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The acceleration of oceanic denitrification during
deglacial warming

NICOPP working group members’

Over much of the ocean's surface, productivity and growth is limited by a scarcity of bioavailable nitrogen. Sedimentary §°N
records spanning the last deglaciation suggest marked shifts in the nitrogen cycle during this time, but the quantification of
these changes has been hindered by the complexity of nitrogen isotope cycling. Here we present a database of §°N in sediments
throughout the world's oceans, including >2,300 modern seafloor samples, and 76 timeseries spanning the past 30,000 years.
We show that the §"°N values of modern seafloor sediments are consistent with values predicted by our knowledge of nitrogen
cycling in the water column. Despite many local deglacial changes, the globally averaged §'°N values of sinking organic matter
were similar during the Last Glacial Maximum and Early Holocene. Considering the global isotopic mass balance, we explain
these observations with the following deglacial history of nitrogen inventory processes. During the Last Glacial Maximum,
the nitrogen cycle was near steady state. During the deglaciation, denitrification in the pelagic water column accelerated.
The flooding of continental shelves subsequently increased denitrification at the seafloor, and denitrification reached near
steady-state conditions again in the Early Holocene. We use a recent parameterization of seafloor denitrification to estimate a
30-120% increase in benthic denitrification between 15,000 and 8,000 years ago. Based on the similarity of globally averaged
8N values during the Last Glacial Maximum and Early Holocene, we infer that pelagic denitrification must have increased by a

similar amount between the two steady states.

despite the ubiquity of dissolved N, gas in the ocean, its

bioavailable forms (Ny;,, most of which is NO; ™) are scarce
in the sunlit surface layer, and its limited supply exerts the primary
nutritional constraint on the marine ecosystem. Within the oceans,
N, is fixed to Ny;, almost entirely by micro-organisms near the
ocean surface, and returned to N, by denitrification (including
anammox) in suboxic zones of the water column and sediment,
turning over the Ny,;, inventory on a timescale of ~3 kyr (ref. 1). The
nitrogen cycle can alter the radiative properties of the atmosphere,
through the generation of N,O (ref. 2) and by supporting the
biological sequestration of CO, in the ocean®*.

Humans are transforming the nitrogen cycle by approximately
doubling the pre-industrial rate of terrestrial N, fixation and
by supplying Ny, to the ocean surface through rivers and the
atmosphere'. Meanwhile, anthropogenic warming is expected to
increase the rate of denitrification, by expanding water column
oxygen minimum zones"®, and to also modify the supply
routes of nitrate by changing ocean circulation®. However, the
observational record of oceanic nitrate concentrations is much
shorter than the residence time of Ny, and is barely able to
resolve decadal fluctuations in nitrate availability’, preventing the
identification of climatic trends.

In contrast, the geological record spans vast timescales and docu-
ments large climate shifts, such as the glacial/interglacial cycles. The
nitrogen stable isotope ratio (8N =" N/"Ngmple/"N/"*Nyer —
1) * 1,000%0) of sinking organic matter is preserved in marine
sediments®, providing a window on past changes in the nitrogen
cycle. Over recent decades, an understanding of nitrogen isotope
systematics has developed from field and laboratory studies, and
nitrogen isotope records have been generated from seafloor sed-
iments extending back thousands (or in some cases millions) of
years. The sedimentary record of the last ice age cycle is par-

N itrogen is a critical component of all living matter. But

ticularly well sampled, and has revealed signs that pelagic deni-
trification was less active during cold periods*. Meanwhile, the
subaerial exposure of continental shelves during glacial sea-level
low-stands would have eliminated the most active regions of
benthic denitrification!’, leading to a further reduction in the
loss rate of Ny;,. Efforts to reconstruct past denitrification rates
have, to date, proceeded piecemeal, focusing on small numbers
of records. Here we present the first global analysis of avail-
able §'°N observations, starting with a synoptic picture of the
present day seafloor, and proceeding to a quantitative analysis of
the last deglaciation.

A synoptic view of N isotopes in the modern ocean

The 8N of organic matter at the ocean surface depends on
two factors: the global mean 8"°N of Ny, (8" Ny, currently
~5%), and the differential distribution of “N and "N within
the ocean. The relative rates of N, fixation and denitrification are
the primary controls on 8" Ny, (ref. 11, Fig. 1), and alter the
distribution of §"*N by imprinting their isotopic signatures where
they are most intense. Meanwhile, the preferential partitioning of
"N into sinking organic particles by the marine ecosystem conspires
with ocean circulation to produce a second, more subtle class of
isotopic redistribution. We refer to these as ‘inventory-altering’
and ‘internal-cycling’ fractionation processes, respectively (see
Supplementary Information for more information). The sinking of
particulate organic matter transfers the isotopic signature of surface
ocean nitrogen to the seafloor®!2,

Figure 2a shows our compilation of >1,500 measurements of
the 8N of total combustible (bulk) nitrogen at the modern
seafloor. These measurements show good lateral continuity in
most parts of the ocean, with strong gradients generally occurring
in regions with strong oceanographic fronts". Some aspects of
the large-scale patterns correspond directly to the distribution
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Figure 1| The global nitrogen isotopic balance. At steady state, the two
denitrification ‘weights’ are balanced around the ‘fulcrum’ of new nitrogen
inputs. Pelagic denitrification strongly discriminates against >N, with an
expressed fractionation factor epelagic of ~12-15%0 relative to 8 Nmean

(refs 11,42), much larger than epentnic (refs 35,46,47). Because
denitrification preferentially removes N from the ocean, 8" Nean must be
higher than the 8N of inputs (approximately —1%y, ref. 35). Insofar as the
fractionation factors are fixed, any change in pelagic:benthic fluxes requires
that 8" Nean adjust to re-establish mass balance (compare a,b).

of inventory-altering and internal-cycling processes, as expected
from local studies®*!4.

Because ocean circulation redistributes the effects of these pro-
cesses in complex ways, models of ocean physics and biogeochem-
istry help to illustrate the interplay between them'® (Supplementary
Information). A relatively simple model can produce isotopic gradi-
ents similar to those found in the data, through inventory-altering
and internal-cycling processes (Fig. 2b,c,d). In general, inventory-
altering fractionation is more significant in the tropics, where high
values are generated in small areas by pelagic denitrification (solid
contours, Fig. 2d) and low values by N, fixation (dashed contours,
Fig. 2d). The localization arises from the confinement of suboxic
waters to the tropics, and the model assumption that N, fixation
occurs in warm waters'®. Note that errors in the oxygen simulation
result in denitrification occurring, incorrectly, in the SE Atlantic
and Bay of Bengal, and not in the Arabian Sea, explaining most
of the §'°N discrepancies in these regions. Meanwhile, the effect of
internal cycling is strong at all latitudes, with the greatest impact in
the most nitrate-rich and nitrate-poor regions (contours, Fig. 2¢).
The broad distribution of the internal cycling effect may seem
surprising, given the common idea of uptake and remineralization
as vertical processes within the water column. However, this is
a consequence of the perpetual redistribution of residual nitrate
by ocean circulation, a process that is simulated well by general
circulation models: fractional uptake in one region has an impact
on the "N of nitrate elsewhere, via the intervening mixing and
advection of ocean waters (see also Supplementary Fig. S1).

A significant model-data discrepancy is that the simulated §'°N
of sinking organic matter is lower than observed (Supplementary
Fig. S2). This offset agrees, both in magnitude and distribution, with
the widely documented enrichment of >N due to early diagenesis
in oxygenated, slowly accumulating open ocean sediments®. This
diagenetic alteration is broadly consistent among regions, is

NATURE GEOSCIENCE poi:10.1038/NGEO1832 ‘

probably caused by the preferential loss of "N during the
remineralization of sedimented organic matter, and is greater in
deep, well-oxygenated sediments®. Techniques to measure the §'°N
of selected compounds and of fossil-bound organic matter'¢2!
are currently helping to quantify this offset, while simultaneously
providing new insights on ’N variability among groups of
organisms in the same community'®*>?*. Nonetheless, the bulk
8N remains a reliable sedimentary archive in most locations".
Given that water depth is the strongest predictor of diagenetic offset,
we use a simple correction of 0.75%ckm™" as suggested by ref. 8
to partially mitigate the diagenetic bias, improving the model-data
agreement (Supplementary Information). We apply this correction
to all measurements in the analysis below.

The §"™N of organic matter export across the deglaciation
Our database includes 76 records of bulk sediment §"°N covering
the period 30-5kyr. Most of the records are from coastal and
equatorial regions, leaving the majority of the deep sea relatively
under-represented. However, as shown in Fig. 3, the good data
coverage in regions with a high export flux of organic mat-
ter provides a much better constraint on the past sinking flux
of §"°N than might appear from the relatively sparse distribu-
tion of records in the open ocean. Furthermore, the seafloor
8N data show strong consistency between neighbouring sites!?,
suggesting that the available records can be used to charac-
terize oceanographic regions. Supported by these observations,
we subdivide the ocean into §'°N provinces of similar oceano-
graphic character, guided by the distributions of pelagic deni-
trification, N, fixation, and nitrate-rich regions (Supplementary
Information for details).

We thus define sixteen §'°N provinces, each of which includes
at least one sedimentary record spanning the deglaciation (Sup-
plementary Fig. S3). Averaging the records within each province
provides 16 deglacial timeseries (Supplementary Fig. S4), which
show a broad range of §'°N (spanning >7%o during the Holocene).
This robust spatial diversity highlights the importance of measuring
a large number of §"°N records to discern global processes. We
use the §"°N provinces to first examine qualitative changes in
pelagic denitrification zones, and subsequently to calculate the
deglacial history of 8" Nean-

The deglacial history of pelagic denitrification provinces
Although it is widely thought that pelagic denitrification accelerated
during the deglaciation, reports of its timing have varied** 2.
Figure 4b shows the §'°N timeseries for the four provinces where
pelagic denitrification occurs today, representing a total of 20
records. Given that ocean-biogeochemical models show little
impact of internal cycling fractionation in any of these four
provinces (Fig. 2 and Supplementary Fig. S1) we assume, like most
prior workers, that the strong local signal of pelagic denitrification
was a major component of past variability therein. The §"°N of
the eastern Pacific provinces began increasing at ~18 kyr (refs 27—
29), during Heinrich Stadial 1 (HS1), preceding the §"°N rise of
the Arabian Sea at ~14.5kyr (ref. 26). Subsequently, the Pacific
Ocean and Indian Ocean provinces were antiphased, such that the
mean 8N of the four pelagic denitrification provinces reached a
peak near 15kyr and remained there (Fig. 4c, see Supplementary
Information for further discussion).

The early deglacial response in pelagic denitrification provinces
of the Pacific predated the sharp expansion of hypoxic waters within
the upper ~2 km of the northern Indo-Pacific at ~14.5 kyr, the start
of the Bolling—Allerad™, but coincided with trace metal indications
of decreasing oxygen at intermediate depths of the Southeast
Pacific® and eastern tropical North Pacific’’. This contrast seems
to reflect a decoupling between the oxygenation of the eastern
Pacific shadow zones and the northern Pacific thermocline. We
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Figure 2 | The §™°N of bulk sedimentary organic matter as observed and simulated. a, Observed seafloor 8"°N. b, Simulated 5"°N from an
ocean-biogeochemistry model, with a diagenetic correction of 0.75%0 km~". ¢, Simulated "N, including only ‘internal-cycling’ fractionation (shading) and
modelled surface nitrate concentrations (contours, in pmol I=1). See Supplementary Information for an alternative simulation. d as in ¢, but for only
‘inventory-altering’ fractionation (shading), with integrated pelagic denitrification rates (solid contours, 30 and 800 mmol Nm~2 yr~") and N; fixation

rates (dashed contours, 30 mmol Nm=2 yr=1).
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Figure 3 | Deglacial 6">N records and export flux at 100 m. Coloured
shading shows export production in mmol C m=2d~", according to the
algorithm of ref. 48, while black circles show the locations of sediment
records that have sufficient temporal resolution to be included in the
deglacial analysis.

note that although the Atlantic Meridional Overturning-related
mechanism of ref. 32 predicts the observed increases of hypoxic
volume®, atmospheric N,O and Arabian Sea §"°N during the
Bolling—Allered®>*?, it fails to predict the increase of pelagic
denitrification in the Pacific during HS1. Thus, at least one
additional mechanism must have fueled eastern Pacific suboxia at
this time, such as ventilation of the suboxic zones, local winds®, or
changes in nutrient supply™.

The deglacial history of ocean mean §"N
The §"* N peqn is strongly controlled by the balance of pelagic:benthic
denitrification'"*. This property makes §'°Ny,.., a very useful

quantity to track over time. The globally distributed §'*N-province
records allow us to estimate the average §"°N of organic matter
sinking out of the upper ocean (8> Ngopal_export). We do this by
weighting the §°N-province records by a satellite-derived estimate
of export production within each province, to achieve a flux-
weighted estimate (Supplementary Information). If the ocean were
perfectly mixed in terms of nitrogen isotopes, 8'*Ngigpal_expore Would
be equal to §"Nyen. However, because of the heterogeneous
distribution of nitrogen isotopes in the ocean, 815Nglobaliexpon would
be expected to deviate from §'°Ny.,, to some degree. To explore
the difference between 8" Ngjobal export ad 8" Nypean, we used a
simple two-box model of the ocean to produce a Monte Carlo
estimate including a broad range of variations in denitrification, N,
fixation, terrigenous N supply and nitrate utilization, and compared
this to the results of simulations with ocean-biogeochemistry
models (Supplementary Information). The results suggest that
8" Ninean = 8" Naiobal_export + 1.0 £ 0.6%0 (15.d.), with the positive
offset due mostly to partial nitrate consumption in the surface
ocean, and the export of newly fixed nitrogen with low §"°N. This
offset is likely to vary over time to some degree, and deserves
further study in the future, but it seems unlikely to have varied
beyond our 1 s.d. bounds over the deglaciation. Finally, we vary the
relative export flux accounted for by each of the §"*N provinces by
£20%, to reflect uncertain variations in export production that may
have arisen from changes in nutrient supply and iron fertilization
(Supplementary Information).

Figure 4e shows the resulting deglacial history of §'° N ., within
a window of uncertainty calculated by the Monte Carlo assessment.
Remarkably, despite the apparent acceleration of pelagic denitri-
fication, the 8Ny, during the Last Glacial Maximum (LGM,
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Figure 4 | Deglacial changes in denitrification and §"Nmean-

a, Multi-proxy global temperature reconstruction®®. b, Average §"°N in
modern pelagic denitrification regions: Eastern Tropical South Pacific
(ETSP), Eastern Tropical North Pacific (ETNP) and the Arabian Sea
(western, solid; eastern, dashed). ¢, Average of the four curves in b (solid)
and standard deviation of all tropical provinces (dashed). d, Global benthic
denitrification rate estimate, with representative error window. e, 8" Nmean
with shaded areas bracketing the cumulative error estimate (1and 2
s.e.m.). The grey time intervals indicate Heinrich Stadial 1 (HS1), Last
Glacial Maximum (LGM), Balling-Allerad (BA) and Early Holocene (EH).

23-19kyr, 5.3 +£0.5%0) is statistically indistinguishable from that
of the early Holocene (10-5kyr, 5.4 £ 0.5%o0). This result supports
the suggestions of refs 11,36, based on a much smaller number
of records, that the glacial-interglacial change of §"°Nyen Was
small. The lack of change in 8" Ngobal_export 15 due to the fact
that most provinces do not show a net deglacial change, while
the pronounced increase of 8N in the relatively small pelagic
denitrification provinces is counterbalanced by decreasing §'°N in
the Southern Ocean (Supplementary Information).

The lack of change in §'*Nye,, should, according to the current
understanding and assuming no change in fractionation factors,
reflect approximately equal pelagic:benthic global denitrification
rates (Fig. 1, ref. 11). Thus, it seems that benthic and pelagic
denitrification increased in approximately the same proportion
between the LGM and early Holocene. This may be a coincidence,
as pelagic denitrification is most sensitive to the rate of remineral-
ization in the most poorly ventilated pockets of the ocean, whereas
benthic denitrification is most sensitive to the flux of organic

matter to sediments, much of which occurs on continental shelves® .
Although we cannot directly estimate the pelagic denitrification
rates from the isotopic data, we can use a process-based algorithm
to estimate how the deglacial sea-level rise'” altered the global rate
of benthic denitrification, and thereby provide an indirect quantifi-
cation of the pelagic denitrification rate through the constraint that
it increased proportionally.

Glacial-interglacial changes in global denitrification rates

A recent study’’ used the widely applied parameterization of ref. 38
to calculate benthic denitrification as a global, two-dimensional
field, from satellite-derived export production and water depth.
Given that the deglacial history of eustatic sea level is reasonably well
known*, we recalculate benthic denitrification using four different
algorithms and the transient sea-level history over the past 30 kyr
(Supplementary Information). The results indicate that benthic
denitrification changed very little between 30 and 15 kyr, and then
increased by ~30-120% between 15 and 8kyr to modern rates
(Fig. 4d). The relatively late acceleration of benthic denitrification
is due to the large fraction of continental shelves at depths <80 m
below modern sea level. We caution that this estimate arises
from the benthic denitrification parameterizations, and assumes
that the total export flux of organic carbon during the LGM did
not significantly exceed the present flux, consistent with other
studies’®*!; the estimate should be updated in the future as further
information becomes available.

Our isotopic constraint therefore implies that pelagic denitrifi-
cation increased by an amount similar to the ~30-120% increase of
benthic denitrification. Given the modern residence time for Ny;, of
~3 kyr (ref. 1) and the apparent stability of the glacial and Holocene
intervals, the N cycle must have been close to balanced throughout
each interval'"*?, Thus, it follows that N, fixation also increased by
~30-120% between the LGM and mid-Holocene, qualitatively in
accord with individual §'°N records from hotspots of N, fixation'®.
Low glacial rates of N, fixation, relative to today, could have arisen
from the reduced ecological competitiveness of diazotrophs, given a
relatively high-N:P surface ocean*’ and/or low pco, (ref. 44), despite
the greater dust-borne supply of iron.

Although the nitrogen cycle seems to have approached steady
state during the LGM and Holocene, a significant change in
the inventory of Ny, may have occurred during the deglacial
transient. While the loss of Ny, was accelerating, the welfare
of diazotrophs was being driven in opposite directions by the
boon of rising pco, (ref. 44) and the harsher iron limitation
caused by dwindling of the glacial dust supply**. The §"*Ncan
shows a small maximum during the late deglaciation, as expected
from a lag of benthic denitrification and N, fixation'® relative
to pelagic denitrification, which may have caused a decrease
of the N inventory as discussed in detail in ref. 11 (Fig. 4e).
We note that our steady-state approximation of §"°Ny,, from
8" Ngiobal_expore is less appropriate during the deglacial transient
and it is therefore possible that §'°Np... changed by more
than implied by Fig. 4e.

In summary, this analysijs has confirmed that the §"”N of
seafloor sediment provides a robust record of past changes in the
nitrogen cycle, and has constrained how the inventory fluxes of
Npio increased in response to deglacial climate warming. There
is a clear need to improve the spatial coverage of §"°N records,
given the importance of a global dataset for constraining past
changes, and to measure mineral-bound, compound-specific or
other N pools wherever bulk §"°N is problematic'®. In particular,
the Southern Ocean and North Atlantic, which together account
for 30% of the global export, are under-represented. Meanwhile,
stronger constraints on the isotopic effects, better process models
of benthic denitrification, and independent measures of deep ocean
8N and export production fluxes will reduce the quantitative
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uncertainties. Finally, extending the global record of nitrogen
isotopes further back in time will help to constrain the relationships

between climate and the nitrogen cycle under a broader range of

environmental conditions.

Methods

The NICOPP database is available at http://www.ncdc.noaa.gov/paleo/pubs/
nicopp/nicopp.html.
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