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A ~20 parts per million rise in atmospheric carbon dioxide concentration over the 

course of the Holocene has long been recognized as exceptional among 

interglacials and in need of explanation. Previous hypotheses involved natural or 

anthropogenic changes in terrestrial biomass, carbonate compensation in 

response to deglacial outgassing of oceanic CO2, and enhanced shallow water 

carbonate deposition. Here, we compile new and previously published fossil-
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bound nitrogen isotope records from the Southern Ocean that indicate a rise in 

surface nitrate concentration through the Holocene. When coupled with 

increasing or constant export production, these data suggest an acceleration of 

nitrate supply to the Southern Ocean surface from underlying deep water. This 

change would have weakened the ocean’s “biological pump” that stores CO2 in the 

ocean interior, possibly explaining the Holocene atmospheric CO2 rise. Over the 

Holocene, the circum-North Atlantic region cooled and the formation of North 

Atlantic Deep Water seemingly slowed. Thus, the “seesaw” in deep ocean 

ventilation between the North Atlantic and the Southern Ocean that has been 

invoked for millennial scale events, deglaciations, and the last interglacial period 

may have also operated, albeit in a more gradual form, over the Holocene.  

 

There is growing evidence for ongoing changes in Southern Ocean overturning1, and 

these changes in turn affect the rates at which anthropogenic CO2 penetrates into the 

deep ocean and naturally stored deep ocean CO2 is vented to the atmosphere. 

Unraveling these dynamics is central to predicting the trajectory of ocean CO2 uptake 

and the atmospheric concentration of CO2 in the coming decades and centuries. 

Paleoceanographic reconstructions over the relatively climatically stable Holocene 

period have the potential to provide information on the variability of Southern Ocean 

circulation and biogeochemistry and their interaction with climate that is easier to 

interpret than over glacial cycles, when diverse aspects of the Earth system were 

changing markedly. 

 

Recent work has shown that the Holocene, while stable in comparison to recent glacial 

cycles and most previous interglacials, did host significant changes in both physical 
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climate and the global carbon cycle. Compilation of temperature records suggests a 

cooling of roughly 1°C since 8,000 yrs, focused in the Northern Hemisphere (NH)4. Ice 

core reconstructions indicate substantial changes in atmospheric CO2: after an initial 

deglacial rise from 180 to 270 ppm between ~18,000 and 11,000 yrs, CO2 declined by 

10 ppm from 11,000 to 8,000 yrs before increasing from 260 ppm to a pre-industrial 

concentration of 280 ppm5. 

 

The early Holocene atmospheric CO2 decline from 11,000 to 8,000 yrs has been 

suggested to result from re-growing terrestrial biosphere in the aftermath of glacial 

retreat5, while both terrestrial and oceanic processes have been proposed to explain the 

subsequent 20 ppm rise since 8,000 yrs. A decline in terrestrial biomass has been 

proposed and attributed to either natural climate change5 or deforestation by humans6. 

An alternative proposal is that ocean alkalinity decreased due to a pulse of deep sea 

calcium carbonate burial, itself a response to an increase in terrestrial biomass earlier in 

the Holocene7. Another ocean alkalinity-based hypothesis is that rising sea level led to 

enhanced deposition of coral reefs and other shallow water carbonates since 8,000 yrs, 

lowering ocean alkalinity and thus raising atmospheric CO2 (ref 8).  

 

The modern Southern Ocean is characterized by high surface nutrient (e.g., nitrate) 

concentrations, which reflects the rapid circulation-driven exchange between surface 

waters and the nutrient-rich ocean interior. Phytoplankton are unable to consume the 

wealth of nutrients, as their growth in the region is limited by iron9. Thus, the nutrient 

excess of the Southern Ocean surface provides a potential indicator of overturning 

changes in the past. Moreover, the incomplete consumption of nutrients combines with 

the high overturning rate in the Southern Ocean to lower the efficiency of the global 
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ocean’s “biological pump” of carbon, reducing the quantity of CO2 that is sequestered in 

the deep ocean through the production and remineralization of sinking organic matter. 

As a result, the Southern Ocean, its biogeochemical conditions, and its relative 

importance in the ventilation of the ocean interior have long been recognized as a 

potential driver of atmospheric CO2 change on time scales of hundreds and thousands of 

years10. Given the importance of the Southern Ocean in setting atmospheric CO2 and the 

hypothesis that Southern Hemisphere (SH) westerly wind strength is a critical climate-

sensitive determinant of Southern Ocean overturning11, Moreno et al.12 used South 

American pollen assemblage changes to infer that westerly wind strengthening could 

have increased Southern Ocean CO2 release over the Holocene, contributing to the 

Holocene atmospheric CO2 rise. This hypothesis can be seen as an extension of the 

proposal that the SH winds played a similar role in the rise of CO2 during the last 

deglaciation11,13,14. However, so far, reconstructions of Holocene changes in westerly 

wind strength remain controversial12,15. 

 

In high nutrient regions such as the Southern Ocean, the nitrogen (N) isotope 

composition of exported organic matter reflects the degree to which the gross nitrate 

supply is assimilated by phytoplankton growth. The consumption of surface nitrate 

causes its 15N to rise as its concentration declines (15N = [(15N/14N)sample/(15N/14N)atm 

N2 -1]*1000 ‰). This 15N rise is recorded in the biomass of the phytoplankton such as 

diatoms that consume the nitrate. Thus, the 15N of the organic matter bound and 

preserved within the siliceous frustules of diatoms (15Ndb) provides a means for 

reconstructing past changes in the relative degree of nitrate consumption. In regions 

such as the Antarctic Zone (AZ) where the deep ocean is ventilated, a higher 15Ndb 
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would imply a rise in nitrate consumption and an increase in the efficiency of the global 

ocean’s biological pump and thus more deep ocean storage of CO2.   

 

We report two new 15Ndb records from the Indian sector of the Southern Ocean and 

compile them with previously published Southern Ocean nitrogen isotope data16,17,18. 

Sediment core MD11-3353 is from the Indian sector of the AZ, and core MD12-3396CQ 

is from the Indian sector of the Polar Frontal Zone (PFZ), just to the North of the AZ 

(Figure 1). The other records in the compilation are (1) a 15Ndb record from core 

PS75/72-4 in the Pacific sector of the AZ17, (2) a foraminifera-bound 15N (15Nfb) record 

from ODP Site 1090 in the Atlantic sector of the Subantarctic Zone (SAZ) to the North of 

the PFZ16, and (3) Pacific sector compilations of deep sea coral-bound 15N (15Ncb) in 

the AZ (Drake Passage) and SAZ (Drake Passage and south of Tasmania)18. 

 

Holocene decline in fossil-bound 15N/14N 

Over the last 10,000 yrs, 15Ndb declined in all AZ records, by ~2 ‰, and AZ 15Ncb 

appears consistent with this amplitude of decline (Figure 2). The 15Nfb record from the 

Atlantic SAZ and the 15Ncb data from the Pacific SAZ suggest that the nitrate 15N 

decline extended northward into this region as well, although weakening northward, 

e.g., to a ~1 ‰ decrease at ODP Site 1090. Whereas the high rate of nitrate supply to the 

AZ surface is dominated by upwelling of underlying subsurface waters, the SAZ receives 

nitrate from both the AZ surface and underlying Circumpolar Deep water. Thus, the 

northward decline in the 15N decrease is consistent with the AZ as the origin of the 15N 

decrease. 
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Our observations derive from 15N measurements in three fossil types (i.e., diatoms, 

foraminifera and corals), with records from each of the basins of the Southern Ocean. 

Nevertheless, previous work did not clearly show a Holocene 15N decline. There is a 

range of plausible explanations for this disconnect between recent and earlier 

measurements. First, it is common for Southern Ocean sediment cores to lack a complete 

Holocene, and radiocarbon dates are often sparse or absent in Antarctic cores due to a 

lack of foraminiferal carbonate. For example, several of the first bulk sediment 15N 

records extending back to the last ice age19 have subsequently been found to lack the 

latter half of the Holocene20. The second category of explanations relates to proxy 

characteristics and analytical methods. Bulk sedimentary 15N measurements can be 

affected by exogenous N inputs21,22 and variable isotope fractionation associated with 

diagenesis16, interfering with their ability to robustly record the Holocene trend16. The 

accuracy of the earliest combustion-based 15Ndb measurements23,24 was compromised 

by gaseous N absorption on the opal25, and the precision of current methods has 

significantly improved over time26, which is critical for recording modest changes. In 

addition, opal from non-diatom material can contaminate the 15Ndb signal in intervals 

with low diatom flux26, and diatom assemblage changes may lead to artifacts27. 

Importantly, diatom assemblage separation has been performed on all 15Ndb records 

reported here, confirming that the Holocene trend is not an artifact of diatom species 

abundance changes or of non-diatom opal contamination (Supplementary Figure S1).  

 

It is also possible that the regional extent of the reconstructed Holocene nitrate 15N 

decrease did not apply to all sectors of the Southern Ocean. In particular, the 15Ndb 

record at core TN057-13 in the Atlantic AZ does not show a Holocene decline27 

(although 15Nfb at ODP Site 1090 does (Fig. 2c)).  
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Finally, all of our AZ records are from near the Polar Front, so it is possible that the 

Holocene 15N decline did not extend further southward into the more polar AZ, 

potentially explaining the lack of a clear Holocene decline in some other previous 15Ndb 

records28. Due to the convergence of Southern Ocean waters to flow through the Drake 

Passage, the 15Ncb decline observed in the Drake Passage argues that the more polar AZ 

also experienced this 15N change. However, the most polar sites in the Drake Passage 

do not have a high density of corals through the Holocene18, so this argument is 

preliminary.  

 

The Holocene 15N decline in the Southern Ocean might be suspected to derive from a 

decline in the 15N or a rise in the concentration of the subsurface nitrate that is 

upwelled to the surface. Upper Circumpolar Deep Water (UCDW) upwells in the AZ near 

the Polar Front, while Lower Circumpolar Deep Water (LCDW) upwells further 

poleward in the AZ. The modern range in nitrate 15N among pure North Atlantic Deep 

Water (NADW), LCDW, and UCDW is less than 0.5 ‰ (ref. 29), with Pacific Deep Water 

in the low latitude South Pacific expanding the deep nitrate 15N range to 1 ‰ at 

maximum31. The nitrate 15N and concentration differences among these water masses 

are weakened by circulation and remineralization in the Southern Ocean32. With regard 

to nitrate concentration, even though NADW has a low nitrate concentration of ~17.5 

µmol/kg when measured in the low latitude Atlantic, the nitrate concentration of LCDW 

that most directly derives from it is only slightly lower than that of UCDW (~32 vs. 34 

µmol/kg in the Indian and Pacific). Changing the nitrate concentration of LCDW or 

UCDW substantially (e.g., by 10-20 µmol/kg) would require a comparable change in the 

global nitrate reservoir, which is unlikely22, 29. What remains a greater concern is the 
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assumption of a constant mean ocean nitrate 15N across the Holocene. Some non-

Southern Ocean records show decreasing trends across the Holocene33, and a decline in 

whole ocean nitrate 15N cannot be ruled out. However, previous studies do not provide 

evidence for a mean ocean decrease approaching 2 ‰ (refs. 22, 33). 

 

Increase in the supply rate of nitrate 

Thus, the Holocene decline in Southern Ocean fossil-bound 15N is best interpreted as an 

increase in the proportion by which the nitrate supply to the surface ocean exceeded its 

demand by phytoplankton, resulting in a rise in surface nitrate concentration. If this 

change was driven by changing eolian iron supply, then the iron supply would have 

needed to decline over the late Holocene, for which there is no evidence34,35. Moreover, 

opal fluxes in the three cores with 15Ndb records suggest constant or increasing export 

production over the Holocene (Figure 2d, although the available Southern Ocean opal 

flux records appear heterogeneous, Supplementary Figure S2). A decline in the degree of 

nitrate consumption coupled with stable or weakly rising export production points to a 

Holocene rise in the rate of gross nitrate supply into the Antarctic surface and thus an 

increase in water flux from the subsurface into the surface. 

 

As noted above, sediment core TN057-13 from the Atlantic AZ has 15Ndb and opal flux 

records that are inconsistent with those we report from the Indian and Pacific AZ13,27. 

With regard to opal flux, TN057-13 shows a decline since the last deglaciation13, in 

contrast to our observations of stable or rising opal flux (Figure 2d, Supplementary 

Figure S2). We tentatively propose that the observed differences in opal flux trends and 

absolute values derive from the between-sector differences in (1) the sources of 

upwelled water and/or (2) basin-level constraints on the net upwelling rate. With 
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regard to upwelling sources, the silicate concentration in the water to be upwelled in the 

Atlantic AZ – and thus the biogenic opal flux – is reduced by the inflow of low-silicate 

NADW, such that deglacial changes in opal flux may be affected by changes in NADW 

formation36. With regard to upwelling rates, Atlantic sector AZ upwelling may be limited 

by eddy compensation, which itself may be sensitive to the rate of NADW formation. In 

detail, an increase in northward wind-driven transport in the Southern Ocean, absent a 

parallel increase in NADW formation, would have led to a thickening of the low latitude 

Atlantic thermocline and an associated steepening of isopycnals at the northern 

boundary of the Southern Ocean37. This would have increased southward eddy 

transport and thus prevented a rise in nitrate supply to the Southern Ocean surface due 

to a decline in the residual circulation38. Because this North Atlantic-driven feedback is 

more remote in the Indian and Pacific than in the Atlantic basin, upwelling in the Indian 

and Pacific Southern Ocean may have had more freedom to increase over the Holocene. 

In any case, the possibility of basin-to-basin variations in the Holocene nitrate evolution 

of the Southern Ocean should be pursued further. 

 

CO2 leakage to the atmosphere 

For almost all changes in circulation that would increase nitrate supply to and nitrate 

concentrations in the Southern Ocean surface, there would be increased leakage of 

biologically stored CO2 from the Southern Ocean and a resulting increase in atmospheric 

CO2 concentration39. The Holocene change might be considered a gradual continuation 

of the AZ changes that have been proposed to explain the glacial-to-interglacial 

increases in atmospheric CO2 in general. A comparison with previous box model and 

ocean general circulation model results suggests that, for a range of scenarios, the 

reconstructed Holocene change could generate the observed 20 ppm rise in atmospheric 
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CO2 (Supplementary Information). A more specific assessment awaits clarity as to 

whether the reconstructed increase in surface nitrate concentration applied to the more 

polar AZ. 

 

Other carbon cycle-related data do not as yet compellingly support or disprove our 

hypothesis. First, a release of biologically light carbon from the ocean adequate to 

explain the 20 ppm atmospheric CO2 rise should cause the 13C of atmospheric CO2 to 

decline by 0.2 ‰, more than the observed ~0.05 ‰ decline over the last 7,000 yrs40 

(Supplementary Figure S3). However, there are other potential contributors to the 

history of atmospheric CO2 13C, including changes in the terrestrial biosphere, ocean 

temperature, and the isotopic characteristics of air/sea CO2 exchange, each with 

uncertainties40. Second, in terms of radiocarbon constraints, slow air/sea equilibration 

at the AZ surface probably explains the deep sea coral-based observation of a relatively 

weak Holocene difference in radiocarbon content between the upwelling UCDW and 

Antarctic Intermediate Water, the latter forming from AZ surface water near the 

Antarctic Polar Front42. The existing data appear to suggest a weak decline in this 

difference through the Holocene, consistent with faster Southern Ocean overturning42. 

Third, abyssal Indian Ocean carbonate ion concentration decreased over the Holocene43, 

whereas a weakening of the biological pump in itself would have transiently raised deep 

ocean carbonate ion44. However, deep ocean carbonate ion also depends on terrestrial 

biosphere size, shallow carbonate burial, and compensation of these by deep ocean 

CaCO3 burial rate7. Fourth, a weakening of the ocean’s biological pump over the 

Holocene should have decreased the surface to deep ocean dissolved inorganic carbon 

13C gradient, consistent with observations45. Finally, weakening of the ocean’s 

biological pump should have raised ocean interior oxygen concentrations. However, the 
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existing redox-sensitive proxies may not record changes at the relatively high absolute 

oxygen concentrations that have characterized the deep ocean throughout the 

Holocene19. 

 

A weakening of the biological pump was not the sole change affecting atmospheric CO2 

across the Holocene. However, when superimposed on terrestrial biosphere and ocean 

alkalinity changes5-8,45, it can generate the net 20 ppm increase. This may explain why 

Earth system models – which do not hindcast a Holocene trend in Antarctic overturning 

– fail to produce the different trends in atmospheric CO2 for the Holocene and previous 

interglacial MIS 5e (~128,000-115,000 yrs), during which atmospheric CO2 declined by 

≤10 ppm46: no decline in AZ 15Ndb (i.e. nitrate consumption) is evident over the course 

of MIS 5e17.  

 

Possible Northern Hemisphere driver 

Data indicate a NH cooling of 2°C since 7,000 yrs (Figure 2e) that was focused in the 

circum-North Atlantic4 (Supplementary Figure S4). This cooling and North Atlantic grain 

size and magnetic susceptibility data suggest a decline in NADW formation into the later 

Holocene47-49 (Figure 2f), to which the mid-Holocene increase in Antarctic overturning 

may have been a response. The same connection has been proposed for the Heinrich 

events of the last ice age and upon deglaciation14,36,50. 

 

One possible scenario connecting NADW reduction to Antarctic overturning 

enhancement involves the winds: at the deglaciations and during NH stadials, reduction 

of NADW formation caused SH warming and southward migration of the SH westerly 

winds, which in turn drove an increase in Antarctic overturning11,13,14. For the Holocene, 
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there is not yet clarity as to the sense of SH temperature change (Supplementary Figure 

S4) or the strength and position of the westerly winds12,15. An alternative mechanism for 

a North Atlantic/Southern Ocean teleconnection is through the ocean interior. The 

seeming reduction in NADW formation over the Holocene may have lowered the density 

of the deep ocean, accelerating Antarctic surface-to-deep overturning through the 

“density vacuum” mechanism36,50.  

 

The climate of the Holocene appears to be more stable than that of most other late 

Pleistocene interglacials, with a weaker tendency for the post-deglacial cooling that 

characterizes interglacials52, a characteristic that may have facilitated the development 

of complex human civilizations. It has been proposed that the rise in atmospheric CO2 

over the Holocene, which also appears to be a unique feature among interglacials, may 

help to explain Holocene climate stability53. Thus, the evidence reported here for 

Southern Ocean change, if it indeed explains the Holocene CO2 rise, provides an 

oceanographic mechanism for the remarkable stability of Holocene climate. 
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Figures and figure legends 

 

 

Fig. 1: Sediment core and deep sea coral locations relative to austral summer 

surface nitrate concentrations and oceanic fronts. Core locations of the diatom-

bound 15N and opal flux records are shown in white with a black rim,  locations of the 

ODP Site 1090 foraminifera-bound 15N record and of the coral-bound 15N 

measurements are shown in white, and sediment cores with published opal flux data 

mentioned in the text are shown in dark grey. APF, Antarctic Polar Front; SAF, 

Subantarctic Front; STF, Subtropical Front. Fronts are after Orsi et al.54.  

 

  



 

 14 

 

Fig. 2: Holocene records of fossil-bound 15N and biogenic opal flux from the 

Southern Ocean, compared with climate- and circulation-related records from the 

Northern Hemisphere and with atmospheric CO2. a, Atmospheric pCO2 composite55. 

b, 15N records from the Antarctic Zone of the Southern Ocean. Diatom-bound 15N 
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records are shown in green, from the Pacific Antarctic17 (circles, PS75/72-4), the Indian 

Antarctic (triangles, MD11-3353) and the Indian Polar Frontal Zone (diamonds, MD12-

3396CQ). A compilation of coral-bound 15N data18 (Drake Passage) is shown in blue. c, 

Published fossil-bound 15N records from the Subantarctic Zone of the Southern Ocean. 

Red, foraminifera-bound 15N record from ODP Site 1090 in the Atlantic16, dark-blue, 

coral-bound 15N compilation from the Drake Passage18, light-blue, coral-bound 15N 

compilation from Tasmania18. d, Thorium-normalized opal flux records from cores 

PS75/72-4 (circles, ref. 17), MD12-3396CQ (diamonds) and MD11-3353 (triangles). e, 

Temperature anomaly from 30-90°N relative to the 1961-1990 common era (CE) 

instrumental mean4. f, Mean grain size of the sortable silt fraction, a proxy for near-

bottom flow speed, from core MD99-2251 from the Gardar Drift at 2620m water depth48 

(orange) and mean relative grain size from a stacked record from 13 sediment cores 

located South of Iceland47 (grey), indicative of the relative strength of the Iceland-

Scotland overflow and thus North Atlantic Deep Water formation. Data in a and e are 

shown for the period prior to 1900 CE.   
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Methods  

 

Data availability. The authors declare that data supporting the findings of this study 

are available within the article and its supplementary information files. Data are also 

available on Pangaea.  

 

15Ndb analysis. The N isotopic composition of the diatom fraction was measured at 

Princeton University with the persulfate-denitrifier technique17,25,56,57. The diatom 

separation and cleaning protocol is given in detail in the Supplementary Information. 

Biogenic opal concentration and opal fluxes. Opal concentrations were measured 

using the wet digestion technique58, and opal fluxes were evaluated by correcting for 

sediment focusing with 230Th-normalization59. 

Age models and radiocarbon dating. Sediment core PS75/72-4 was recovered in the 

Antarctic Zone of the Pacific sector of the Southern Ocean (57°33.51′ S, 151°13.17′ W, 

3099m water depth). The Holocene portion of the age model is constrained by four 

accelerator mass spectrometry (AMS) radiocarbon ages on Neogloboquadrina 

pachyderma (sin.) for the past 11,000 years17. Sediment core MD12-3396CQ is located in 

the Polar Frontal Zone of the Indian sector of the Southern Ocean (47°43.88’ S, 87°41.71’ 

E, 3615m water depth). The stratigraphy of the sediment core is based on 16 AMS 

radiocarbon dates on monospecific planktonic samples chosen within the abundance 

peak of the species, with four replicates on different species (Supplementary Table S1). 

The calendar age model is obtained using a deposition model with OxCal60,61, using 

calibration curve SH2013 and a marine reservoir age for the core location during the 

Holocene of 900±100 years following GLODAP62. Sediment core MD11-3353 was 

retrieved in the Antarctic Zone of the Indian sector of the Southern Ocean (50.57°S, 

http://www.nature.com/articles/s41561-018-0108-6#MOESM1
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68.39°E, 1568m), south of Kerguelen Island. The age model was constructed by 

correlating distinctive features in the potassium (K) X-ray Fluorescence scanning record 

of MD11-3353 to those observed in core MD12-3396CQ (Supplementary Figure S5).   



 

 18 

References  

 

(1)  Waugh, D. W. Changes in the ventilation of the southern oceans. Phil. Trans. R. Soc. 

A 372, 20130269 (2014).  

 

(2)  Broecker, W. S. et al. How much deep water is formed in the Southern Ocean? J. 

Geophys. Res. 103, 15833-15843 (1998).  

 

(3) Broecker, W. S., Sutherland, S. & Peng, T.-H. A possible 20th-century slowdown of 

Southern Ocean Deep Water formation. Science 286, 1132-1135 (1999).  

 

(4) Marcott, S. A., Shakun, J. D., Clark, P. U. & Mix, A. C. A Reconstruction of regional and 

global temperature for the past 11,300 years. Science 339, 1198-1201 (2013).  

 

(5)  Indermühle, A. et al. Holocene carbon-cycle dynamics based on CO2 trapped in ice 

at Taylor Dome, Antarctica. Nature 398, 121-126 (1999). 

 

(6)  Ruddiman, W. F. The Anthropogenic greenhouse era began thousands of years ago. 

Climatic Change 61, 261-293 (2003). 

 

(7)  Broecker, W. S., Lynch-Stieglitz, J., Clark, E., Hajdas, I. & Bonani, G. What caused the 

atmosphere’s CO2 content to rise during the last 8000 years? Geochem. Geophys. 

Geosyst. 2, 2001GC000177 (2001). 

 



 

 19 

(8)  Ridgwell, A. J., Watson, A. J., Maslin, M. A. & Kaplan, J. O. Implications of coral reef 

buildup for the controls on atmospheric CO2 since the Last Glacial Maximum. 

Paleoceanography 18, 1083 (2003). 

 

(9) Boyd, P. W. et al. Mesoscale iron enrichment experiments 1993-2005: Synthesis 

and future directions. Science 315, 612-617 (2007).  

 

(10) Sarmiento, J. L. & Toggweiler, J. R. A new model for the role of the oceans in 

determining atmospheric pCO2. Nature 308, 621-624 (1984).  

 

(11) Toggweiler, J. R., Russell, J. L. & Carson, S. R. Midlatitude westerlies, atmospheric 

CO2, and climate change during the ice ages. Paleoceanography 21, PA2005 (2006).  

 

(12)  Moreno, P. I., François, J. P., Moy, C. M. & Villa-Martínez, R. Covariability of the 

southern westerlies and atmospheric CO2 during the Holocene. Geology 38, 727-

730 (2010). 

 

(13) Anderson, R. F. et al. Wind-driven upwelling in the Southern Ocean and the 

deglacial rise in atmospheric CO2. Science 323, 1443-1448 (2009). 

 

(14) Denton, G. H. et al. The Last Glacial termination. Science 328, 1652-1656 (2010).  

 

(15) Lamy, F. et al. Holocene changes in the position and intensity of the southern 

westerly wind belt. Nat. Geosci. 3, 695-699 (2010).  

 



 

 20 

(16) Martinez-Garcia, A. et al. Iron fertilization of the Subantarctic Ocean during the last 

ice age. Science 343, 1347-1350 (2014).  

 

(17) Studer, A. S. et al. Antarctic Zone nutrient conditions during the last two glacial 

cycles. Paleoceanography 30, 2014PA002745 (2015).  

 

(18) Wang, X. T. et al. Deep-sea coral evidence for lower Southern Ocean surface nitrate 

concentrations during the last ice age. Proc. Natl. Acad. Sci. USA 114, 3352-3357 

(2017).  

 

(19) Francois, R. et al. Contribution of Southern Ocean surface-water stratification to 

low atmospheric CO2 concentrations during the last glacial period. Nature 389, 

929-935 (1997).  

 

(20) Dezileau, L., Bareille, G. & Reyss, J. L. The 231Pa/230Th ratio as a proxy for past 

changes in opal fluxes in the Indian sector of the Southern Ocean. Marine Chem. 81, 

105-117 (2003).  

 

(21) Robinson, R. S. et al. A review of nitrogen isotopic alteration in marine sediments. 

Paleoceanography 27, PA4203 (2012).  

 

(22) Ren, H. et al. Impact of glacial/interglacial sea level change on the ocean nitrogen 

cycle. Proc. Natl. Acad. Sci. USA 114, E6759-E6766 (2017).  

 



 

 21 

(23) Shemesh, A., Macko, S. A., Charles, C. D. & Rau, G. H. Isotopic evidence for reduced 

productivity in the glacial Southern Ocean. Science 262, 407-410 (1993).  

 

(24)  Sigman, D. M., Altabet, M. A., Francois, R., McCorkle, D. C. & Gaillard, J.-F. The 

isotopic composition of diatom-bound nitrogen in Southern Ocean sediments. 

Paleoceanography 14, 118-134 (1999).  

 

(25) Robinson, R. S., Brunelle, B. G. & Sigman, D. M. Revisiting nutrient utilization in the 

glacial Antarctic: Evidence from a new method for diatom-bound N isotopic 

analysis. Paleoceanography 19, PA3001 (2004).  

 

(26) Studer, A. S., Ellis, K. K., Oleynik, S., Sigman, D. M. & Haug, G. H. Size-specific opal-

bound nitrogen isotope measurements in North Pacific sediments. Geochim. 

Cosmochim. Acta 120, 179-194 (2013).  

 

(27) Horn, M. G., Beucher, C. P., Robinson, R. S. & Brzezinski, M. A. Southern Ocean 

nitrogen and silicon dynamics during the last deglaciation. Earth Plant. Sci. Lett. 

310, 334-339 (2011).  

 

(28) Robinson, R. S. & Sigman, D. M. Nitrogen isotopic evidence for a poleward decrease 

in surface nitrate within the ice age Antarctic. Quat. Sci. Rev. 27, 1076-1090 (2008). 

 

(29) Marconi, D. et al. Tropical dominance of N2 fixation in the North Atlantic Ocean. 

Global Biogeochem. Cycles 31, 1608-1623 (2017).  

 



 

 22 

(30) Kemeny, P. C. et al. Enzyme-level interconversion of nitrate and nitrite in the fall 

mixed layer of the Antarctic Ocean. Global Biogeochem. Cycles 30, 1069-1085 

(2016).  

 

(31) Rafter, P. A., DiFiore, P. J. & Sigman, D. M. Coupled nitrate nitrogen and oxygen 

isotopes and organic matter remineralization in the Southern and Pacific Oceans. J. 

Geophys. Res. 118, 4781-4794 (2013). 

 

(32) Sigman, D. M., Altabet, M. A., McCorkle, D. C., François, R. & Fischer, G. The 15N of 

nitrate in the Southern Ocean: Consumption of nitrate in surface waters. Global 

Biogeochem. Cycles 13, 1149-1166 (1999). 

 

(33) Galbraith, E. D. et al. The acceleration of oceanic denitrification during deglacial 

warming. Nat. Geosci. 6, 579-584 (2013).  

 

(34) Lambert, F. et al. Dust-climate couplings over the past 800,000 years from the 

EPICA Dome C ice core. Nature 452, 616-619 (2008).  

 

(35) Anderson, R. F. et al. Biological response to millennial variability of dust and 

nutrient supply in the Subantarctic South Atlantic Ocean. Phil. Trans. R. Soc. A. 372, 

20130054 (2014).  

 

(36) Meckler, A. N. et al. Deglacial pulses of deep-ocean silicate into the subtropical 

North Atlantic Ocean. Nature 495, 495-498 (2013).  

 



 

 23 

(37) Gnanadesikan, A. A simple predictive model for the structure of the oceanic 

pycnocline. Science 283, 2077-2079 (1999).  

 

(38) Keeling, R. F. & Visbeck, M. Antarctic stratification and glacial CO2. Nature 412, 

605-606 (2001).  

 

(39) Hain, M. P., Sigman, D. M. & Haug, G. H. Carbon dioxide effects of Antarctic 

stratification, North Atlantic Intermediate Water formation, and subantarctic 

nutrient drawdown during the last ice age: Diagnosis and synthesis in a 

geochemical box model. Global Biogeochem. Cycles 24, GB4023 (2010).  

 

(40) Schmitt, J. et al. Carbon isotope constraints on the deglacial CO2 rise from ice cores. 

Science 336, 711-714 (2012).  

 

(41) Hain, M. P., Sigman, D. M. & Haug, G. H. Distinct roles of the Southern Ocean and 

North Atlantic in the deglacial atmospheric radiocarbon decline. Earth Plant. Sci. 

Lett. 394, 198-208 (2014).  

 

(42) Burke, A. & Robinson, L. F. The Southern Ocean’s role in carbon exchange during 

the last deglaciation. Science 335, 557-561 (2012).  

 

(43) Yu, J. et al. Loss of carbon from the deep sea since the last glacial maximum. Science 

330, 1084-1087 (2010).  

 



 

 24 

(44) Broecker, W. S. & Peng, T.-H. The role of CaCO3 compensation in the glacial to 

interglacial atmospheric CO2 change. Global Biogeochem. Cycles 1, 15-29 (1987).  

 

(45) Goodwin, P., Oliver, K. I. C. & Lenton, T. M. Observational constraints on the causes 

of Holocene CO2 change. Global Biogeochem. Cycles 25, GB2011 (2011). 

 

(46) Brovkin, V. et al. Comparative carbon cycle dynamics of the present and last 

interglacial. Quat. Sci. Rev. 137, 15-32 (2016).  

 

(47) Thornalley, D. J. R. et al. Long-term variations in Iceland-Scotland overflow 

strength during the Holocene. Clim. Past 9, 2073-2084 (2013).  

 

(48) Hoogakker, B. A. A. et al. Dynamics of North Atlantic Deep Water masses during the 

Holocene. Paleoceanography 26, PA4214, (2011).  

 

(49) Kissel, C., Van Toer, A., Laj, C., Cortijo, E. & Michel, E. Variations in the strength of 

the North Atlantic bottom water during Holocene. Earth Planet. Sci. Lett. 369-370, 

248-259 (2013).  

 

(50) Broecker, W. S. Paleocean circulation during the last deglaciation: A bipolar 

seesaw? Paleoceanography 13, 119-121 (1998).  

 

(51) De Boer, A. M., Toggweiler, J. R. & Sigman, D. M. Atlantic dominance of the 

meridional overturning circulation. J. Phys. Oceanogr. 38, 435-450 (2008).  

 



 

 25 

(52) Ruddiman, W. F. et al. Late Holocene climate: Natural or anthropogenic? Rev. 

Geophys, 54, 93-118 (2016).  

 

(53) Liu, Z. et al. The Holocene temperature conundrum. Proc. Natl. Acad. Sci. USA 111, 

E3501-E3505 (2014).   

   

(54) Orsi, A. H., Whitworth III, T. & Nowlin Jr, W. D. On the meridional extent and fronts 

of the Antarctic Circumpolar Current. Deep-Sea Res. I, 42, 641-673 (1995).  

 

(55)  Bereiter, B. et al. Revision of the EPICA Dome C CO2 record from 800 to 600 kyr 

before present. Geophys. Res. Lett. 42, 542-549 (2015). 

 

(56) Knapp, A. N., Sigman, D. M. & Lipschultz, F. N isotopic composition of dissolved 

organic nitrogen and nitrate at the Bermuda Atlantic time series study site. Global 

Biogeochem. Cycles 19, GB1018 (2005). 

 

(57) Weigand, M. A., Foriel, J., Barnett, B., Oleynik, S. & Sigman, D. M. Updates to 

instrumentation and protocols for isotopic analysis of nitrate by the denitrifier 

method. Rapid Commun. Mass Spectrom. 30, 1365-1383 (2016).  

 

(58) Mortlock, R. A. & Froelich, P. N. A simple method for the rapid determination of 

biogenic opal in pelagic marine sediments. Deep-Sea Res. 36, 1415-1426 (1989).   

 



 

 26 

(59) François, R., Frank, M., Rutgers van der Loeff, M. M. & Bacon, M. P. 230Th 

normalization: An essential tool for interpreting sedimentary fluxes during the late 

Quaternary. Paleoceanography 19, PA1018 (2004). 

 

(60) Bronk Ramsey, C. Bayesian analysis of radiocarbon dates. Radiocarbon 51, 337-

360 (2009).   

 

(61) Bronk Ramsey, C. & Lee, S. Recent and planned developments of the Program 

OxCal. Radiocarbon 55, 720-730 (2013). 

 

(62) Key, R. M. et al. A global ocean carbon climatology: Results from Global Data 

Analysis Project (GLODAP). Global Biogeochem. Cycles 18, GB4031 (2004). 

 

 

Correspondence and requests for materials should be addressed to A.S.S. 

(anja.studer@unibas.ch).  

 

Acknowledgements 

This study was supported by Swiss National Science Foundation grant PBEZP2_145695 

to A.S.S., US NSF grant OPP-1401489 to D.M.S., Swiss NSF grant PZ00P2_142424 to A.M-

G., grant PP00P2-144811 to S.L.J., by the Deutsche Forschungsgemeinschaft through 

grant Li1815/4 to J.L., by funding from the Swedish Research Council VR-349-2012-

6278 to E.M., and from the French INSU/LEFE Indien Sud to A.M. This research was also 

supported by ExxonMobil through the Andlinger Center for Energy and the Environment 

at Princeton University and by the Grand Challenges Program of Princeton University. 

https://www.mysnf.ch/grants/grant.aspx?id=94fc8153-9d74-45c2-be74-e02a168f8cba


 

 27 

Cores MD11-3353 and MD12-3396CQ were retrieved during Indien Sud oceanographic 

cruises (A.M.) and we express our thanks to the crew of the R/V Marion Dufresne as well 

as the French Polar Institute (IPEV). We thank Kate Hendry and two anonymous 

reviewers for their valuable input. Data not previously reported is available in the 

supplementary information and will be archived at Pangaea. 

 

Author contributions 

A.S.S., D.M.S., A.M.G. and G.H.H. designed the study. A.S.S. performed the 15Ndb analyses 

and wrote the first draft of the manuscript with D.M.S., A.M.G and G.H.H. L.M.T, S.L.J and 

J.L. contributed the 230Th-normalized opal flux data. E.M. and A.M. provided access to the 

sediment cores and measured the radiocarbon ages for the construction of the age 

model. X.T.W. provided coral-bound 15N data that aided interpretation of our data. All 

authors contributed to the interpretation of the data and provided input to the final 

manuscript.  

 

Competing interests 

The authors declare no competing interests. 

 

Additional information 

Supplementary Information is available for this paper at xxxxx. 

Reprints and permissions information is available at www.nature.com/reprints.  

 

 

http://www.nature.com/reprints

