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Abstract: Upwelling generates a nutrient-rich “cold tongue” in the eastern equatorial Pacific 25 
Ocean (EEP), with impacts on global climate, oceanic biological productivity, and the carbon 
cycle. The cold tongue was reduced during the Pliocene Epoch, a feature attributed to weaker 
upwelling and an associated deepening of the surface mixed layer in the EEP. Here, we report 
nitrogen-isotope evidence that modern-like upwelling occurred in the EEP during the Pliocene 
and has persisted over the last 5 million years. We explain the reduced Pliocene cold tongue as 30 
an expression of the reduced temperature difference between surface and subsurface waters in 
the tropical Pacific. The attendant reduction in the vertical density gradient may have maintained 
EEP upwelling despite the expected slackening of the trade winds under Pliocene warmth. 
 

Main Text: In the tropical Pacific Ocean, warm ocean waters in the surface mixed layer (ML) 35 
are separated from the ocean interior by the thermocline, the strongest temperature (and thus 
density) gradient of the water column (Fig. 1A). Starting just below the base of the ML, the 
concentrations of nutrients increase downward through the thermocline; this vertical nutrient 
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gradient is known as the nutricline. Below the thermocline (below roughly 500 m, defined here 
as the “subthermocline”) are mode and intermediate waters, which extend down to a depth of 
~1200 m and are characterized by a much more gradual downward decrease in temperature, and 
are underlain by the deep ocean. 

 5 

The tropical easterly trade winds shoal the eastern equatorial Pacific (EEP) thermocline, 
allowing cool, nutrient-bearing thermocline water to upwell to the surface and create both a 
“cold tongue” and a “nutrient tongue” in the EEP (Fig. 1, B and C). Alterations to EEP upwelling 
and thermocline depth impact local marine ecosystems (1), and atmospheric teleconnections 
driven by changes in the zonal sea surface temperature (SST) gradient affect climate (2). For 10 
example, the interannual weakening of trade winds during the El Niño phase of El Niño-
Southern Oscillation (ENSO) causes the EEP cold tongue and nutrient tongue to temporarily 
disappear (1), with reductions in EEP fisheries (1,3) and globally distributed climatic effects (4). 
 

The Pliocene Epoch [5.33 to 2.6 million years ago (Ma)] is considered a paleoclimate analog for 15 
Earth’s climate in the upcoming decades to centuries (5,6). Seawater temperature reconstructions 
from the equatorial Pacific back into the Pliocene (Fig. 2A; see Materials and methods) provide 
insight into how this climatically important region behaves in a warmer world. Reconstructions 
of SST in the western equatorial Pacific (WEP) and EEP (Fig. 2A) indicate that, during the 
Pliocene, the EEP cold tongue was warmer (7-9) and, despite some debate (10,11), that the zonal 20 
SST gradient was reduced (9, 12-15). Given equatorial Pacific SST-wind-upwelling feedbacks 
(16,17), the smaller Pliocene zonal SST gradient is expected to have been accompanied by 
weaker upwelling and a deeper ML (i.e., a deepening of the top of the thermocline) in the EEP. It 
has also been proposed that warming of extratropical waters deepened the base of the EEP ML 
during the Pliocene (18). Reconstructions from the EEP suggest that the temperatures of both the 25 
surface and the shallow subsurface (~100 m depth) were elevated during the Pliocene (19,20). In 
detail, the reconstructed warming was greater in the shallow subsurface than in the ML (20) (Fig. 
2A). The implied reduction in the surface-to-shallow subsurface temperature gradient would 
appear to support the interpretation of a deeper EEP ML during the Pliocene, although other 
interpretations are possible. 30 

 

A robust relationship is observed between temperature and nutrients in the modern tropical 
Pacific in both space and time (1). Thus, the reduced cold tongue during the Pliocene would 
appear to predict a reduced nutrient tongue as well. However, reconstructions indicate that 
biological export production in the Pliocene EEP was similar to or even higher than today (Fig. 35 
2, B and C), suggesting that nutrient supply to the EEP ML was not lower during the Pliocene 
(7,8,21-24). Here, we use nitrogen (N) isotopes to test for Plio-Pleistocene changes in the 
upwelling of nutrient-rich waters to the EEP euphotic zone, the photosynthetically active upper 
layer that includes the ML. We measured the 15N-to-14N ratio (expressed as d15N) of bulk 
sedimentary and planktonic foraminifera-bound organic matter (d15Nsed and FB-d15N, 40 
respectively) in equatorial Pacific sediments extending back to the warm Pliocene (d15N = 
((15N/14N)sample/(15N/14N)reference – 1)*1000‰, where the reference is air N2). Specifically, d15Nsed 
records the d15N of N that sinks from the surface ocean, which in turn approximates the d15N of 
nitrate consumed in surface waters (25). Core-top studies indicate that FB-d15N also reflects the 
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d15N of nitrate consumed (26,27). Both proxies, however, have additional controls that might 
cause deviations from a constant relationship. The d15N of organic matter in sediments can be 
increased by microbial degradation (25,28), and organic N carrying a different d15N value can 
also enter the sediments from outside the marine system of interest (28); these effects can change 
over time and as a function of environmental conditions. FB-d15N is species-specific, with 5 
euphotic zone-dwelling species that bear photosynthetic endosymbionts having a d15N close to 
the nitrate consumed in their ecosystem (26,29). In modern upper ocean studies, seasonal 
variations in FB-d15N independent of nitrate consumption have been observed (29,30), raising 
the possibility of such behavior affecting the d15N of the annually integrated flux of a given 
foraminifera species to the seafloor. Since d15Nsed and FB-d15N have different sources of 10 
uncertainty, consistency between these proxies greatly increases confidence in observed changes 
and their interpretation. 

 

A comparison of d15N records from core sites with different longitudes across the equatorial 
Pacific allows for separation of the effects of (i) the d15N of the equatorial thermocline nitrate 15 
supply from (ii) the degree of nitrate consumption in the surface waters above each core site 
(31). In most low and midlatitude ocean regions, nitrate delivered from the subsurface by 
upwelling or mixing is completely consumed by phytoplankton, and the d15N of the nitrate 
consumed in (and therefore the organic N exported from) surface waters is equal to the d15N of 
the subsurface nitrate source. Ocean Drilling Program (ODP) Site 806 in the WEP (0.3° N, 20 
159.4° E) is in such a region (Fig. 1A,C). Thus, we measure d15Nsed and FB-d15N at Site 806 to 
reconstruct the d15N of the equatorial thermocline nitrate supply over the past 5 Myr. In contrast, 
in surface waters with incomplete nitrate consumption, such as the EEP nutrient tongue (Fig. 1), 
the preferential consumption of 14N-nitrate leads to sinking organic matter d15N that is lower than 
the d15N of nitrate supply (25) (fig. S1). EEP-located ODP Site 849 (0.2° N, 110.5° W) captures 25 
such conditions (Fig. 1A,C). Because the d15N of thermocline nitrate upwelled in the WEP and 
EEP is similar (32,33), and because WEP Site 806 within the nitrate-free Western Pacific Warm 
Pool is unlikely to have ever been characterized by significant surface nitrate concentrations, 
changes in the d15N difference between the WEP and EEP indicate changes in surface nitrate 
consumption in the EEP (31). This interpretation is quantitatively supported by our data. Based 30 
on equatorial Pacific nitrate concentration and d15N measurements (32,33) (fig. S1), the modern 
d15N of nitrate consumed in the WEP is 4.1±0.5‰ (1 standard deviation) higher than in the EEP 
(Materials and Methods). This difference is reflected in d15Nsed and FB-d15N over the Holocene, 
with WEP d15Nsed and FB-d15N values elevated relative to the EEP by 4.4±0.8‰ and 3.8±1.1‰, 
respectively (Fig. 3A). 35 

 

In both d15Nsed and FB-d15N and at both sites, the records are characterized by a ~5‰ increase 
over the past 5 Myr (Fig. 3A), with the d15N difference between WEP and EEP exhibiting long-
term stability at >100 thousand years (kyr) (i.e., greater-than-orbital) time scales (Fig. 3C). The 
similarity of the changes in d15Nsed and FB-d15N proxy records at both sites supports the 40 
reliability of both N isotope proxies over the last 5 Myr (Materials and methods). In the next 
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sections, we first address the significance of the long-term stability in the WEP-to-EEP d15N 
difference for tropical Pacific dynamics since 5 Ma. We then consider the possible origins of the 
d15N increase over this time that is shared between the WEP and EEP records (Fig. 3A). 
 

Equatorial Pacific zonal d15N gradient and EEP upwelling 5 

By using 200 kyr LOESS filters to estimate long-term trends (Materials and Methods), the WEP-
EEP d15N difference in bulk sedimentary N (Dd15Nsed) averages 3.8±0.7‰ over the past 5 Myr 
(Fig. 3). Similarly, the WEP-EEP difference in foraminifera-bound d15N (DFB-d15N) averages 
3.9±0.6‰ over the past 5 Myr (fig. S1). On the timescales of >100 kyr investigated here, the 
zonal gradients in both proxy records are indistinguishable from the expected modern WEP-EEP 10 
sinking organic matter d15N difference of 4.1±0.5‰ (Materials and methods). Thus, the N 
isotope data indicate that the modern zonal gradient in equatorial Pacific surface nitrate 
concentrations, driven by EEP upwelling, has been a persistent feature of the past 5 Myr. 

 

Tropical Pacific temperature reconstructions indicate a reduced Pliocene zonal SST gradient (9, 15 
12-15) (Fig. 2A), which has been interpreted to indicate a weakening of the cold tongue and a 
deepening of the ML in the EEP associated with weaker upwelling of thermocline water (9,19). 
These changes would have reduced the nitrate supply to the EEP euphotic zone, resulting in 
more complete consumption of nitrate by phytoplankton and a reduced EEP nutrient tongue 
during the Pliocene. The N isotopes should have recorded such a change as a reduced WEP-to-20 
EEP d15N gradient (∆d15N values lower than the observed late Pleistocene value of ~4‰, Fig. 
3C). Instead, the N isotope data indicate an EEP nutrient tongue over the past 5 Myr, conflicting 
with the above expectations and calling for persistent upwelling in the EEP over the Plio-
Pleistocene (24).  

 25 

In the low-latitude water column, the shallowest occurrences of the thermocline and nutricline 
are tightly coupled, both occurring at the base of the ML (Fig. 1A). This coupling reflects that, if 
nutrients are injected into the waters above the thermocline, they are now within the warm, 
buoyant ML and cannot be prevented from mixing to the surface, where they will be consumed 
by phytoplankton. For the same reason, any remineralization of sinking organic matter above the 30 
thermocline (i.e., within the ML) is immediately accessible to phytoplankton in the surface (i.e., 
it becomes part of “recycled production”), such that it will be re-assimilated and re-exported 
until it sinks below the base of the ML, driving an inherent coupling between the thermocline 
and nutricline (34). Thus, the presence of an EEP nutrient tongue requires upwelling of water 
from the thermocline during the Pliocene, exposing sub-ML water at the EEP surface. 35 

 

Despite previous interpretations of weaker EEP upwelling to explain Pliocene SST proxy data, 
subsurface temperature proxy data would appear to support the N-isotope data in arguing against 
such weaker EEP upwelling. During the Pliocene, while both SSTs and shallow subsurface 
temperatures were warmer relative to present day (Fig. 2A), the data indicate that there has been 40 
a surface-to-shallow subsurface temperature gradient in the EEP since 5 Ma (9,19,24) (Fig. 2). 
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Accordingly, the base of the ML must have remained above an ~100 m depth in the EEP. This 
would allow upwelling to import thermocline water with high nutrient concentrations to the ML, 
as the N-isotope data require.  

 

Thermocline, mode, and intermediate waters in the tropical Pacific subsurface are derived from 5 
the high-latitude surface ocean, which experienced amplified warming relative to the tropical 
Pacific surface during the Pliocene (13,14) (fig. S5). This amplification was part of a global-
scale decrease in the equator-to-pole temperature gradient and, thus, in the tropical surface-to-
deep temperature gradient (19,20,35,36). With this decrease in temperature gradients, the 
thermocline would have been defined by less distinct temperature extremes (20). In contrast, the 10 
default expectation for the ocean nutrient reservoir is that it has been stable from the Pliocene to 
the present (37). With a weaker thermocline but a similar-to-modern nutricline during the 
Pliocene, the EEP cold tongue would have been reduced during the Pliocene, whereas the 
nutrient tongue would have been similar to that of modern times, as the data indicate (solid arrow 
in Fig. 4A). In contrast, a decrease in upwelling would have both raised the temperature and 15 
decreased the surface nitrate concentration in the EEP, counter to the observations (dashed arrow 
in Fig. 4A). Thus, the combined Pliocene temperature and N-isotope data are consistent with 
similar-to-modern EEP upwelling in the context of a weaker-than-modern tropical Pacific 
thermocline. 

 20 

Numerical models simulate a weakening of the tropical easterly trade winds under global 
warming and in warmer climates in general (12), which would have weakened wind-driven 
upwelling in the EEP and worked to reduce the zonal tilt in the tropical thermocline during the 
warm Pliocene. However, warmer Pliocene interior waters would have weakened the 
thermocline and thus the pycnocline (the vertical density gradient) (13), reducing the potential 25 
energy barrier to the upwelling and turbulent mixing of nutrient-bearing thermocline water into 
the mixed layer (38). This reduced stratification would have facilitated more efficient 
entrainment of thermocline water into the mixed layer, countering the effect of reduced wind 
forcing in terms of the Richardson number. A simple box model of Ekman pumping damped by 
stratification for a range of such parameters spanning the Pliocene to modern (Fig. 4B) 30 
demonstrates that the weaker pycnocline in the Pliocene would have at least partially 
compensated for weaker trade winds, so as to maintain the total upwelling and entrainment of 
subsurface water and nutrients into the ML. Additionally, theoretical and numerical studies 
indicate that reduced stratification can deepen the source depth of upwelled waters, potentially 
enhancing the nutrient supply to the euphotic zone (39). Thus, on > 100 kyr timescales, the 35 
Pliocene Pacific’s weaker thermocline may have maintained the rate of EEP upwelling despite 
weaker trade winds (Fig. 4). 
 

Equatorial Pacific nitrate d15N and Plio-Pleistocene denitrification change 

On timescales of >5000 years, the d15N of thermocline nitrate in the Pacific should be controlled 40 
largely by the isotopic characteristics of the global ocean’s fixed N budget and not by changes in 
the high-latitude sources of nitrate to thermocline waters (40). Fixed N is added to the ocean 
predominantly through the microbial fixation of dinitrogen gas and is removed largely by 
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microbial denitrification in environments where dissolved oxygen is nearly completely 
consumed (i.e. < 5 µmol kg-1): in certain marine sediments and in the oxygen-deficient zones 
(ODZs) that occur in the ocean’s tropical thermocline, mostly in the eastern tropical Pacific. The 
isotopic fractionations associated with these inputs and outputs alter the d15N of nitrate within the 
thermocline. Newly fixed N has a d15N of ~-1‰, and its remineralization lowers the d15N of 5 
nitrate in the tropical and subtropical thermoclines (41). In contrast, water column denitrification 
preferentially removes 14N-nitrate and thus raises the d15N of residual nitrate within the ODZs 
(42). This isotopic signal is circulated through the tropical Pacific thermocline (32,33) and 
eventually through the global ocean (43). Unlike water column denitrification, sedimentary 
denitrification does not strongly increase the d15N of oceanic fixed nitrogen (43). As a result, the 10 
global average d15N of nitrate in the combined thermocline, mode, and intermediate water is 
principally set by the proportion of denitrification occurring within the water column versus the 
sediments (40,43,44). 
 

Given these isotope systematics, the Plio-Pleistocene d15N rise shared between WEP and EEP 15 
ODP Sites 806 and 849 (Fig. 3) has two possible origins. First, it may reflect a decline in 
sedimentary denitrification, which would have caused water column denitrification to account 
for an increasing fraction of total denitrification over the Plio-Pleistocene. Second, it may reflect 
a rise in water column denitrification. Either alternative would have caused an increase in the 
d15N of thermocline water nitrate. Because the Pacific accounts for most of the global ocean’s 20 
water column denitrification, a Plio-Pleistocene rise in water column denitrification would have 
caused the strongest d15N increase in Pacific thermocline water (44), which influences the nitrate 
supplied to the euphotic zone and ML above Sites 806 and 849 (Fig. 1).  
 

To distinguish between these alternatives, we considered FB-d15N data from DSDP Site 516 in 25 
the subtropical South Atlantic (30.3°S, 35.3°W), which tracks the d15N of nitrate in the region’s 
thermocline (45,46). In contrast to the long-term d15Nsed and FB-d15N increases at tropical 
Pacific Sites 806 and 849, South Atlantic Site 516 FB-d15N shows no long-term change over the 
last 5 Myr (Fig. 3B). This contrasting behavior between Pacific and Atlantic d15N favors a 
mechanism that increased thermocline nitrate d15N only in the Pacific: An increase in tropical 30 
Pacific water column denitrification over the Plio-Pleistocene. In this case, any associated global 
Plio-Pleistocene thermocline nitrate d15N signal must have been either small or alternatively 
countered by other local processes in the South Atlantic so as to yield a stable FB-d15N at Site 
516. One possibility is that the N2 fixation rate increased in the South Atlantic in response to 
enhanced water column denitrification in the tropical Pacific (47,48), thereby lowering the 35 
thermocline nitrate d15N in the South Atlantic subtropical gyre relative to the global pycnocline 
average d15N. An increase in the extent of the Pacific ODZs since the warm Pliocene is further 
supported by observed increases in d15N proxies proximal to the Pacific ODZs from the Late 
Miocene (37) through the early Pleistocene (48,49) (fig. S3). In summary, the lower d15Nsed and 
FB-d15N in the tropical Pacific during the warm Pliocene represents additional evidence that the 40 
ocean’s ODZs tend to be smaller in globally warmer climates (37,45,48-52). 
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A weakened Pliocene Pacific ODZ occurred despite evidence for lower pH in the EEP mixed 
layer (23). Shankle et al. (23) interpreted the lower EEP pH to indicate the upwelling of older 
subsurface water with a higher concentration of regenerated nutrients. However, such a change 
would have been accompanied by a reduction in oxygen concentration (53). This runs contrary to 
our findings of reduced water column denitrification and thus better oxygenation of thermocline 5 
water in the Pliocene tropical Pacific. This apparent disagreement might be explained by the 
sensitivity of seawater pH to other conditions. In particular, calculations indicate that much of 
the pH reduction observed in the Pliocene EEP (23) can be explained by the dependence of pH 
on temperature (Materials and methods and fig. S4). If so, the reconstructed reduction in EEP pH 
of the Pliocene does not require an increase in either the regenerated nutrient concentration of 10 
EEP thermocline water or the EEP upwelling rate. 
 

In climate model experiments, the spatial extent of Pacific ODZs is affected by a range of factors 
(54-59): (i) the initial oxygen concentration of high latitude source waters that ventilate the low 
latitude thermocline, largely controlled by temperature; (ii) the rate and source water proportions 15 
of that thermocline ventilation; (iii) the oxygen demand due to remineralization within 
thermocline water, jointly controlled by the initial nutrient concentration of their high latitude 
source waters (55) and the strength of tropical upwelling [e.g., through trade wind strength (60)]; 
and (iv) the oxygen content of underlying deep waters, which mix with and upwell into the 
tropical thermocline (58,61). Warmer Pliocene waters would reduce the solubility of dissolved 20 
oxygen, lowering the initial oxygen concentrations of high latitude source waters. Moreover, 
based on the continued nutrient upwelling in the EEP and the similar or higher-than-modern 
productivity during the Pliocene (Fig. 2, B and C, and 3), the oxygen demand for sinking organic 
matter remineralization should be maintained. Finally, the higher temperatures would have 
encouraged shallow remineralization of sinking organic matter (62). All of these changes would 25 
strengthen the ODZ, in contrast to the d15N observations. Additionally, continued productivity 
and nutrient upwelling in the Pliocene EEP is not compatible with a reduction in preformed 
nutrients in southern-sourced waters in a warmer climate, arguing against this potential cause of 
ODZ contraction.  

 30 

By elimination, a change in the ventilation of the thermocline, intermediate, and/or deep ocean is 
implicated as the cause of the Pacific ODZ contraction during the Pliocene. There are contrasting 
views regarding North Pacific mode-, intermediate-, and deep-water formation during the 
Pliocene (23,63,64), but ventilation from one of these sources may have been stronger 
(53,63,64). In addition, the Antarctic may have driven stronger deep ocean ventilation (65). 35 
Numerical models vary in the connections that they predict between global climate and the 
intermediate- and mode-water ventilation of the tropical thermocline [e.g., (66)]. With regard to 
the deep ocean, the warmer Pliocene climate may have encouraged ventilation through a 
poleward shift in the westerly winds (67) or thermohaline effects (65,68,69). Thus, the lower 
surface-to-deep temperature difference during the warm Pliocene, which we have implicated in 40 
the persistence of the EEP upwelling, may also have played a role in the smaller Pacific ODZ of 
the warm Pliocene. 
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Implications 

The persistence of eastern equatorial Pacific upwelling throughout the last 5 Myr has 
implications for the drivers of Pliocene warmth and Plio-Pleistocene cooling. On the basis of 
warmer upwelling regions, it has been argued that the Pliocene hosted a deeper EEP thermocline, 5 
with its subsequent shoaling over the Plio-Pleistocene facilitating the onset of the glacial-
interglacial cycles that dominated the Pleistocene (18). The N-isotope data demonstrate that the 
amplified cooling of the EEP since the Pliocene was not associated with the emergence of its 
modern nutrient tongue. The existence of the EEP nutrient tongue during the Pliocene indicates 
that the ML depth and upwelling rate of the Pliocene EEP were similar to those of the modern 10 
state. Coming toward the present, stronger cooling of the subthermocline relative to the tropical 
Pacific surface is the only Plio-Pleistocene change required to simultaneously explain the 
temperature and N-isotope proxy data (Fig. 4). Thus, our study argues against an increase in EEP 
upwelling rate as a key driver of Plio-Pleistocene cooling. 

 15 

The evidence presented here for a similar-to-modern ML depth in the Pliocene EEP, when 
combined with prior evidence of a deeper ML in the WEP (20,70), implies a steeper east-to-west 
tilt of tropical Pacific ML depth during the Pliocene, counter to proposals of the opposite (9). 
These observations raise the possibility that, in the case of a reduced vertical density gradient in 
the tropical ocean, any given seawater density surface may be subject to greater slopes, owing to 20 
the reduced gravitational potential energy associated with such slopes in an ocean with weaker 
density variation. This effect on the slopes of density surfaces may be important for ocean 
circulation and for spatial patterns in nutrient supply to surface waters under different climates, 
warranting further investigation. 

 25 

With regard to the future, our findings raise the possibility that the coincident tendencies of 
global warming to weaken the trade winds and the density stratification of the tropical 
thermocline will counteract one another, resulting in relatively stable equatorial upwelling in the 
face of climate change, at least once thermocline, mode, and intermediate waters have 
equilibrated with the warmer climate (Fig. 4B). As a caveat to this interpretation, studies of the 30 
Middle Miocene Climate Optimum and Paleocene-Eocene Thermal Maximum, which were even 
warmer than the Pliocene, suggest that EEP upwelling may have been reduced at those times 
(45,50,51). The combined findings suggest that the equatorial Pacific nutrient tongue can 
disappear under very warm climates, but that the Pliocene had not reached that threshold. If so, a 
reduction in EEP upwelling may only occur if future global warming is so intense that the 35 
reduction in the vertical ocean density gradient is no longer adequate to offset the effect of 
weaker easterly trade winds. 

 

Our results also have implications for future oxygenation of the subsurface tropical Pacific 
Ocean. In some global warming model simulations, ODZs contract because a reduced influx of 40 
older, deeper water—and thus greater incursion of better ventilated, lower-density, shallower 
water—decreases their ventilation age (56,57). In other models, the initial nutrient content of 
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mode water decreases, leading to a reduction in tropical productivity and, thus, in oxygen 
demand in the thermocline (55). In some longer integrations, deep-ocean overturning ultimately 
strengthens, raising the oxygen content of the deep waters available to be upwelled into the 
ODZs (58). Given the Plio-Pleistocene stability of the EEP nutrient tongue on >100-kyr 
timescales, the Pliocene weakening of the ODZ did not appear to derive from reduced nutrient 5 
supply to equatorial upwelling system; by elimination, deeper ocean change is implicated 
(23,49). Thus, if the Pliocene is a predictor for ODZ change under global warming, it would 
argue for an eventual change in interior ocean circulation as one of the salient mechanisms. 
However, this would only become relevant to future global warming on the multidecadal time 
scale of mode water ventilation or longer; on decadal timescales or shorter, ODZ changes would 10 
be dominated by productivity-driven changes in oxygen demand in the thermocline (71). 
Moreover, the Pliocene results do not rule out more rapid mechanisms of ODZ contraction in 
response to greater warming, for example, as may have contributed to the ODZ contraction 
during the Paleocene-Eocene Thermal Maximum (51). 

 15 
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Fig. 1. Upwelling brings cool, nutrient-rich water to the eastern Equatorial Pacific surface. 
(A) The strong coupling between equatorial Pacific temperature (contoured) and nitrate 
concentration (colors) within the upper water column. The white line is an estimate of the annual 
surface ML base depth, here equal to a 0.75°C difference from the local SST. (B and C) Surface 5 
annual average (B) nitrate concentrations (73) and (C) temperature (72) show the extent of cool, 
nitrate-rich surface ocean waters upwelled in the eastern Equatorial Pacific. Symbols in (A) to 
(C) show ODP Sites 806 (red square), 849 (green diamond), 847 (blue circle, 0.2°S, 95.3°W; 
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Upwelling generates a nutrient- rich “cold tongue” in the eastern 
equatorial Pacific Ocean (EEP), with impacts on global climate, 
oceanic biological productivity, and the carbon cycle. The cold 
tongue was reduced during the Pliocene Epoch, a feature 
attributed to weaker upwelling and an associated deepening of 
the surface mixed layer in the EEP. Here, we report nitrogen- 
isotope evidence that modern- like upwelling occurred in the 
EEP during the Pliocene and has persisted over the past  
5 million years. We explain the reduced Pliocene cold tongue as 
an expression of the reduced temperature difference between 
surface and subsurface waters in the tropical Pacific. The 
attendant reduction in the vertical density gradient may have 
maintained EEP upwelling despite the expected slackening  
of the trade winds under Pliocene warmth.

In the tropical Pacific Ocean, warm ocean waters in the surface mixed 
layer (ML) are separated from the ocean interior by the thermocline, 
the strongest temperature (and thus density) gradient of the water 
column (Fig. 1A). Starting just below the base of the ML, the concentra-
tions of nutrients increase downward through the thermocline; this 
vertical nutrient gradient is known as the nutricline. Below the ther-
mocline (below roughly 500 m, defined here as the “subthermocline”) 
are mode and intermediate waters, which extend down to a depth of 
~1200 m, are characterized by a much more gradual downward de-
crease in temperature and are underlain by the deep ocean.

The tropical easterly trade winds shoal the eastern equatorial Pacific 
Ocean (EEP) thermocline, allowing cool, nutrient- bearing thermocline 
water to upwell to the surface and create both a “cold tongue” and a 
“nutrient tongue” in the EEP (Fig. 1, B and C). Alterations to EEP up-
welling and thermocline depth affect local marine ecosystems (1), and 
atmospheric teleconnections driven by changes in the zonal sea- 
surface temperature (SST) gradient affect climate (2). For example, the 
interannual weakening of trade winds during the El Niño phase of the 
El Niño–Southern Oscillation causes the EEP cold tongue and nutrient 
tongue to temporarily disappear (1), with reductions in EEP fisheries 
(1, 3) and globally distributed climatic effects (4).

The Pliocene Epoch [5.33 to 2.6 million years ago (Ma)] is consid-
ered a paleoclimate analog for Earth’s climate in the upcoming decades 

to centuries (5, 6). Seawater temperature reconstructions from the 
equatorial Pacific back into the Pliocene (Fig. 2A; see Materials and 
methods) provide insight into how this climatically important region 
behaves in a warmer world. Reconstructions of SST in the western 
equatorial Pacific Ocean (WEP) and EEP (Fig. 2A) indicate that, during 
the Pliocene, the EEP cold tongue was warmer (7–9) and, despite some 
debate (10, 11), that the zonal SST gradient was reduced (9, 12–15). 
Given equatorial Pacific SST–wind- upwelling feedbacks (16, 17), the 
smaller Pliocene zonal SST gradient is expected to have been accom-
panied by weaker upwelling and a deeper ML (i.e., a deepening of the 
top of the thermocline) in the EEP. It has also been proposed that 
warming of extratropical waters deepened the base of the EEP ML 
during the Pliocene (18). Reconstructions from the EEP suggest that 
the temperatures of both the surface and the shallow subsurface 
(~100- m depth) were elevated during the Pliocene (19, 20). In detail, the 
reconstructed warming was greater in the shallow subsurface than 
in the ML (20) (Fig. 2A). The implied reduction in the surface–to–shallow 
subsurface temperature gradient would appear to support the inter-
pretation of a deeper EEP ML during the Pliocene, although other 
interpretations are possible.

A robust relationship is observed between temperature and nu-
trients in the modern tropical Pacific in both space and time (1). 
Thus, the reduced cold tongue during the Pliocene would appear to 
predict a reduced nutrient tongue as well. However, reconstructions 
indicate that biological export production in the Pliocene EEP was 
similar to or even higher than it is today (Fig. 2, B and C), suggesting 
that nutrient supply to the EEP ML was not lower during the 
Pliocene (7, 8, 21–24). Here, we used nitrogen (N) isotopes to test for 
Plio- Pleistocene changes in the upwelling of nutrient- rich waters to 
the EEP euphotic zone, the photosynthetically active upper layer that 
includes the ML. We measured the 15N-to-14N ratio (expressed as δ15N) 
of bulk sedimentary and planktonic foraminifera- bound organic matter 
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A

B

C

Fig. 1. Upwelling brings cool, nutrient- rich water to the EEP surface. (A) The 
strong coupling between equatorial Pacific temperature (contoured) and nitrate 
concentration (colors) within the upper water column. The white line is an estimate of 
the annual surface ML base depth, here equal to a 0.75°C difference from the local 
SST. (B and C) Surface annual average (B) nitrate concentrations (83) and (C) 
temperature (98) show the extent of cool, nitrate- rich surface ocean waters upwelled 
in the EEP. Symbols in (A) to (C) show ODP sites 806 (red square), 849 (green 
diamond), 847 (blue circle; 0.2°S, 95.3°W; 3334- m depth), and 846 (blue square;  
3.1°S, 90.8°W, 3296- m depth). DSDP site 516 (30.3°S, 35.3°W; 1313- m depth) is not 
shown. Figure prepared using Ocean Data View (99).
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3334 m depth), and 846 (blue square, 3.1°S, 90.8°W, 3296 m depth). DSDP Site 516 (30.3°S, 
35.3°W, 1313 m depth) is not shown. Figure prepared using Ocean Data View (99). 

 

 

Fig. 2. SST across the tropical Pacific and shallow subsurface temperature and 5 
productivity in the EEP since the warm Pliocene. (A) Published SST estimates for the WEP 
(top) and EEP (middle) using T. sacculifer Mg/Ca [circles (9)], TEX86 [pluses (10,14)], and 
alkenones [triangles (7,8)]. EEP shallow subsurface (~ 100 m) temperature is the bottom line in 
(A) and uses G. tumida Mg/Ca (19,20). (B and C) EEP productivity from mass accumulation 
rates (MAR) of (B) alkenone abundance [yellow, left axis (7)] and (C) barite [cyan, right axis 10 
(21)]. Dotted lines show LOESS-averaged temperature and productivity reconstructions for all 
data with shaded regions indicating ±1 and ±2 SE (Materials and methods). 
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(δ15Nsed and FB- δ15N, respectively) in equatorial Pacific sediments extending 
back to the warm Pliocene {δ15N = [(15N/14N)sample/(15N/14N)reference – 1] × 
1000 per mil (‰), where the reference is air N2}. Specifically, δ15Nsed 
records the δ15N of N that sinks from the surface ocean, which in turn 
approximates the δ15N of nitrate consumed in surface waters (25). 
Core- top studies indicate that FB- δ15N also reflects the δ15N of nitrate 
consumed (26, 27). Both proxies, how ever, have additional controls 
that might cause deviations from a constant relationship. The δ15N of 
organic matter in sediments can be increased by microbial degradation 
(25, 28), and organic N carrying a different δ15N value can also enter 
the sediments from outside the marine system of interest (28); these 
effects can change over time and as a function of environmental condi-
tions. FB- δ15N is species-specific, with euphotic zone–dwelling species that 
bear photosynthetic endosymbionts having a δ15N close to the nitrate 
consumed in their ecosystem (26, 29). In modern upper- ocean studies, 
seasonal variations in FB- δ15N independent of nitrate consumption have 
been observed (29, 30), raising the possibility of such behavior affecting 
the δ15N of the annually integrated flux of a given foraminifera spe-
cies to the seafloor. Because δ15Nsed and FB- δ15N have different sources 
of uncertainty, consistency between these proxies greatly increases 
confidence in observed changes and their interpretation.

A comparison of δ15N records from core sites with different longi-
tudes across the equatorial Pacific allows for separation of the effects 
of (i) the δ15N of the equatorial thermocline nitrate supply and (ii) the 
degree of nitrate consumption in the surface waters above each core 
site (31). In most low-  and mid- latitude ocean regions, nitrate delivered 
from the subsurface by upwelling or mixing is completely consumed 
by phytoplankton, and the δ15N of the nitrate consumed in (and there-
fore the organic N exported from) surface waters is equal to the δ15N 
of the subsurface nitrate source. Ocean Drilling Program (ODP) site 
806 in the WEP (0.3°N, 159.4°E) is in such a region (Fig. 1). Thus, we 
measured δ15Nsed and FB- δ15N at site 806 to reconstruct the δ15N of 
the equatorial thermocline nitrate supply over the past 5 million 
years (Myr). By contrast, in surface waters with incomplete nitrate 
consumption, such as the EEP nutrient tongue (Fig. 1), the prefer-
ential consumption of 14N- nitrate leads to sinking organic matter 
δ15N that is lower than the δ15N of nitrate supply (25) (fig. S1). EEP- 
located ODP site 849 (0.2°N, 110.5°W) captures such conditions 
(Fig. 1). Because the δ15N of thermocline nitrate upwelled in the WEP 
and EEP is similar (32, 33), and because WEP site 806 is within the 
perennially nitrate- free Western Pacific Warm Pool, changes in the 
δ15N difference between the WEP and EEP indicate changes in sur-
face nitrate consumption in the EEP (31). This interpretation is quan-
titatively supported by our data. Based on equatorial Pacific nitrate 
concentration and δ15N measurements (32, 33) (fig. S1), the modern 
δ15N of nitrate consumed in the WEP is 4.1 ± 0.5‰ (one standard 
deviation) higher than in the EEP (Materials and methods). This 
difference is reflected in δ15Nsed and FB- δ15N over the Holocene, with 
WEP δ15Nsed and FB- δ15N values elevated relative to those of the EEP 
by 4.4 ± 0.8 and 3.8 ± 1.1‰, respectively (Fig. 3A).

In both δ15Nsed and FB- δ15N and at both sites, the records are char-
acterized by a ~5‰ increase over the past 5 Myr (Fig. 3A), with the 
δ15N difference between WEP and EEP exhibiting long- term stability 
at >100 thousand years (kyr) (i.e., greater- than- orbital) time scales 
(Fig. 3C). The similarity of the changes in δ15Nsed and FB- δ15N proxy 
records at both sites supports the reliability of both N- isotope proxies 
over the past 5 Myr (Materials and methods). In the next sections, we 
first address the importance of the long- term stability in the WEP- to- 
EEP δ15N difference for tropical Pacific dynamics since 5 Ma. We then 
consider the possible origins of the δ15N increase over this time that 
is shared between the WEP and EEP records (Fig. 3A).

Equatorial Pacific zonal δ15N gradient and EEP upwelling
By using 200- kyr LOESS filters to estimate long- term trends (Mate-
rials and methods), the WEP- EEP δ15N difference in bulk sedimentary 

N (Δδ15Nsed) averages 3.8 ± 0.7‰ over the past 5 Myr (Fig. 3). Sim ilarly, 
the WEP- EEP difference in foraminifera- bound δ15N (ΔFB- δ15N) averages 
3.9 ± 0.6‰ over the past 5 Myr (fig. S1). On the timescales of >100 kyr 
investigated here, the zonal gradients in both proxy records are indis-
tinguishable from the expected modern WEP- EEP sinking organic 
matter δ15N difference of 4.1 ± 0.5‰ (Materials and methods). Thus, the 
N- isotope data indicate that the modern zonal gradient in equatorial 
Pacific surface nitrate concentrations, driven by EEP upwelling, has been 
a persistent feature of the past 5 Myr.

Tropical Pacific temperature reconstructions indicate a reduced 
Pliocene zonal SST gradient (9, 12–15) (Fig. 2A), which has been inter-
preted to indicate a weakening of the cold tongue and a deepening of 
the ML in the EEP associated with weaker upwelling of thermocline 
water (9, 19). These changes would have reduced the nitrate supply to 
the EEP euphotic zone, resulting in more complete consumption of 
nitrate by phytoplankton and a reduced EEP nutrient tongue during 
the Pliocene. The N isotopes should have recorded such a change as a 
reduced WEP- to- EEP δ15N gradient (∆δ15N values lower than the ob-
served late Pleistocene value of ~4‰; Fig. 3C). Instead, the N- isotope 
data indicate an EEP nutrient tongue over the past 5 Myr, conflicting 
with the above expectations and calling for persistent upwelling in the 
EEP over the Plio- Pleistocene (24).

In the low- latitude water column, the shallowest occurrences of the 
thermocline and nutricline are tightly coupled, with both occurring at 
the base of the ML (Fig. 1A). This coupling reflects that if nutrients 
are injected into the waters above the thermocline, they are now within 
the warm, buoyant ML and cannot be prevented from mixing to the 
surface, where they will be consumed by phytoplankton. For the 
same reason, any remineralization of sinking organic matter above 
the thermocline (i.e., within the ML) is immediately accessible to phy-
toplankton in the surface water (i.e., it becomes part of “recycled pro-
duction”), such that it will be reassimilated and reexported until it 
sinks below the base of the ML, driving an inherent coupling between 
the thermocline and nutricline (34). Thus, the presence of an EEP 
nutrient tongue requires the upwelling of water from the thermocline 
during the Pliocene, exposing sub- ML water at the EEP surface.

A

B&C

Fig. 2. SST across the tropical Pacific and shallow subsurface temperature and 
productivity in the EEP since the warm Pliocene. (A) Published SST estimates  
for the WEP (top) and EEP (middle) using T. sacculifer Mg/Ca [circles; (9)], TEX86 
[pluses; (10, 14)], and alkenones [triangles; (7, 8)]. EEP shallow- subsurface (~100 m) 
temperature is the bottom line in (A) and uses G. tumida Mg/Ca (19, 20).   
(B and C) EEP productivity from mass accumulation rates (MAR) of (B) alkenone 
abundance [yellow, left axis; (7)] and (C) barite [cyan, right axis; (21)]. Dotted lines 
show LOESS-averaged temperature reconstructions for all data with shaded regions 
indicating ±1 and ±2 SE (Materials and methods).
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Fig. 3. Nitrogen isotopes across the tropical Pacific since the warm Pliocene, east-west 
differences, and comparison with the South Atlantic. (A) Bulk sediment δ15N (red line), FB-
δ15N in T. sacculifer (squares), and FB-δ15N in Globigerinoides ruber (triangles) are from ODP 
site 806; bulk sediment δ15N (green line) and FB-δ15N in G. menardii or G. tumida (diamonds) 5 
are from ODP site 849. EEP FB-δ15N values are lowered by 0.88 per mil to correct for a known 
species-specific offset (Materials and methods). (B) FB-δ15N in T.sacculifer from South Atlantic 
DSDP site 516 [yellow; (45,46)]. LOESS trends ±1 SE are shown as dots and colored envelopes 
for bulk sediment δ15N in (A) and FB-δ15N in (B). (See fig. S2 for alternate LOESS trends and 
Δδ15N values.) (C) δ15N differences (as ∆δ15N) between WEP δ15Nsed and EEP δ15Nsed (red) and 10 
between WEP FB-δ15N and South Atlantic FB-δ15N (gray). LOESS trends are shown as dots 
with the ±1 and ±2 SE shown as colored envelopes for bulk sediment δ15N in (A), FB-δ15N in 
(B) and ∆δ15N in (C). (See fig. S2 for alternate LOESS trends and ∆δ15N calculations.) 
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Despite previous interpretations of weaker EEP upwelling to explain 
Pliocene SST proxy data, subsurface temperature proxy data would 
appear to support the N- isotope data in arguing against such weaker 
EEP upwelling. Although both SSTs and shallow subsurface tempera-
tures were warmer in the Pliocene than in the present day (Fig. 2A), the 
data indicate that there has been a surface–to–shallow subsurface tem-
perature gradient in the EEP since 5 Ma (9, 19, 24) (Fig. 2). Accordingly, 
the base of the ML must have remained above an ~100- m depth in the 
EEP. This would allow upwelling to import thermocline water with high 
nutrient concentrations to the ML, as the N- isotope data require.

Thermocline, mode, and intermediate waters in the tropical Pacific 
subsurface are derived from the high- latitude surface ocean, which 
experienced amplified warming relative to the tropical Pacific surface 
during the Pliocene (13, 14) (fig. S5). This amplification was part of a 
global- scale decrease in the equator- to- pole temperature gradient and, thus, 
in the tropical surface- to- deep temperature gradient (19, 20, 35, 36). 
With this decrease in temperature gradients, the thermocline would 
have been defined by less distinct temperature extremes (20). By 
contrast, the default expectation for the ocean nutrient reservoir is 
that it has been stable from the Pliocene to the present (37). With a 
weaker thermocline but a similar- to- modern nutricline during the 
Pliocene, the EEP cold tongue would have been reduced during the 
Pliocene, whereas the nutrient tongue would have been similar to 
that of modern times, as the data indicate (solid arrow in Fig. 4A). 
By contrast, a decrease in upwelling would have both raised the tem-
perature and decreased the surface nitrate concentration in the 
EEP, counter to the observations (dashed arrow in Fig. 4A). Thus, the 
combined Pliocene temperature and N- isotope data are consistent 
with similar- to- modern EEP upwelling in the context of a weaker- than- 
modern tropical Pacific thermocline.

Numerical models simulate a weakening of the tropical easterly 
trade winds under global warming and in warmer climates in general 

(12), which would have weakened wind- driven upwelling in the EEP 
and worked to reduce the zonal tilt in the tropical thermocline dur-
ing the warm Pliocene. However, warmer Pliocene interior waters 
would have weakened the thermocline and thus the pycnocline (the 
vertical density gradient) (13), reducing the potential energy barrier 
to the upwelling and turbulent mixing of nutrient- bearing thermo-
cline water into the ML (38). This reduced stratification would have 
facilitated more efficient entrainment of thermocline water into the 
ML, countering the effect of reduced wind forcing in terms of the 
Richardson number. A simple box model of Ekman pumping damped 
by stratification for a range of such parameters spanning the Pliocene 
to modern day (Fig. 4B) demonstrates that the weaker pycnocline in 
the Pliocene would have at least partially compensated for weaker 
trade winds, so as to maintain entrainment of subsurface water and 
nutrients into the ML. Additionally, theoretical and numerical stud-
ies indicate that reduced stratification can deepen the source depth 
of upwelled waters, potentially enhancing the nutrient supply to the 
euphotic zone (39). Thus, on >100- kyr time scales, the Pliocene Pacific’s 
weaker thermocline may have maintained the rate of EEP upwelling 
despite weaker trade winds (Fig. 4).

Equatorial Pacific nitrate δ15N and Plio- Pleistocene 
denitrification change
On timescales of >5000 years, the δ15N of thermocline nitrate in the 
Pacific should be controlled largely by the isotopic characteristics of 
the global ocean’s fixed N budget and not by changes in the high- 
latitude sources of nitrate to thermocline waters (40). Fixed N is added 
to the ocean predominantly through the microbial fixation of dinitro-
gen gas and is removed largely by microbial denitrification in envi-
ronments where dissolved oxygen is nearly completely consumed (i.e., 
<5 μmol kg−1): in certain marine sediments and in the oxygen- deficient 
zones (ODZs) that occur in the ocean’s tropical thermocline, mostly 
in the eastern tropical Pacific. The isotopic fractionations associated 
with these inputs and outputs alter the δ15N of nitrate within the 
thermocline. Newly fixed N has a δ15N of ~−1‰, and its remineraliza-
tion lowers the δ15N of nitrate in the tropical and subtropical thermo-
clines (41). By contrast, water column denitrification preferentially 
removes 14N- nitrate and thus raises the δ15N of residual nitrate within 
the ODZs (42). This isotopic signal is circulated through the tropical 
Pacific thermocline (32, 33) and eventually through the global ocean 
(43). Unlike water column denitrification, sedimentary denitrification 
does not strongly increase the δ15N of oceanic fixed nitrogen (43). As 
a result, the global average δ15N of nitrate in the combined thermo-
cline, mode, and intermediate water is principally set by the propor-
tion of denitrification occurring within the water column versus the 
sediments (40, 43, 44).

Given these isotope systematics, the Plio- Pleistocene δ15N rise shared 
between WEP and EEP ODP sites 806 and 849 (Fig. 3) has two possible 
origins. First, it may reflect a decline in sedimentary denitrification, 
which would have caused water column denitrification to account for 
an increasing fraction of total denitrification over the Plio- Pleistocene. 
Second, it may reflect a rise in water column denitrification. Either 
alternative would have caused an increase in the δ15N of thermocline 
water nitrate. Because the Pacific accounts for most of the global ocean’s 
water column denitrification, a Plio- Pleistocene rise in water column 
denitrification would have caused the strongest δ15N increase in Pacific 
thermocline water (44), which influences the nitrate supplied to the 
euphotic zone and ML above sites 806 and 849 (Fig. 1).

To distinguish between these alternatives, we considered FB- δ15N 
data from Deep Sea Drilling Project (DSDP) site 516 in the subtropical 
South Atlantic (30.3°S, 35.3°W), which tracks the δ15N of nitrate in the 
region’s thermocline (45, 46). In contrast to the long- term δ15Nsed and 
FB- δ15N increases at tropical Pacific ODP sites 806 and 849, South 
Atlantic DSDP site 516 FB- δ15N shows no long- term change over the 
past 5 Myr (Fig. 3B). This contrasting behavior between Pacific and 

A

B

C

Fig. 3. Nitrogen isotopes across the tropical Pacific since the warm Pliocene, 
east- west differences, and comparison with the South Atlantic. (A) Bulk sediment 
δ15N (red line), FB- δ15N in T. sacculifer (squares), and FB- δ15N in Globigerinoides ruber 
(triangles) are from ODP site 806; bulk sediment δ15N (green line) and FB- δ15N in  
G. menardii or G. tumida (diamonds) are from ODP site 849. EEP FB- δ15N values are lowered 
by 0.88 per mil to correct for a known species-specific offset (Materials and methods).  
(B) FB- δ15N in T. sacculifer from South Atlantic DSDP site 516 [yellow; (45, 46)]. LOESS 
trends ±1 SE are shown as dots and colored envelopes for bulk sediment δ15N in (A) and 
FB- δ15N in (B). (See fig. S2 for alternate LOESS trends and Δδ15N values.) (C) δ15N 
differences (as ∆δ15N) between WEP FB- δ15Nsed and EEP δ15Nsed (red) and between WEP 
FB- δ15N and South Atlantic FB- δ15N (gray). LOESS trends are shown as dots with the ±1 and 
±2 SE shown as colored envelopes for bulk sediment δ15N in (A), FB-δ15N in (B) and ∆δ15N 
in (C). (See fig. S2 for alternate LOESS trends and ∆δ15N calculations.)
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Fig. 4. Role of subsurface warming in explaining Pliocene EEP nutrient conditions and 
temperature. (A) Simplification of the EEP as the product of two-component mixing between 
tropical Pacific surface waters (top, based on the WEP surface) and subsurface mode waters 5 
(bottom) yields distinct nitrate versus temperature relationships for modern (gray, left) and 
Pliocene conditions (red, right) (Materials and methods and fig. S6). Black arrows demonstrate 
two potential ways to change the temperature and nitrate properties of the modern EEP ML 
(green diamond). The dashed arrow illustrates that, given the modern endmembers, reducing the 
proportion of newly supplied thermocline water to the EEP ML (e.g., slowing the upwelling rate 10 
and/or deepening the ML) would also lower the ML nitrate concentration, counter to the N-
isotope data. By contrast, with a higher temperature and a conserved nitrate concentration for 
Pliocene mode waters (see main text), warming of the EEP ML is achieved without decreasing 
its nitrate concentration (horizontal black arrow and red diamond), in agreement with the stable 
zonal δ15N gradient (Fig. 3). Although a two-component mixing model is clearly a vast 15 
oversimplification of the tropical Pacific system, relevant missing processes appear unlikely to 
nullify its implications (Materials and methods). (B) Ekman upwelling vertical velocity 
(contours) as a function of zonal wind stress (τx) and buoyancy frequency squared (N2), an 
indicator of stratification, calculated with a box model of the equatorial Pacific (74). Vertical 
velocity is calculated as Ekman pumping velocity damped by stratification (Materials and 20 
methods). The point labeled “Modern” indicates τx averaged ±2° latitude across the equator in 
the WEP (160°E to 160°W) (76) and N2 averaged ±2° latitude across the equator in the EEP 
(93°W) (75). The orange arrow indicates that the combination of weaker trade winds (lower 
absolute τx) and reduced upper-ocean stratification (lower N2) could have maintained upwelling 
velocity in the EEP during the warm Pliocene. 25 

RESEARCH ARTICLE

Science 2 OCTOBER 2025 4 of 9

Atlantic δ15N favors a mechanism that increased thermocline nitrate 
δ15N only in the Pacific: an increase in tropical Pacific water column 
denitrification over the Plio- Pleistocene. In this case, any associated 
global Plio- Pleistocene thermocline nitrate δ15N signal must have been 
either small or alternatively countered by other local processes in the 
South Atlantic so as to yield a stable FB- δ15N at DSDP site 516. One 
possibility is that the N2 fixation rate increased in the South Atlantic 
in response to enhanced water column denitrification in the tropical 
Pacific (47, 48), thereby lowering the thermocline nitrate δ15N in the 
South Atlantic subtropical gyre relative to the global pycnocline aver-
age δ15N. An increase in the extent of the Pacific ODZs since the warm 
Pliocene is further supported by observed increases in δ15N proxies 
proximal to the Pacific ODZs from the Late Miocene (37) through the 
early Pleistocene (48, 49) (fig. S3). In summary, the lower δ15Nsed and 
FB- δ15N in the tropical Pacific during the warm Pliocene represents 
additional evidence that the ocean’s ODZs tend to be smaller in glob-
ally warmer climates (37, 45, 48–52).

A weakened Pliocene Pacific ODZ occurred despite evidence for lower 
pH in the EEP ML (23). Shankle et al. (23) interpreted the lower EEP 
pH to indicate the upwelling of older subsurface water with a higher 
concentration of regenerated nutrients. However, such a change would 
have been accompanied by a reduction in oxygen concentration (53). 
This runs contrary to our findings of reduced water column denitrifica-
tion and thus better oxygenation of thermocline water in the Pliocene 
tropical Pacific. This apparent disagreement might be explained by the 
sensitivity of seawater pH to other conditions. In particular, calculations 

indicate that much of the pH reduction observed in the 
Pliocene EEP (23) can be explained by the dependence 
of pH on temperature (Materials and methods and fig. 
S4). If so, the reconstructed reduction in EEP pH of the 
Pliocene does not require an increase in either the regen-
erated nutrient concentration of EEP thermocline water 
or the EEP upwelling rate.

In climate model experiments, the spatial extent of 
Pacific ODZs is affected by a range of factors (54–59): (i) the 
initial oxygen concentration of high- latitude source wa-
ters that ventilate the low- latitude thermocline, largely 
controlled by temperature; (ii) the rate and source water 
proportions of that thermocline ventilation; (iii) the oxy-
gen demand due to remineralization within thermocline 
water, jointly controlled by the initial nutrient concentra-
tion of their high- latitude source waters (55) and the 
strength of tropical upwelling [e.g., through trade wind 
strength (60)]; and (iv) the oxygen content of underlying 
deep waters, which mix with and upwell into the tropical 
thermocline (58, 61). Warmer Pliocene waters would re-
duce the solubility of dissolved oxygen, lowering the ini-
tial oxygen concentrations of high- latitude source waters. 
Moreover, based on the continued nutrient upwelling in 
the EEP and the similar or higher- than- modern produc-
tivity during the Pliocene (Figs. 2, B and C, and 3), the 
oxygen demand for sinking organic matter remineraliza-
tion should have been maintained. Finally, the higher 
temperatures would have encouraged shallow reminer-
alization of sinking organic matter (62). All of these 
changes would have strengthened the ODZ, in contrast 
to the δ15N observations. Additionally, continued produc-
tivity and nutrient upwelling in the Pliocene EEP is 
not compatible with a reduction in preformed nutrients 
in southern- sourced waters in a warmer climate, arguing 
against this potential cause of ODZ contraction.

By elimination, a change in the ventilation of the 
thermocline, intermediate, and/or deep ocean is impli-
cated as the cause of the Pacific ODZ contraction during 
the Pliocene. There are contrasting views regarding 

North Pacific mode- , intermediate- , and deep- water formation during 
the Pliocene (23, 63, 64), but ventilation from one of these sources may 
have been stronger (53, 63, 64). In addition, the Antarctic may have 
driven stronger deep- ocean ventilation (65). Numerical models vary 
in the connections that they predict between global climate and the 
intermediate-  and mode- water ventilation of the tropical thermocline 
[e.g., (66)]. With regard to the deep ocean, the warmer Pliocene climate 
may have encouraged ventilation through a poleward shift in the westerly 
winds (67) or thermohaline effects (65, 68, 69). Thus, the lower surface- 
to- deep temperature difference during the warm Pliocene, which we 
have implicated in the persistence of the EEP upwelling, may also have 
played a role in the smaller Pacific ODZ of the warm Pliocene.

Implications
The persistence of EEP upwelling throughout the past 5 Myr has im-
plications for the drivers of Pliocene warmth and Plio- Pleistocene cool-
ing. On the basis of warmer upwelling regions, it has been argued that 
the Pliocene hosted a deeper EEP thermocline, with its subsequent 
shoaling over the Plio- Pleistocene facilitating the onset of the glacial- 
interglacial cycles that dominated the Pleistocene (18). The N- isotope 
data demonstrate that the amplified cooling of the EEP since the 
Pliocene was not associated with the emergence of its modern nutrient 
tongue. The existence of the EEP nutrient tongue during the Pliocene 
indicates that the ML depth and upwelling rate of the Pliocene EEP 
were similar to those of the modern state. Coming toward the present, 
stronger cooling of the subthermocline relative to the tropical Pacific 

A B

Fig. 4. Role of subsurface warming in explaining Pliocene EEP nutrient conditions and tempera-
ture. (A) Simplification of the EEP as the product of two- component mixing between tropical Pacific 
surface waters (top, based on the WEP surface) and subsurface mode waters (bottom) yields distinct 
nitrate versus temperature relationships for modern (gray, left) and Pliocene conditions (red, right) 
(Materials and methods and fig. S6). Black arrows demonstrate two potential ways to change the 
temperature and nitrate properties of the modern EEP ML (green diamond). The dashed arrow 
illustrates that, given the modern endmembers, reducing the proportion of newly supplied thermocline 
water to the EEP ML (e.g., slowing the upwelling rate and/or deepening the ML) would also lower the ML 
nitrate concentration, counter to the N- isotope data. By contrast, with a higher temperature and a 
conserved nitrate concentration for Pliocene mode waters (see main text), warming of the EEP ML is 
achieved without decreasing its nitrate concentration (horizontal black arrow and red diamond), in 
agreement with the stable zonal δ15N gradient (Fig. 3). Although a two- component mixing model is 
clearly a vast oversimplification of the tropical Pacific system, relevant missing processes appear 
unlikely to nullify its implications (Materials and methods). (B) Ekman upwelling vertical velocity 
(contours) as a function of zonal wind stress (τx) and buoyancy frequency squared (N2), an indicator of 
stratification, calculated with a box model of the equatorial Pacific (95). Vertical velocity is calculated  
as Ekman pumping velocity damped by stratification (Materials and methods). The point labeled 
“Modern” indicates τx averaged ±2° latitude across the equator in the WEP (160°E to 160°W) (97) and 
N2 averaged ±2° latitude across the equator in the EEP (93°W) (96). The orange arrow indicates that the 
combination of weaker trade winds (lower absolute τx) and reduced upper- ocean stratification (lower 
N2) could have maintained upwelling velocity in the EEP during the warm Pliocene.
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