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Increasing subtropical North Pacific Ocean nitrogen
fixation since the Little Ice Age
Owen A. Sherwood1{, Thomas P. Guilderson1,2,3, Fabian C. Batista1, John T. Schiff1 & Matthew D. McCarthy1

The North Pacific subtropical gyre (NPSG) plays a major part in the
export of carbon and other nutrients to the deep ocean1. Primary
production in the NPSG has increased in recent decades despite a
reduction in nutrient supply to surface waters2,3. It is thought that
this apparent paradox can be explained by a shift in plankton com-
munity structure from mostly eukaryotes to mostly nitrogen-fixing
prokaryotes2–4. It remains uncertain, however, whether the plankton
community domain shift can be linked to cyclical climate variability
or a long-term global warming trend5. Here we analyse records of
bulk and amino-acid-specific 15N/14N isotopic ratios (d15N) pre-
served in the skeletons of long-lived deep-sea proteinaceous corals
collected from the Hawaiian archipelago; these isotopic records
serve as a proxy for the source of nitrogen-supported export pro-
duction through time. We find that the recent increase in nitrogen
fixation is the continuation of a much larger, centennial-scale trend.
After a millennium of relatively minor fluctuation, d15N decreases
between 1850 and the present. The total shift in d15N of 22 per mil
over this period is comparable to the total change in global mean
sedimentary d15N across the Pleistocene–Holocene transition, but it
is happening an order of magnitude faster6. We use a steady-state
model and find that the isotopic mass balance between nitrate and
nitrogen fixation implies a 17 to 27 per cent increase in nitrogen fix-
ation over this time period. A comparison with independent records7,8

suggests that the increase in nitrogen fixation might be linked to
Northern Hemisphere climate change since the end of the Little Ice Age.

Recent satellite observations have shown that globally, the perma-
nently oligotrophic subtropical gyres are expanding at a rate of 1% to
4% per year, generally commensurate with global decreases in net primary
productivity5,9. In contrast to the global trend, primary production in
the NPSG (Fig. 1) has actually increased in recent decades, even as
surface waters have become more nutrient-limited2,3 (Extended Data
Fig. 1; Extended Data Table 1). Nitrogen (N2)-fixing prokaryotes,
which use the inexhaustible supply of dissolved N2 in surface waters,
are a key factor in this apparent paradox4. This increase in productivity
has been accompanied by a ‘domain shift’ from a dominantly eukar-
yotic to dominantly prokaryotic plankton community2. Such ecosystem
shifts, with their impact on the export of nutrients to the deep ocean10

and their sensitivity to past and future climate change, represent major
unresolved problems in ocean and global biogeochemical cycles11,12.

Oceanographic monitoring at station ALOHA (22u 459 W, 158uW;
Fig. 1) in the NPSG has suggested a new theory about the dynamic
nature of subtropical ocean gyres on seasonal to decadal timescales.
Although the NPSG was once considered static and largely unrespon-
sive to climate forcing, it is now apparent that its physical and bio-
logical oceanographic variability may be coupled to cyclical climate
phenomena such as the North Pacific Gyre Oscillation3,13. Therefore, it
is not clear whether recent observed changes in subtropical gyre areal
extent or the plankton community domain shift at station ALOHA are
the result of cyclic, or anomalous (global warming) climate forcing5. It
is thus imperative to understand these processes over longer timescales
than are currently available from the observational record. However,

traditional palaeo-archives from sediment cores cannot provide mean-
ingful longer-term context, because the entire Holocene history of the
NPSG is represented in less than 10 cm of bioturbated sediment.

Here, we use the unique geochemical time-series data encoded in the
skeletons of extraordinarily long-lived, deep-sea corals to reconstruct the
first detailed biogeochemical proxy records of the NPSG. The Hawaiian
gold coral Kulamanamana haumeaae Sinniger et al., 2013 (previously
known as Gerardia sp.), secretes a proteinaceous skeleton synthesized
from its primary food source: recently exported sinking particles14.
These growth-layered, decay-resistant skeletons therefore record the
biogeochemical signatures of exported production, in a manner ana-
logous to ‘living sediment traps’, with annual- to decadal-scale reso-
lution over millennial timescales14,15.

We have generated records of skeletal bulk d15N (d15Nbulk) from
specimens of K. haumeaae collected from three sites in the Hawaiian
archipelago (Fig. 1). These records all show that from around 1000 AD

to 1850 AD,d15Nbulk showed no long-term, secular trend (Fig. 2a). Then,
beginning around the end of the Little Ice Age (around 1850 AD),d15Nbulk
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Figure 1 | NPSG circulation and N* distribution with sample locations.
Contours show climatological mean dynamic height (in units of m2

?s22 relative
to the 1,000-dbar level) with arrows showing direction of geostrophic flow.
The anticyclonic NPSG lies approximately west of the 1.6 m2 s22 contour,
between 10uN and 40uN. The colour scale shows the distribution of N*
(N*5 N – 16P 1 2.9mmol kg21, where P is phosphorus) (ref. 30). Positive N*
indicates where the oceanic N inventory is increased by N2 fixation; negative N*
indicates where nitrogen is lost to water column denitrification. The lower
panel shows K. haumeaae sampling locations—Cross Seamount (C), Makapuu
(M) and French Frigate Shoals (F)—and the location of oceanographic station
ALOHA (A).
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began to decrease dramatically and monotonically to levels not seen at
any point over the mid- to late Holocene epoch16. The timing and mag-
nitude of the decrease in d15Nbulk is similar to recently reported records
ofd15N preserved in the bone collagen of Hawaiian petrels (Pterodroma
sandwichensis)17 (Fig. 2b), suggesting that the observed changes ind15N
are linked across multiple trophic levels. The most recent parts of these
records overlap with instrumental data, over which time the NPSG has
become increasingly nutrient-limited and more favourable to N2-fixing
diazotrophs (Extended Data Fig. 1; Extended Data Table 1).

Values of d15Nbulk can be difficult to interpret directly: bulk values
represent the effects of baseline nitrogen-source signatures combined
with subsequent alterations due to trophic transfer18. Recently, analysis
of the d15N of individual amino acids (d15Naa) has emerged as a power-
ful new tool with which to decouple and unambiguously examine these
effects independently of one other15,18–20. In heterotrophic organisms,
amino acids fall into two isotopically distinct groups18,21 (Extended Data
Fig. 2). One group, the ‘source’ amino acids (SrcAA in Table 1), remain
little changed through successive trophic levels of a food web. In con-
trast, ‘trophic’ amino acids (TrAA in Table 1) become significantly
enriched in 15N with each successive trophic transfer.

To distinguish between the effects of baseline nitrogen-source sig-
natures from subsequent trophic alterations, we measured d15Naa on a
subset of the samples spanning the bulk records. The values for individual

amino acids, as well as SrcAA and TrAA group averages, were signifi-
cantly correlated withd15Nbulk, with a slope near unity (Table 1). In con-
trast, calculated trophic position remained essentially constant, and
had no statistical relationship with d15Nbulk. This implies that most of
the variability ind15Nbulk (Fig. 2a) can be attributed to changes in source
nitrogen at the base of the foodweb. Among the SrcAA group, pheny-
lalanine (Phe) best preserves the baseline d15N values, with negligible
fractionation through trophic transfers in planktonic food webs18,21.
In the Makapuu corals (Fig. 1), d15NPhe decreased from an average of
4.1 6 0.4% (1 s.d., n 5 16) during the pre-1850 period, to a low of 2.3%
in the most recent part of the record (Fig. 2a). This latter value is directly
within the range of present-day thermocline NO3

2 (d15NNO3 5 1.5–
2.4%, n 5 4) and sinking particulate nitrogen (d15NpNsink 5 2.3–3.6%,
n 5 6) at station ALOHA22 (Fig. 3), confirming that d15NPhe in these
corals represents a close proxy for baseline d15N values (Methods).
Further, both the d15Naa patterns and the analysis of the d15N of TrAA
confirm that neither trophic position nor the microbial resynthesis of
sinking particles has significantly affected the observed trends in d15Nbulk

(Table 1, Extended Data Fig. 3).
On the multi-decadal timescale of the observed trends (Fig. 2a),

exported productivity in the NSPG is supported by two isotopically
distinct nitrogen sources: fixation of dissolved N2 (d15NNfix 5 21%),
and upward transport of NO3

2 (d15NNO3 5 6.5%)4,22,23. Assuming
that inputs of N must be balanced by exports of sinking particulate
nitrogen, the proportional contribution of each source is reflected in
d15NpNsink

4,22,23. Therefore, a well-established, two-endmember mixing
model—FNfix 5 1 – [(d15NpNsink –d15NNfix)/(d15NNO3 –d15NNfix)], where
FNfix is the fraction of N2 fixation—has been widely applied to estimate
the contribution of N2 fixation to export production at station ALOHA
(that is, about half at present)4,10,13,22,23. By substituting coral d15N as a
proxy for d15NpNsink, the long-term change in N2 fixation may be esti-
mated. Using this simple model, the change observed in the Makapuu
and Cross Seamount records (Dd15Nbulk 5Dd15NPhe 5 22%) indi-
cates a 27% increase in N2 fixation since about 1850 AD. For French
Frigate Shoals (Dd15Nbulk 5 21.3%) the same calculation indicates a
17% increase. We note that the addition or modification of nitrogen-
isotope endmembers could potentially affect this interpretation; however,
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Figure 2 | NPSG d15N proxy records and their relationship to climate
change. a, Records of K. haumeaae d15Nbulk (solid lines show the three-point
running average, analytical error ,0.15%) and d15NPhe (corresponding orange
and blue circles, analytical error ,1.0%). Abbreviations (M, C, F) as in
Fig. 1. Percentage N2-fixation based on mixing between NO3

2 and N2-fixation
shown on separate axis. b, Petrel bone collagen d15N records17. For clarity,
records are shown for Hawaii and Maui breeding populations only.
Error bars are 1 s.e.m., with sample size indicated. c, Northern Hemisphere
temperature reconstruction8 (black line with 95% confidence envelope)
and tropical Pacific sea surface temperature reconstruction7 (red line).
d, Composite dust record from Himalayan ice cores29 (green line with 95%
confidence envelope).

Table 1 | Correlation of d15Naa parameters with d15Nbulk

Parameter Slope Standard error r2 P value

SrcAA Gly 0.99 0.31 0.36 0.005
Ser 1.10 0.34 0.36 0.005
Lys 0.88 0.19 0.56 ,0.001
Tyr 0.76 0.31 0.27 0.026
Phe 1.06 0.13 0.80 ,0.001

Average SrcAA 1.00 0.13 0.78 ,0.001

TrAA Glx 0.92 0.43 0.20 0.049
Asx 0.76 0.26 0.32 0.009
Ala 0.97 0.42 0.23 0.034
Ile 1.37 0.37 0.44 0.002
Leu 0.94 0.33 0.30 0.012
Pro 0.80 0.29 0.29 0.014
Val 0.51 0.32 0.13 0.126

Average TrAA 0.88 0.23 0.46 0.001

Trophic position (average TrAA
minus average SrcAA)

-0.01 0.03 0.00 0.880

Trophic position (Glu minus
Phe method)

-0.04 0.06 0.02 0.545

SV 0.04 0.12 0.01 0.724

Boldface indicates significant correlations at the P , 0.05 level. Strong correlations are seen for
individual source amino acids (SrcAA) and trophic amino acids (TrAA), includingoverall SrcAA and TrAA
group averages. Estimates of trophic position, calculated using two different formulations, as well as
microbial resynthesis (as indicated by theSV parameter) were uncorrelated with d15NBulk (n 5 20). This
indicates that trends in d15Nbulk timeseries are driven by d15N at the base of the foodweb. Source amino
acids are glycine (Gly), serine (Ser), lysine (Lys), tyrosine (Tyr) and phenylalanine (Phe). Trophic amino
acids are glutamic acid 1 glutamine (Glx), aspartic acid 1 asparagine (Asx), alanine (Ala), isoleucine
(Ile), leucine (Leu), proline (Pro) and valine (Val). The two relative trophic position formulations were:
{[(d15Naverage TrAA – d15Naverage SrcAA) 2 3.4]/7.6} 1 1 (ref. 19) and {[(d15NGlu – d15NPhe) 2 3.4]/7.6} 1 1
(ref. 19). SV 5 1/7SAbs(d15NTrAA – d15Naverage TrAA) (ref. 19).
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none of the plausible mechanisms, such as atmospheric or land-based
sources of nitrogen or changes in eastern Pacific denitrification, can
explain the observed trends (Methods).

We offer two hypotheses for the long-term increase in N2 fixation
indicated by the K. haumeaae records. The first involves a sustained
expansion of the NPSG since the end of the Little Ice Age. This idea is
supported by current seasonal trends in the NSPG extent and N2 fix-
ation, as well as the d15Nbulk offsets between sampling locations with
respect to the distribution of the nitrogen-to-phosphorus (P) stoichi-
ometric imbalance parameter N* (where N*5 N – 16P 1 2.9mmol kg21)
(ref. 30) (Fig. 1). Currently, seasonal fluctuations in gyre areal extent
and nutrient inventories are associated with predictable changes in
both N2 fixation13,24 and the d15N of export production: at station
ALOHA, the larger summertime gyre corresponds with an approxi-
mately 1.5%decrease ind15NpNsink (refs 10, 23). Such seasonal changes
provide a model for how N2 fixation and d15NpNsink might change with
progressive gyre expansion over a longer timescale. Further, the relative
offsets in thed15Nbulk records between our three locations, as well as the
relative gradients of change observed (Fig. 2a), are also consistent with
an expanding gyre margin. Finally, longer-term expansion of NPSG
on multiple timescales has also been inferred from satellite imagery5,9,25,
models5, and direct observation records2,3 (Extended Data Fig. 1; Extended
Data Table 1). Although recent shifts could also be related to interannual
to decadal natural cycles3,5,13, a number of centennial-scale trends, inclu-
ding decreased precipitation26, increased tropical Pacific sea surface
temperature7 (Fig. 2b) and inferred shifts in the latitudinal position of
the Pacific intertropical convergence zone after the Little Ice Age27, are
all consistent with the idea of NPSG expansion.

A second hypothesis involves an increase in N2 fixation linked to the
supply of iron-bearing dust aerosols11. Hawaii is significantly affected
by bioavailable iron dust originating from Asia, which relaxes the iron
limitation for N2-fixing diazotrophs28. Millennial-length ice-core records
from Himalayan glaciers document up to fourfold increases in dust
concentrations over the past century, reflecting warming trends in
Asia29 (Fig. 2c). Such an increase might also account for the trend towards
higher rates of N2 fixation indicated by the K. haumeaae d15N records.
However, neither gyre expansion or increasing dust deposition are

mutually exclusive hypotheses, and we note that ultimately both are
the result of a common driver—the Northern Hemisphere warming
trends since the end of the Little Ice Age8.

Overall, these data provide strong evidence for a progressive, 17%–
27% increase in N2 fixation in the NPSG since the mid-nineteenth
century, unique with respect to the mid- to late Holocene and com-
parable in magnitude to the total change in global mean sedimentary
d15N across the Pleistocene–Holocene transition6. From a considera-
tion of the mechanisms that can most plausibly explain this shift, we
conclude that export productivity in the NPSG has been responding to
anomalous climate forcing over the past 150 years or so.

Given that the K. haumeaae records are a proxy for exported pro-
ductivity, these data indicate that the biogeochemical impacts of chang-
ing surface N2 fixation propagate at least into the mesopelagic ocean
on centennial timescales. This signal, in both timing and amplitude, is
propagated into multiple higher trophic levels of the marine food web
and is observed in petrel bone bulk d15N data: that is, the petrel data are
probably not reflecting declining trophic position17, but instead changes
at the base of the food web. These dramatic changes in the world’s largest
contiguous biome (NPSG) highlight the important role of nitrogen fixa-
tion in the response of marine ecosystems to long-term climate change.

METHODS SUMMARY
Colonies of Hawaiian gold coral (K. haumeaae) were collected from water depths
of approximately 450 m with the HURL/NOAA Pisces V submersible between
1997 and 2004 (ref. 14 and Extended Data Fig. 4). Air-dried colonies were sec-
tioned near the skeletal base, polished and photographed under a binocular micro-
scope. A computerized Merchantek micromill was used to mill samples, parallel to
growth banding, at increments of 0.1 mm, along radial transects from the outer
edge to the centre of each section (Extended Data Fig. 5). Each sample represents
from 1 to 20 (average 5) years of growth, depending on growth rate. Radiocarbon
dating of sample aliquots (Extended Data Table 2) was used for age modelling
(Extended Data Fig. 6).

Bulk d15N isotope ratios—defined as d15N 5 [(15N/14N)sample/(
15N/14N)standard –

1] 3 1,000—were measured using a Carlo Erba 1108 elemental analyser interfaced
to a ThermoFinningan Delta Plus XP isotope ratio mass spectrometer (IRMS).
Values are reported in per mil (%) units relative to atmospheric N2 (d15Nair 5 0%).
Reproducibility, as measured by the difference in sample replicates, averaged ,0.15%.

Amino-acid-specific d15Naa was measured on sample composites (combining 3
to 10 separate samples to obtain a total mass of 15–20 mg). Composites were
hydrolysed in 100 ml of 6 N HCl for 20 h, and spiked with a norleucine internal
standard followed by formation of trifluoroacetyl/isopropyl ester derivatives19.
These derivatives were analysed on a Thermo Trace Ultra gas chromatograph, fitted
with a SGE BPX5 capillary column (60 m 3 0.32 mm internal diameter, 1mm film
thickness), in line with the oxidation and reduction furnaces, and linked to a
ThermoFinnigan Delta Plus XP IRMS. Samples were analysed in quadruplicate.
Analytical accuracy was monitored by analysis of the norleucine internal standard
and co-derivatized amino-acid external standards for which authenticd15N values
of each amino acid were determined offline. Reproducibility for individual amino-
acid values was typically better than 1%.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Sample collection and preparation. Colonies of Hawaiian gold coral were col-
lected from water depths of approximately 450 m with the HURL/NOAA Pisces V
submersible between 1997 and 2004 (ref. 14 and Extended Data Fig. 4). Tradi-
tionally known as Gerardia sp., the Hawaiian gold coral was recently reclassified as
a newly erected genus and species, Kulumanana haumeaae31. All of the specimens
were collected alive, with the exception of specimen Ger9702 from Makapuu
which was dead when collected. Air-dried colonies were sectioned near the skeletal
base with a rock saw. Sections 10 mm thick were mounted on 50 mm 3 75 mm
glass slides with epoxy, ground and polished on diamond laps, ultrasonically cleansed
in isopropyl alcohol, and photographed under a binocular microscope. A compu-
terized Merchantek micromill was used to mill samples, parallel to growth band-
ing, at increments of 0.1 mm, along radial transects from the outer edge to the
centre of each section (Extended Data Fig. 5). Each approximately 5-mg sample
represents from 1 to 20 (average 5) years of growth, depending on growth rate.
Radiocarbon dating and age models. Radiocarbon dating was performed on 8 to
10 sample aliquots from each section of K. haumeaae. Radiocarbon measurements
were performed at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence
Livermore National Laboratory. Aliquots (1 mg) were combusted in individual quartz
tubes and reduced to graphite in the presence of iron catalyst. Results include a
background and d13C correction and are reported as Fraction modern 14C (ref. 32;
Extended Data Table 2). Radiocarbon age calibrations and age models were gene-
rated with Clam version 2.0 (ref. 33), using the Marine09 database34 with a local
reservoir (DR) correction35 of 234 6 13 years, based on a chronology of surface
water 14C from Hawaiian reef corals36. Post-bomb values were calibrated directly
to the Hawaiian surface water chronology36. Age models were fitted with a spline
function with a smoothing level of 0.6. Models were run over 1,000 iterations, from
which mean ages and 95% confidence levels were calculated (Extended Data Fig. 6).
Bulk N isotope analysis. d15N isotope ratios—defined as d15N 5 [(15N/14N)sample/
(15N/14N)standard – 1] 3 1,000—were measured on 0.7-mg aliquots of all the milled
samples using a Carlo Erba 1108 elemental analyser interfaced to a ThermoFinningan
Delta Plus XP isotope ratio mass spectrometer (IRMS). Values are reported in per
mil (%) units relative to atmospheric N2 (d15Nair 5 0%). Raw isotope values were
corrected for instrument drift and linearity effects and calibrated against the in-
house isotopic reference materials of the Stable Isotope Lab, University of California,
Santa Cruz, using standard laboratory protocols (http://es.ucsc.edu/,silab/index.php).
Reproducibility, as measured by the difference in sample replicates, averaged ,0.15%.
AA hydrolysis and derivitization. Sample composites (combining 3 to 10 sepa-
rate samples to obtain a total mass of 15–20 mg) were hydrolysed in 100 ml of 6 N
HCl for 20 h, and spiked with 6ml of norleucine internal standard (d15N 5 7.9%).
Hydrolysates were evaporated to dryness under a stream of N2 and stored in a desi-
ccator overnight, followed by formation of trifluoroacetyl/isopropyl ester derivatives19.
Amino-acid compositional analysis. Amino-acid molar composition was deter-
mined with an Agilent 7890A gas chromatograph fitted with a SGE BPX-5 column
(60 m 3 0.32 mm internal diameter, 1mm film thickness). Response factors were
determined with a dilution series of an external amino-acid standard mixture of 14
common protein amino acids. Reproducibility, as measured by the standard devi-
ation of analytical replicates, averaged ,5 mol.%. Arginine (Arg), cysteine (Cys)
and histidine (His) concentrations could not be determined owing to their break-
down during acid hydrolysis.
d15N amino-acid analysis. Measurement of the d15N of amino-acid derivatives
was performed using previously published procedures19. Derivatives were analysed
on a Thermo Trace Ultra gas chromatograph, fitted with a SGE BPX5 capillary
column (60 m 3 0.32 mm internal diameter, 1mm film thickness), in line with the
oxidation and reduction furnaces, and linked to a ThermoFinnigan Delta Plus XP
IRMS. Samples were analysed in quadruplicate. Analytical accuracy was moni-
tored by analysis of the norleucine internal standard and co-derivatized amino-
acid external standards for which authentic d15N values of each amino acid were
determined offline. Reproducibility for individual amino-acid values was typically
better than 1%. The d15N of methionine (Met) was not measured owing to insuffi-
cient concentrations.
Oceanographic data. The dynamic height and N* data in Fig. 1 use gridded data
from World Ocean Atlas 2009 (http://www.nodc.noaa.gov/OC5/WOA09/woa09
data.html). Data in Extended Data Fig. 1 and Extended Data Table 1 use ocean
station data from World Ocean Database 2009 (http://www.nodc.noaa.gov/OC5/
SELECT/dbsearch/dbsearch.html) for the region 17.5–27.5uN, 150–170uW. Data
were filtered for outliers and plotted using Ocean Data View software, version
4.3.10 (R. Schlitzer, http://odv.awi.de).
Climate records. Temperature record in Fig. 2c is from the NHHAD_EIV
Northern Hemisphere land and ocean multiple proxy temperature reconstruction
of ref. 8, smoothed with a 15-year running average. The tropical Pacific sea surface
temperature record is from the compilation of reef coral oxygen isotope records of
ref. 7, smoothed with a 15-year running average. The dust record in Fig. 2d is from

a compilation of the Dasuopo, Dunde and Guliya Himalayan ice cores29. Indivi-
dual decadal records were normalized by subtracting the mean and dividing by the
standard deviation for each record. The composite record is the average of the
three individual records, smoothed with a 20-year running average.
Deep-sea coral d15N as a proxy for sinking particulates. It has been well estab-
lished that the skeletons of K. haumeaae and other deep-sea proteinaceous corals
are biogeochemically tightly coupled to surface waters. The presence of bomb radio-
carbon (that is, post-1950) signatures in the living tissues and skeletal protein of
deep-sea corals establishes recently exported particles as their main food source37.
The incorporation of detailed bomb-radiocarbon chronologies within the skeletal
growth rings, without any significant attenuation or time-lag relative to surface
water chronologies, further establishes that euphotic zone biogeochemical signa-
tures are transmitted to deep-sea corals efficiently and rapidly14,15. The d15NPhe

signature in the Makapuu K. haumeaae specimens closely matches the d15N of
both sinking particulates and thermocline NO3

2 (Fig. 3). Data from two other
oceanographic regions, the northwest Atlantic and the denitrification-affected
eastern north Pacific, show that coral d15NPhe values closely follow the same pattern
as NO3

2 with respect to N* (Extended Data Fig. 7).
Steady state isotopic mass balance model assumptions. The isotopic mass balance
model assumes that the export flux of particulate N at station ALOHA and sur-
rounding waters of the NSPG is balanced by N2 fixation and upward flux of NO3

2

(refs 4, 10, 13, 22 and 23). There is no isotopic impact from incomplete NO3
2

assimilation, because NO3
2 in the mixed layer is exhausted to ,0.2mmol kg21

year-round (Hawaii Ocean Time-series Data Organization and Graphical System
(HOT-DOGS); see http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html).
Additional nitrogen isotopic endmembers are negligible to the nitrogen budget.
Atmospheric deposition of organic nitrogen accounts for ,2% of the particulate
nitrogen export at 150 m (refs 4, 23 and 30). Terrestrial runoff of fertilizers (values
near 22%) can depress local seawater d15N, but the similar trends at all three
locations, including French Frigate Shoals (Fig. 1), rules out any direct land-use
effect from the Hawaiian islands.

Finally, modification of Pacific midwater d15NNO3 could arise from changes in
the rates of denitrification along the eastern Pacific margin38. However, this is very
unlikely to account for the trends in d15N of Hawaiian K. haumeaae (Fig. 2) for the
following reasons. (1) Denitrification would have to decrease to account for the
observed downward trends in K. haumeaae d15N, whereas in fact denitrification
has increased in global oxygen minimum zones, including the ETNP39,40. (2) The
geostrophic circulation isolates the NPSG from a tongue of denitrification-affected
waters, of which the northern boundary lies south of the Hawaiian archipelago at
a latitude of 10uN (refs 30 and 41). (3) Oceanographic data from the Hawaiian
archipelago show that oxygen levels in the upper 500 m have remained constant or
have increased (Extended Data Fig. 1; Extended Data Table 1). This observation
is consistent with expansion of the NPSG and inconsistent with any impact of
denitrification from the eastern Pacific margin.
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Extended Data Figure 1 | World Ocean Database 2009 instrumental records
demonstrate physical and biological changes in the NPSG since 1950.
Increasing salinity and temperature is accompanied by a strong decrease in
silicate and phosphate nutrient concentrations, and an increase in N*.
These data are consistent with the previously observed shift from a dominantly

eukaryotic to dominantly prokaryotic (N2-fixation) ecosystem in the
NPSG2,3,42. Increasing rates of change with depth suggest large-scale changes in
oceanographic circulation, consistent with expansion of the NPSG. Rates of
change across separate depth bins are provided in Extended Data Table 1.
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Extended Data Figure 2 | Distribution of amino-acid concentration and
d15Naa in K. haumeaae. a, Amino-acid mole per cent composition.
b, d15Naa data, showing two main groups: relatively d15N-enriched ‘trophic’
amino acids (TrAA), and relatively lower-d15N ‘source’ amino acids (SrcAA).
These patterns are very close to those of heterotrophic fresh biomass18,19,21.
Together with low SV values (Table 1), this supports the use of d15NPhe as a
proxy for the d15N of exported production, and indicates that d15N values have
not undergone any significant diagenetic alteration. Extremely low values of
threonine (Thr) are consistent with previous observations43,44, and this amino
acid is now understood to be neither a trophic nor source amino acid45.
Mean d15Nbulk is shown for context. Error bars represent 1 s.d. (n 5 20).
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Extended Data Figure 3 | Timeseries of d15Naa parameters in comparison to
d15Nbulk from two K. haumeaae specimens from Makapuu. Closed symbols,

specimen Ger9701; open symbols, specimen Ger9702. Trophic position and
SV parameters are defined in Table 1.
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Extended Data Figure 4 | Example K. haumeaae colony photographed
in situ. Photo credit: NOAA Hawaiian Undersea Research Laboratory, DSRV
Pisces Pilots & Engineers, 2004.
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Extended Data Figure 5 | Example K. haumeaae skeletal cross-section.
Specimen Ger9701 from Makapuu. Red lines indicate micromill transect.
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Extended Data Figure 6 | Radiocarbon age models. Blue-shaded areas
represent conventional 14C calibrated age distributions. Green-shaded areas are
post-bomb (post-1950) age distributions. Black curves and grey-shaded regions
represent spline fits with 95% confidence intervals, respectively. The average

age model error is 45 years. Outliers (indicated in red) were excluded from age
models owing to age reversals. The shape of the curves reflects variable growth
rates in the four coral samples illustrated.
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Extended Data Figure 7 | Relationship between d15N and N* across
different oceanographic regions. The d15NNO3 is driven by isotopic
fractionation processes of denitrification, nitrate uptake and remineralization
of diazotrophic organic nitrogen (ETNP, Eastern Tropical North Pacific;
ETSP, Eastern Tropical South Pacific; redrawn from ref. 46). Existing deep-sea
coral d15NPhe data (red points) closely follow the same overall pattern.
Data points are: (1) Hawaii K. haumeaae (2 specimens, 20 measurements;

this paper); (2) Northwest Atlantic Primnoa resedaeformis (2 specimens,
8 measurements15); (3) Monterey Bay Isidella sp. (1 specimen,
10 measurements47); Error bars show the total range of measurements.
Corresponding values of N* are obtained from the nearest surface water grid
point of the World Ocean Atlas 2009 (http://www.nodc.noaa.gov/OC5/
WOA09/woa09data.html).
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Extended Data Table 1 | World Ocean Database 2009 physical and chemical parameters

Changes in the parameters in the NPSG are shown from 1950 to 2010, across multiple depth bins. Boldface P values indicate statistically significant trends at the P , 0.05 level. Sigma-h is the density of sea water
at a reference level of 0 dbar (that is, at a depth of 0 m). NA, not available.
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Extended Data Table 2 | K. haumeaae radiocarbon data

Note that specimen Ger9702 was collected dead; the other three specimens were collected alive. CAMS, Center for Accelerator Mass Spectrometry.
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