Fig. 3e; refs. 60-62),
higher dust input does not correlate with higher N, fixation rates in our
data (“Methods”; Fig. S10). The highest dust input is reconstructed
during glacials, when the FB-8"N values at Site 999 are higher,
reflecting lower levels of N, fixation. In addition, since the dust accu-
mulation rates over the late Pliocene and during post-iNHG inter-
glacials are similar (Fig. 3e), changes in dust supply alone cannot
explain the overall lower rates of WTA N, fixation over the PPT, nor the
increase in N, fixation after -2.8 Ma. Regarding the role of temperature,
SST and FB-6"N display no clear relationship at Site 999 (Fig. SI1),
which rules out temperature as a direct contributor to either the long-
term trend or the orbital scale variations in WTA FB-8"N. Thus, we
conclude that the lower N, fixation rates observed in the WTA during
the Pliocene compared to the present and to the last 160 kyr can only
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Fig. 3 | Comparison of the foraminifera-bound (FB)-8"N data from ODP Sites
999 and 662 to Atlantic climate- and ocean-related records throughout the
Pliocene-Pleistocene Transition (PPT) and over the Late Pleistocene. a benthic
8'%0 data from ODP 999 and 662 (violet and blue, respectively)’ plotted with the
LRO4 benthic 80 stack (gray)”. Also noted here are Marine Isotopic Stages (MIS)
G10, associated with the intensification of Northern Hemispheric Glaciation (iNHG),
and MIS 98, associated with the early Pleistocene, where the FB-6"N values at Site
999 are highest throughout the PPT record. b Global mean sea level is plotted in
dark brown® and is compared to (c) modelled changes in shelf area percentage
relative to basin size in the Western Caribbean basin (W. Carib.; see main text,
“Methods” and Fig. S12 for more details). d FB-8"N records from ODP Sites 999 and
662 as described in Fig. 2. Purple diagonal arrow indicates the increase in N, fixation
between the PPT and the past 160 kyr. The diagonal teal arrow indicates the long-

2400

2550 2700 2850 3000

term increase in the pycnocline 8“N value as recorded at Site 662 between the
Pliocene and the past 160 kyr. The purple/green vertical arrows represent the
expected changes to FB-6°N from higher N, fixation and increased Plio-Pleistocene
global water column denitrification®, respectively. The horizontal dashed lines
indicate the average FB-6"N values for the respective periods. e Dust input inferred
from terrigenous mass accumulation rate (MAR) records from Eastern Atlantic ODP
Sites 659%, 6627, and 663" in orange, dark brown and light brown, respectively. fF.
profunda abundance [%] data, which are interpreted to represent nutricline/pyc-
nocline depth, from ODP Sites 662 (olive; 23) and RC24-7 (light green; 66).

g Alkenone MAR from ODP 662 [pg/cm*/kyr] as a proxy for productivity (dark olive;
22). The grey vertical bands represent glacial periods corresponding with higher
alkenone MAR. Background shading indicates long-term cooling since the PPT.

be explained by a reduction in the supply of excess P to the global
pycnocline, most likely as a consequence of the reduction in water
column denitrification in the Pliocene tropical Pacific.

Orbital N, fixation variability in the WTA during the early
Pleistocene

The importance of excess P supply in driving N, fixation changes in the
North Atlantic over the last 160 kyr has been highlighted in previous
studies**. However, our data suggest that, under the warmer climate
state of the PPT, the variations in excess P supply to the WTA had a
different origin than during the late Pleistocene. Today and over the
late Pleistocene, excess P in the WTA is sourced from surface currents
coming from EEA upwelling regions (Fig. 1) and is modulated by
precession®. Upwelled waters in the EEA are relatively P-rich because
these waters derive from intermediate and mode waters that were last
ventilated in the Southern Ocean and incorporate Indo-Pacific nutrient
signals, including excess P generated by water column denitrification
in the Pacific ODZs (Fig. 1; refs. 4,9,63). Moreover, tropical and

subtropical South Atlantic surface waters are characterized by sig-
nificant excess P, possibly because of iron limitation of N2 fixation®*.
There are, thus, two sources of excess P-EEA upwelling and resident
South Atlantic surface waters—that are carried into the WTA by the
North Brazil Current (NBC, Fig. 1a). In the case of stronger trade winds,
both EEA upwelling and NBC transport increase, supplying more of
both excess P sources to the WTA.

Over the last 160 kyr, an equatorial Atlantic upwelling control on
N, fixation in the WTA is supported by relationships between FB-6"N at
Site 999 and variations in alkenone mass accumulation rates (MAR)
and nannofossil assemblages from Site 662 (Fig. 3; refs. 4,53,65). To
explore the nature of the relationship between EEA upwelling
dynamics and WTA N; fixation changes during the PPT, we compare
our WTA and EEA records to other proxy records reflecting different
mechanisms that may alter the supply of excess P to the WTA
(Figs. 3 and S10-S12). At Site 662, glacial-interglacial alkenone MAR
variations likely initiated with the iNHG (Fig. 3f, g) and reflect pro-
ductivity variations driven by obliquity-controlled changes in nutrient
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Fig. 4 | Foraminifera-bound (FB)-8"N and continuous spectral analysis results
from ODP Site 999. a Benthic §'0 data from ODP 999 (light purple; 68) and the
LRO4 benthic stack (black; 68). b FB-6°N data from ODP 999 (this study and ref. 38)
(note the reversed y-axis to indicate increase in N, fixation upwards). ¢ FB-8“N
variance analysis showing an increase - 2.8 Ma and also at - 2.6 Ma (black small
arrows) coinciding with the beginning of the Pleistocene. d Continuous spectral
density power for the three major orbital parameters (23 kyr precession, teal; 41 kyr
obliquity, blue; 100 kyr eccentricity, light blue) with obliquity (41-kyr) showing the
most persistent increase after intensification of the Northern Hemispheric Glacia-
tion (iNHG) and Marine Isotopic Stage (MIS) G10 (- 2.8 Ma). e Cross-coherency
between the benthic §'®0 and FB-6"N records from ODP Site 999 on the 41-kyr
period. The horizontal dashed red line represents the 80% confidence interval.
fPhase relationship between the §'°0 and 8°N records from ODP Site 999 for 41-kyr
period, where upwards vertically means the 80 record is leading 8“N as shown
with the black arrow. The white-filled circles represent points where the coherency
is lower than the 80% confidence interval. Spectral and cross-spectral analyses were
conducted using ARAND software®. Background shading indicates long-term
cooling since the Pliocene Pleistocene Transition (PPT).

upwelling®. Across the PPT, proxies such as alkenone MAR and the
abundance of the thermocline-dwelling coccolithophore Florisphaera
profunda at Site 662 (Fig. 3f, g) indicate that higher nutrient upwelling
and productivity occurred during the glacials associated with obliquity
minima". According to the mechanism proposed for the last 160 kyr,
increased nutrient upwelling in the EEA should enhance N, fixation in
the WTA by increasing excess P supply. However, our data show that
N, fixation in the WTA was lower during glacial periods than inter-
glacials across the PPT, as indicated by the highest FB-6"N values. In
other words, the minima in the WTA FB-6"N (Fig. 3d), which we
interpret to represent higher N, fixation, generally correspond with

the minima in productivity at Site 662 (Fig. 3f, g), suggesting that
orbital-scale variation in N, fixation during the PPT was not driven by
EEA upwelling changes as it has been over the last 160 kyr* and is
today’. The lack of response of WTA N, fixation to equatorial upwelling
changes across the PPT suggests that, during this period, the upwelled
waters were not as excess P-rich as they are today. This is consistent
with reduced Pacific water column denitrification during the late
Pliocene, as compared to the late Pleistocene®*%475°,

Instead, we propose that glacial-interglacial sea-level change was
the primary control on WTA N, fixation during and after the iNHG.
Benthic denitrification rates have been suggested to vary with con-
tinental shelf area changes and therefore respond to glacial-
interglacial sea-level fluctuations®*>. During the PPT, as glacial sea
levels declined after -2.8 Ma, continental shelf exposure reduced
regional benthic denitrification, limiting excess P supply to the WTA,
whereas interglacial shelf submergence enhanced benthic denitrifica-
tion and N, fixation. At Site 999, a cross-spectral analysis of FB-6°N and
benthic 80, which should at least partially reflect sea-level driven
changes, shows increasing coherency that starts at -3.3Ma and
becomes persistent after ~2.8 Ma (Fig. 4e, f), supporting this mechan-
ism. The observed lead of §'®0 relative to FB-6"°N may be explained by
(1) the 8™0 signal from cooling that should lead ice sheet-driven sea
level fall, and/or (2) a delay in the re-establishment of benthic deni-
trification following deglacial sea level rise (Fig. 5).

The conclusion that sea-level driven shelf submergence drove
changes in tropical N, fixation during the PPT is consistent with late
Pleistocene studies from the South China Sea’ and sub tropical
North Atlantic®, where regional shelf area changes due to sea-level
fluctuations influenced excess P supply and N, fixation (Fig. S12). To
test the significance of these fluctuations at the WTA during the PPT,
we modeled continental shelf area percentage changes in the west
Caribbean basin by applying two recent Plio-Pleistocene global mean
sea-level reconstructions®®®” to the PRISM4 Pliocene topography®®.
The modeled shelf area percentage in the west Caribbean basin
remained stable before the iNHG, with fluctuations emerging after
~2.8Ma that correspond to glacial FB-6"N maxima at Site 999
(“Methods”, Figs. 3b, c, S12, and S13). Relative to the South China Sea,
where shelf area percentage fluctuations have changed significantly
since the Pliocene (Fig. S12d), WTA shelf area variability during the
early Pleistocene glacials is not very different from that observed over
the last 160 kyr. This reflects the steeper continental shelf structure in
the WTA compared to other regions, such that, in comparison to the
glacial intervals of the PPT, the lower sea levels of the Late Pleistocene
glacial intervals would not have translated to substantially less shelf
area or sedimentary denitrification. This observation can also explain
the small differences observed in FB-8®N between the glacials of the
PPT and those of the last 160 kyr compared to the respective changes
in interglacial FB-6"N between these periods (Fig. 4). Combined with
our sea-level simulations, these observations are consistent with
benthic denitrification changes, through their influence on N, fixation,
as the main driver of the glacial FB-8®N oscillations at Site 999 after
~2.8 Ma (Figs. S12 and S13, “Methods”).

Implications for Atlantic N cycling in a warmer ocean. This study
provides a continuous, orbital-scale resolution record of N, fixation
dynamics in the low latitude Atlantic across the Plio-Pleistocene
Transition. Our records highlight the mechanisms controlling N,
fixation in the WTA, a region accounting for a major fraction of basin-
wide Atlantic N, fixation’. These results document both glacial-
interglacial variability and longer-term trends in oceanic N cycling
that have not been captured in the modern or Quaternary records
(Fig. 5). These findings from the warm Pliocene provide potential
insights into how future warming may alter global N, fixation. Recent
studies have shown the water column denitrification, and thus the
extent of the ODZs of the ocean, were systematically reduced during

Nature Communications | (2026) 17:7931


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-026-75846-4

WESTERN TROPICAL ATLANTIC EASTERN EQUATORIAL ATLANTIC

No upwelling (a)

Low N, fixation derived N, fixation

- B8y 88
e High 815N High Low@ Low pylcnocline
i o w FB-515N No upwelling  ¢g.gusy Sglirtr?nowe et
> ioh 515 i excess 0 denitrification
. B H'g:f: N noy ! supply ; LATE
Non sea level /‘) : : PLIOCENE
modulated i i
Sedimentary denitrification ! Pycnocline L No evidence of
v v Equatorial
upwelling
ODP 999 ODP 662
. L No upwelling (b)
Medium N, fixation derived N, fixation
Low pycnocline EARLY

Higher %% ‘\
Sedimentary
denitrification

g -
] oN @ 3 Z 85N due to low
Medium : Low water column PLEISTOCENE
No upwellin
é' FB &N oo P © FB-GUN e INTERGLACIALS

No evidence of
Equatorial
upwelling

Pycnocline

ODP 999 ODP 662

e Sk

(c)

Lower sea level

Low N, fixation Low upwelling derived

N, fixation

EARLY

R e High 85N @ ﬁ”" . Low pycnocline
Lower ¥ PN @ High 5N == 3 Z 81N due to lower PLEISTOCENE
Sedimentary j‘) - High PN Wei’lk |-°W UG, ety GLACIALS
nghé N N NO; _FB-815N upwelling \ FB- 615N

denitrification

excess P supply \

i
i

0 —> c =4 =
! PN

|

ODP 999 ‘ ODP 662 Equatorial upwelling

with low excess P

(d)

High upwelling

High N, fixation derived N, fixation

oo
= & = MODERN
T High pycnocline &
j) g High due to higher CONDITIONS
High R FB-815N N Strong EB-515N W.C. denitrification L;-n:_
Sedlmentary Oy i upwelling '
denitrification i Low 515N excess P L PLEISTOCENE
i PN~ N0 supply ; INTERGLACIALS
f 1
* Pycnocline *

ODP 999 ODP 662 Equatorial upwelling

with high excess P

warmer periods of the geological past, suggesting that a similar also decrease due to the lower concentrations of excess P in the
pattern may emerge in the future under global warming**%°**!_ In  global pycnocline. This mechanism would rebalance the natural N
this study, we show that North Atlantic N, fixation was also reduced  sources and sinks of the ocean, preventing dramatic changes in the
during the warm Pliocene period. We attribute this to a decrease in  ocean N reservoir.

the supply of excess P to the global pycnocline as a consequence of In addition to these Pliocene-to-Pleistocene changes, starting
the reduced water column denitrification in the Pacific basin. These at the iNHG, we observe a pronounced increase in obliquity-driven
findings suggest that, if prolonged global warming does cause a variability in N, fixation in the WTA. We argue that sea-level
significant decrease in water column denitrification, N, fixation will changes during and after the iNHG modulated glacial benthic
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Fig. 5 | Schematic summary of changes in nitrogen (N) cycling and excess
phosphorus (P) supply mechanisms across the Pliocene Pleistocene Transition
(PPT), in the low latitude Atlantic. a Warm Pliocene (-3.6-2.8 Ma): Reduced
water column (W.C.) denitrification in the Pacific lowered the excess P content and
the 8"N value of the global average pycnocline, resulting in lower Foraminifera
Bound (FB)-8"N recorded at the Eastern Equatorial Atlantic (EEA, ODP Site 662)
while decreasing upwelling-derived excess P supply to the Western Tropical
Atlantic (WTA, ODP Site 999). This latter effect led to less N, fixation and thus raised
the 8N of particulate nitrogen (PN) incorporated into planktic foraminifera in the
WTA, reducing the east-to-west FB-8'5N gradient. b Early Pleistocene inter-
glacials (after ~2.8 Ma): The intensification of Northern Hemispheric Glaciation
(iNHG) introduced orbitally-paced sea-level fluctuations that repeatedly exposed
and submerged continental shelves. Higher sea level during interglacials increased
shelf area, promoting sedimentary denitrification and excess P supply to the WTA,

resulting in higher N> fixation relative to glacials. ¢ Early Pleistocene glacials:
Despite intensified glacial equatorial upwelling in the EEA after the iNHG (orange
upward arrows), weak Pacific water column denitrification limited excess P in
upwelled waters (dashed peach arrow), thereby failing to drive a strong increase in
N; fixation in the WTA. Moreover, lower sea levels further reduced shelf area and
sedimentary denitrification, limiting regional excess P supply to the WTA and thus
reducing N; fixation. d Modern conditions and Late Pleistocene interglacials:
High water column denitrification increases the pycnocline’s excess P content and
the pycnocline 8“N value that is then recorded in FB-8N in the EEA. Precession-
paced upwelling (peach upward arrows) drives higher Atlantic N fixation through
the transport of excess P-rich waters from the EEA to the WTA (thick peach arrow).
This decreases the 8°N of PN that is then incorporated into planktic foraminifera,
lowering FB-8"N in the WTA.

denitrification rates by exposing continental shelf areas in the
WTA. The glacial shelf exposure reduced the supply of excess P to
the WTA surface ocean, diminishing N, fixation and increasing
WTA FB-8"N (Fig. 5b). This mechanism contrasts with late Qua-
ternary and modern conditions, whereby N, fixation is primarily
driven by equatorial upwelling changes that transfer excess P
waters to the North Atlantic**** (Fig. 5c). We suggest that the
apparent lack of N, fixation response to equatorial upwelling
changes during the early Pleistocene (Fig. 5b) was the consequence
of a lower excess P concentration in the global pycnocline prior to
the Late Pleistocene. That is, although equatorial upwelling inten-
sified after the iNHG, the upwelled water did not contain enough
excess P to stimulate major N, fixation changes in the North
Atlantic. Thus, our results suggest that if water column deni-
trification decreases under protracted global warming, Atlantic N,
fixation may become decoupled from equatorial upwelling chan-
ges, with potential consequences for upper ocean ecosystems’.

Methods

Core locations and hydrographic settings

We analyzed samples from two ODP sites in the low-latitude Atlantic
Ocean. ODP Site 999 Hole A (12° 45 N, 78° 44" W; 2828 m) is in the
Caribbean Sea (Fig. 1). In the modern ocean, this region is oligotrophic,
as surface waters feeding it originate from the subtropical gyres and
are nutrient depleted (Fig. 1). The tropical North Atlantic hosts nearly
90% of the Atlantic basin’s N, fixation’, sustained by diazotrophic
activity in the Caribbean and tropical western North Atlantic”*"°,
Previous work suggests that most of the N, fixation occurs in the oli-
gotrophic surface ocean, i.e., the subtropical gyres>”, which makes this
site ideal for documenting changes in the Atlantic N, fixation
over time.

ODP Site 662 is located in the Guinea Basin in the EEA (1°23.41'S,
11°44.35'W, 3832 m) at the focus of equatorial surface water divergence
(Fig. 1), where Ekman wind-driven upwelling brings nutrient-rich pyc-
nocline waters to the surface’”% Given the complete consumption of
upwelled nitrate in the equatorial Atlantic surface ocean, FB-6"N at Site
662 reflects the 8°N of pycnocline nitrate, which aligns with the global
mean pycnocline nitrate 8°N of ~6.3%.” and has remained stable
across glacial-interglacial cycles®. The interpretive frameworks of the
two sites, therefore, complement each other: Site 999 records regional
changes in N fixation, while Site 662 tracks changes in global pycno-
cline 8N, controlled by the balance between water column deni-
trification and N, fixation"’.

Updated age models for ODP sites 662 and 999 A

The age models for both sites are based on alignment of benthic for-
aminifera 60 to the 80 benthic stack’®. We updated the age model
for Site 662 using §'®0 values from the benthic stack as age tie points
(Fig. S5 and Supplementary Data 3), with sample ages linearly inter-
polated between tie points using Python.

Foraminifera-bound N isotope analysis

Foraminifera-bound &“N was measured with the “persulfate-deni-
trifier” method"****57*_ Sediment samples from Sites 999 A and 662
were wet sieved through a 63-pm mesh and dried overnight in a clean
oven at 40 °C. Two to three hundred individual foraminifera speci-
mens were manually picked from the 250-425 pm size fraction. At Site
999 A, we picked Trilobatus sacculifer and another species Globiger-
inoides ruber, both commonly found in warm, oligotrophic surface
waters of the tropical and subtropical oceans (Fig. S2)”. Since the FB-
8"N of both species exhibit a good correlation at Site 999 over the
Early Pleistocene interval (Figs. S2 and S4), we focused on the FB-8N
data from the more continuously measured T. sacculifer for this study.

At ODP Site 662, we picked specimens of T. sacculifer and non-
spinose thermocline-dweller Neogloboquadrina dutertrei, the latter of
which is typical for the tropical upwelling conditions characterizing
Site 662. The FB-8"N of N. dutertrei is typically higher than that of T.
sacculifer given its absence of symbionts (see below). Based on the
average matched sample FB-6"N elevation of 0.83%. in N. dutertrei
relative to T. sacculifer at Site 662, 0.83 + 0.47%o was subtracted from
the measured N. dutertrei FB-6"N values to reconstruct the pycnocline
nitrate 8“N values captured by T. sacculifer (FB-6"°Nrc; Fig. S2).

For both sites, 3-5 mg of foraminifera tests were gently crushed
and chemically treated to remove clay, external organic matter, and
manganese coatings***”*!, Subsequently, the shell fragments were
dissolved in 4 N hydrochloric acid to release the organic N bound
within the calcite. The organic N was then converted to nitrate by
persulfate oxidation. The nitrate concentration of the solution was
measured by chemiluminescence’, and an aliquot of the nitrate
solution (5 nmol of N) was converted to nitrous oxide using a strain of
denitrifying bacteria Pseudomonas chlororaphis”. The N isotopic
composition of the N,O produced by the bacteria was measured with a
custom-built continuous-flow system for N,O extraction and purifica-
tion connected to a Thermo Scientific MAT253+ Isotope Ratio Mass
Spectrometer’”®, Measurements were referenced to air N, for 8N
using the nitrate reference standards IAEA-NO; (8N =4.7%.) and
USGS-34 (6"N =-1.8%o), and then corrected for the contribution of the
oxidation procedural blank®. Triplicates of in-house calcitic and ara-
gonitic biomineral standards (PO-1, n=18 and LO-1, n=12 and MF-1,
n=3) were included in each run to evaluate the long-term internal
laboratory standard reproducibility**®?>, which yielded values of
0.2-0.3%o (10).

Spectral and cross-spectral data analysis. FB-8°N values were pro-
cessed using both the ARAND software® and Pyleoclim python
script®. Initially, all analyzed records were resampled and interpolated
at a resolution of 4000-5000 years, depending on their average ori-
ginal sampling resolution. The 8“N records were then spectrally ana-
lyzed using Continuous Wavelet Transform to estimate the change in
time series variance and dominances of orbital scale cycles. Cross-
spectral coherences and phase relationship with other climatic records
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was also analyzed using both ARAND (Fig. 3 in the main text) and Cross
Wavelet Analysis of Pyleoclim python script (Fig. S8).

FB-3"N offset analysis between G. ruber and T. sacculifer at ODP
Site 999. Based on previous approaches**®, we divided the species-
level FB-615N data into glacial and interglacial groups based on the
LRO4 glacial interglacial boundary ages”, to test whether the "N
offset between G. ruber and T. sacculifer varies between climate states.
For each group, we calculated linear regressions between the species
and assessed the 8N offset using Welch two-sample r-tests and
bootstrap-derived confidence intervals (Supplementary Data 4). Both
glacial and interglacial subsets show strong correlations between the
two species (#=0.7, p=5.4 x107" for glacials; = 0.5, p=1.6 x 107 for
interglacials), indicating that relative changes in 8“N are closely
tracked by both species. The mean offsets are —0.73%. for glacials and
-0.52%o for interglacials, and while these offsets are statistically sig-
nificant (p=0.045 for both), the magnitude is small relative to the
resolved 8N variability in the ODP Site 999 record. The bootstrap
analysis of the mean offset further confirms that the glacial-interglacial
difference in mean offset is ~0.2%.. These results justify our use of the
T. sacculifer 8°N record as representative for Site 999, while
acknowledging the minor climate-dependent offset, which does not
significantly impact the overall interpretation.

Calculation of pycnocline nitrate 3°N from ODP Site 662 FB-3"N.
Previous work on foraminifera-bound nitrogen isotopes** indicates
that FB-8®N of T. sacculifer is 1-1.5%. lower than that of the non-
symbiotic thermocline-dwelling species N. dutertrei. This offset
between the symbiotic species T. sacculifer and the non-symbiotic
species N. dutertrei is most likely caused by the uptake of excreted low-
6N ammonia by the symbionts and the subsequent internal N cycle to
the host, which would lower the 8“N of the foraminifera organic N. FB-
8N of T. sacculifer is thought to be very close to the 6N of its food
source and thus reflects the 8N of supplied nitrate®. In contrast,
modern measurements of the non-symbiotic thermocline-dwelling
species N. dutertrei reveal a FB-8PN elevation of around 1%. with
respect to the nitrate consumed in the euphotic zone’*”. In our data,
FB-8"N7. saccutifer (Fig. S2) varies from 5 to 7.5%o and FB-6"Ny, qurertrei
from 6%o to 8%., which indicates the 8N of the nitrate supply to be
between 5 and 7.5%. and an offset between the two species of —0.5 to
2%o. The sample resolution of T. sacculifer FB-6"N at Site 662 is limited
due to sporadic appearance of the species. We therefore combined the
two species’ FB-8N data by calculating the average of their §°N (FB-
85Nr¢; Fig. S2c¢). To calculate FB-6"Ny¢, the FB-86"Ny, qurertrei Was first
corrected by subtracting the average 6N elevation of 0.83 + 0.47%o
relative to FB-8"N7. sqccufer at Sample depths where both species were
measured (Fig. S2d). The combined FB-8"Ny dataset from Site 662 is
therefore used in the main text to reflect pycnocline nitrate 8N at this
site. The N content for the species measured at Site 662 range from
3.21 to 5.01 pmol/mg with an average of 3.88 pmol/mg for N. dutertrei,
and 3.41 to 5.02 pmol/mg with an average of 4.19 umol/mg for T. sac-
culifer, both showing no correlation with FB-6"N (Fig. S4).

Continental shelf area percentage calculation using past sea level
modelling. To produce a first-order estimate of continental shelf area
change in the west Caribbean, we apply the global mean sea level curve
of Berends et al.®® to the PRISM4 Pliocene topography reconstructed
by Dowsett et al. (Fig. S12 and ref. 68). This topography, constructed to
represent the mid-Piacenzian (- 3.0 Ma) and named PRISM4, accounts
for dynamic topography and residual glacial isostatic adjustment sig-
nals in modern topography due to Pleistocene ice loading. In addition,
we repeated the analysis using the recently published Plio-Pleistocene
global mean sea-level reconstruction®’ to assess the sensitivity of our
results to the choice of sea-level simulation (Fig. S13). After merging
global mean sea level and topography, we calculate the continental

shelf area as the region at each time step extending from mean tide
level to -150 m below sea level.

Beyond the correction included in PRISM4, we choose not to
account for Pliocene glacial isostatic adjustment in our calculations.
We justify this choice in several ways. First, while Pliocene to modern
ice models for Antarctica are accessible (e.g., ref. 85), no such
models are freely available for the Northern Hemisphere
(sensu®*5*%”), which hinders production of Glacial Isostatic Adjust-
ment (GIA) models for this period. Second, although GIA exerts a
spatially heterogenous influence on continental shelf area in the late
Pleistocene (e.g., ref. 53), this influence was likely more muted at
low- to mid-latitudes during the Pliocene due to the smaller size and
loading footprint of the Northern Hemisphere ice sheets. Never-
theless, we acknowledge that some degree of GlA-related defor-
mation may have occurred®, and our calculation should therefore
be regarded as a first-order estimate.

Using the calculated shelf area and the global mean sea-level, we
can then calculate the shelf area percentage with respect to the basin
size, presented in Fig. 4 in the main text and Figs. S12 and S13. To test
the sensitivity of these results to the choice of sea-level reconstruction,
we repeated the shelf-area analysis using the recently published GMSL
curve®. Although these recent sea level estimates yield lower glacial
sea levels after the iNHG compared to earlier reconstructions, the
pattern of enhanced variability after ~2.8 Ma is similar and is consistent
with our initial interpretation (Fig. S13). However, since the variations
in glacial sea level or shelf area percentage do not significantly change
between the Pliocene and Pleistocene-Holocene interglacials (Fig. S12),
the sea-level modulated benthic denitrification cannot explain the
overall lower N,-fixation across the PPT at the WTA Site 999. Rather,
this long-term change in N, fixation is consistent with lower Pacific
denitrification, as supported by the PPT-to-late-Pleistocene-Holocene
EEA and WTA FB-8"N differences (Fig. S9).

Data availability

The foraminifera-bound nitrogen isotope data generated in this study
(ODP Sites 999 and 662) have been submitted to the PANGAEA repo-
sitory and can be found in the following links: Supplementary Dataset
S1- ODP Site 999 FB-615N: https://doi.org/10.1594/PANGAEA.996039.
Supplementary Dataset S2- ODP Site 662 FB-615N: https://doi.org/10.
1594/PANGAEA.996038. Supplementary Dataset S3- ODP Site 662 age
model LRO4 tie points: https://doi.org/10.1594/PANGAEA.996036. The
processed nitrogen isotope data generated in this study are also pro-
vided in the Supplementary Information Data file.

Code availability
The code used in this study is available in the Zenodo repository
(https://doi.org/10.5281/zenod0.20929804)%,
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