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Abstract Nitrogen isotopic ratios of nitrate (d15N–NO2
3 ) were analyzed above 1000 m water depth along

178S in the subtropical South Pacific during the revisit WOCE P21 cruise in 2009. The d15N–NO2
3 and N* val-

ues were as high as 17& and as low as 218 lmol N L21, respectively, at depths around 250 m east of
1158W, but were as low as 5& and as high as 11 lmol N L21, respectively, in subsurface waters west of
1708W. The relationships among NO2

3 concentrations, N* values, d15N–NO2
3 values, and oxygen and nitrite

concentrations suggest that a few samples east of 908W were from suboxic and nitrite-accumulated condi-
tions and were possibly affected by in situ water column denitrification. Most of the high-d15N–NO2

3 and
negative-N* waters were probably generated by mixing between Subantarctic Mode Water from the South-
ern Ocean and Oxygen Deficit Zone Water from the eastern tropical South Pacific, with remineralization of
organic matter occurring during transportation. Moreover, the relationship between d15N–NO2

3 and N* val-
ues, as well as Trichodesmium abundances and size-specific nitrogen fixation rates at the surface, suggest
that the low-d15N–NO2

3 and positive-N* subsurface waters between 1608E and 1708W were generated by
the input of remineralized particles created by in situ nitrogen fixation, mainly by Trichodesmium spp. There-
fore, the d15N values of sediments in this region are expected to reveal past changes in nitrogen fixation or
denitrification rates in the subtropical South Pacific.

1. Introduction

The nitrogen (N) cycle in the subtropical South Pacific exhibits distinct east-west differences. Deutsch et al.
[2001] reported a N deficit compared with phosphorus (P) in the east and a N excess in the west, based on
nutrient data collected during the World Ocean Circulation Experiment (WOCE P21) cruise along 178S in
1994. They used a quasi-conservative tracer, N*, defined as N* 5 (NO2

3 2 16PO32
4 1 2.9) 3 0.87 [Gruber and

Sarmiento, 1997]. Although biogeochemical cycling in Redfield proportions [Redfield et al., 1963] does not
generate N* anomalies, external N inputs (N fixation and atmospheric N deposition) and N outputs (denitrifi-
cation) with non-Redfield elemental cycling can generate N* anomalies. Furthermore, N fixation commonly
occurs in oligotrophic regions, when N fixers take up dinitrogen (N2) gas instead of nitrogenous nutrients.
When this occurs, N* increases due to the addition of N in the absence of a commensurate addition of P.
Similarly, atmospheric N deposition out of Redfield proportions can alter N*. In contrast, denitrification
occurs in low-oxygen waters because NO2

3 is used instead of oxygen in bacterial respiration. This denitrifica-
tion decreases N* because NO2

3 is consumed in the absence of a commensurate loss of P. N* can therefore
be used to trace water masses affected by N fixation/deposition and denitrification. However, the N* field
may also be affected by mixing of waters with nonzero N* values or by non-Redfield assimilation and remi-
neralization [e.g., Clark et al., 1998; Yoshikawa et al., 2013; Martiny et al., 2013]. Therefore, complementary
tracers are necessary to elucidate the N cycle precisely.

Nitrogen isotopic ratios of nitrate (d15N–NO2
3 ) are also widely used as a tracer of external N inputs and out-

puts. N fixation produces fixed N with a d15N value of �0&, as N fixers take up N2 gas (d15N 5 0&) with lit-
tle isotopic effect [e.g., Minagawa and Wada, 1986]. This fixed N with low d15N values (�0&) is eventually
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converted into low d15N–NO2
3 through remineralization. The d15N values of atmospheric NO2

3 (246.9& to
114.1&) are lower than those of marine NO2

3 (deep water d15N–NO2
3 5 approx. 15&, reported by Sigman

et al. [2009]) [e.g., Elliott et al., 2009; Savarino et al., 2007]. Atmospheric N inputs and river discharge there-
fore decrease the d15N–NO2

3 values of ambient NO2
3 . When denitrification occurs in the water column,

d15N–NO2
3 values increase due to a strong isotopic effect of 110 to 130& [e.g., Barford et al., 1999; Granger

et al., 2008; De Pol-Holz et al., 2009; Kritee et al., 2012].

Rafter et al. [2012] measured d15N–NO2
3 and N* values in the tropical Pacific. They discussed the transforma-

tion of these tracer signals during transportation from the eastern subarctic South Pacific to the tropical
Pacific, using their data together with previously reported data obtained for the South Pacific [De Pol-Holz
et al., 2009; Liu, 1979; Sigman et al., 2000]. Although the subtropical South Pacific is located in the direct
path of this transportation, the d15N–NO2

3 values in this region have only been measured once, along a
north-south transect in the South Pacific region [Rafter et al., 2013].

To ascertain how the eastern N deficit and western N excess in the subtropical South Pacific is generated
and how the d15N–NO2

3 and N* signals in the South Pacific are propagated, we analyzed d15N–NO2
3 and N*

values during the revisit WOCE P21 cruise in 2009.

2. Materials and Methods

Water sampling and conductivity, temperature, and depth (CTD) observations were conducted along 178S
during cruise MR09-01 of the R/V Mirai, Japan Agency for Marine-Earth Science and Technology (JAMSTEC),
during April–June 2009. Water samples for NO2

3 isotopic analysis were collected from 20 profiles, ranging
from water depths of 0–1000 m, using rosette-mounted Niskin bottles (Figure 1a). They were filtered imme-
diately after sampling. These samples were then preserved at 2208C until chemical analysis. Water samples
for N fixation rates and Trichodesmium abundance were collected from the surface with a bucket at stations
every 2–58. Additionally, water samples for Trichodesmium abundance were collected from 4.5 m depth by
using the underway water supply for research at stations every �28. Samples for N fixation rates were
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Figure 1. Map of the subtropical South Pacific showing (a) locations of hydrocast stations during the MR09-01 cruise, and (b) horizontal distributions of potential density (kg m23) with
water mass names: Surface water, Subtropical Mode Water (STMW), Subantarctic Mode Water (SAMW), Oxygen Deficit Zone Water (ODZW), Transition Zone Water (TZW), Antarctic Inter-
mediate Water (AAIW), and Pacific Deep Water (PDW).

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005678

YOSHIKAWA ET AL. d15N AND N* IN THE SUBTROPICAL S. PACIFIC 1440



injected with 15N2 gas and incubated in an on-deck incubator, although the N fixation rates in this method
could be underestimated compared with those estimated by the N2 dissolution method [Mohr et al., 2010;
Großkopf et al., 2012]. Samples collected for measuring Trichodesmium abundance were fixed with acidified
Lugol’s solution and enumerated by the Uterm€ohl method using an inverted microscope. The N fixation
rates and Trichodesmium abundances are both from the data set published by Shiozaki et al. [2014]. The
sampling, analyses, and calculations for N fixation rates and Trichodesmium abundances are described in
detail in Shiozaki et al. [2014]. The data and analytical procedures for water temperature, salinity, dissolved
oxygen, and nutrient concentrations are available from the Mirai database (http://www.godac.jamstec.go.
jp/cruisedata/mirai/e/index.html).

The d15N values of NO2
3 (plus nitrite) in seawater samples, of which the NO2

3 concentrations are more than
1 lmol N L21, were measured using the bacterial method of Sigman et al. [2001]. Briefly, NO2

3 was con-
verted to N2O by denitrifying bacteria that lack N2O-reductase activity. The N2O produced was then ana-
lyzed using a ThermoFinnigan GasBench 1 PreCon trace gas concentration system interfaced to a
ThermoScientific Delta V Plus isotope-ratio mass spectrometer at the University of California, Davis, Stable
Isotope Facility (http://stableisotopefacility.ucdavis.edu/). The calibration standards used were USGS 32,
USGS 34, and USGS 35. The precision for these analyses was 60.2& for d15N. The presence of nitrite can
result in underestimation of the d15N–NO2

3 value when using the bacterial method [Casciotti and McIlvin,
2007]. Therefore, we show here only the d15N–NO2

3 values of samples with a nitrite concentration of less
than 0.03 lmol N L21 and a nitrite percentage of the nitrate concentration of less than 0.3%

3. Results and Discussion

3.1. d15N–NO2
3 and N* Values

Figures 2 and 3 show the vertical and longitudinal distributions, respectively, of NO2
3 concentrations, d15N–

NO2
3 values, and N* values in the subtropical South Pacific. The NO2

3 concentrations exhibit distinct east-
west differences (Figures 2a and 3a); concentrations are higher in the eastern area compared with the west-
ern area due to the coastal upwelling off Peru. d15N–NO2

3 values are expected to increase toward the sur-
face, in conjunction with NO2

3 depletion, due to the preferential uptake of 14N–NO2
3 by phytoplankton [e.g.,

Miyake and Wada, 1971]. In addition, if nutrient uptake by phytoplankton and remineralization occur within
Redfield proportions, and if external N inputs/output do not occur, then N* values should be �0 lmol N
L21 [e.g., Gruber and Sarmiento, 1997]. However, in the subsurface waters of the eastern area, the d15N–NO2

3

values are as high as 17& (Figure 2c) and the N* values are as low as 218 lmol N L21 (Figure 2b). In con-
trast, the d15N–NO2

3 values decrease and the N* values increase toward the surface in the western area (Fig-
ures 2b, 2c, 3b, and 3c).

Figure 2. Vertical distributions of (a) NO2
3 concentrations (lmol N L21), (b) N* values (lmol N L21), and (c) d15N–NO2

3 values (&) in the subtropical South Pacific.
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3.2. Physical Features
The samples were separated into five water types according to the density-based classification used by
Rafter et al. [2012] (Figure 1b). By increasing depth, they are: Surface water (potential density (rh)< 25.0),
Subtropical Mode Water (STMW; rh 5 25.0–26.5), Subantarctic Mode Water (SAMW; rh 5 26.5–27.1), Antarc-
tic Intermediate Water (AAIW; rh 5 27.1–27.3), and Pacific Deep Water (PDW; rh> 27.3). In addition to this,
SAMW east of 908W was characterized as Oxygen Deficit Zone Water (ODZW), in which water column deni-
trification is known to occur [De Pol-Holz et al., 2009]. SAMW between 1158 and 908W was characterized as
Transition Zone Water (TZW), which forms from mixing between SAMW and ODZW [Johnson and McTag-
gart, 2010]. The studied stations were categorized into three areas: eastern, central, and western (Figure 1a).
Stations to the east of 1158W, which encompassed areas of ODZW and the TZW, were categorized as east-
ern stations (stations 33–96). Stations to the west of 1808E, along the Australian coast and within archipela-
gic deep basin provinces, were categorized as western stations (stations 229–285). The remaining stations
between 1158W and 1808E were categorized as central stations (stations 104–209). Table 1 presents the
averaged values of physical and biogeochemical parameters for each water mass.

Figure 3. Longitudinal distributions of (a) nitrate concentrations (lmol N L21), (b) N* values (lmol N L21), and (c) d15N–NO2
3 values (&)

along 178S. Black dots indicate sampling points. White lines represent isopycnal surfaces. The surface cutoff in c is due to an insufficient
concentration of nitrate or the presence of nitrite.
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3.3. Nitrogenous Nutrient Inputs and Losses
To understand how the distinctive d15N–NO2

3 and N* signals in the subtropical South Pacific are generated,
Figure 4 exhibits the longitudinal distributions of surface size-specific N fixation rates and surface Trichodes-
mium abundances modified from Shiozaki et al. [2014], as well as oxygen and nitrite concentrations.

In subsurface waters of the eastern area, the N* values were negative (26.0 6 4.9 lmol N L21 in E-STMW,
27.0 6 4.5 lmol N L21 in ODZW and 25.0 6 3.5 lmol N L21 in TZW) and the d15N–NO2

3 values were high
(10.5 6 3.4& in E-STMW, 9.7 6 3.2& in ODZW and 8.8 6 1.7& in TZW) compared with the surrounding
waters (see Table 1 and Figures 3b and 3c). The negative N* and high d15N–NO2

3 values were associated
with low-oxygen concentrations compared with the water masses in the central and western areas (Figure
4c). Moreover, the nitrite concentrations showed subsurface maxima created by surface biological produc-
tion (rh 5 25.0) and additional maxima (rh 5 26.5) below (Figure 4d). These features indicated that the sub-
surface waters of the eastern area can be affected by denitrification. Water column denitrification occurs
under oxygen concentrations of less than �15 lmol kg21 [e.g., Pierotti and Rasmussen, 1980]. Only 10 sam-
ples east of 1008W were suboxic with oxygen concentrations less than �15 lmol kg21. They were found at
depths of 200, 250, and 400 m at station 33, at 250 and 300 m at station X19, at 300 and 400 m at station
59, and at 250, 300, and 400 m at station 66. Moreover, water column denitrification creates a secondary
nitrite maximum [e.g., Naqvi et al., 2008]. Nitrite accumulated at depth around 300 m east of 908W (Figure
4d). However, only 1 of 10 samples was from the secondary nitrite maximum; it was sampled at a depth of
300 m at station X19, and had a nitrite value of 0.02 lM. The nitrite concentration at 300 m depth at station
33 was 0.34 lM, but the d15N–NO2

3 value cannot be shown here due to the effects of nitrite contamination
of the nitrate pool on the d15N–NO2

3 analysis. Apparently, in the other negative N* and high-d15N–NO2
3

waters, water column denitrification did not occur in situ during a period of sampling, as oxygen values
were too high. The waters must have been mixed with waters affected by denitrification occurring at other
times and locations.

In subsurface waters of the western area, the N* values were positive (10.2 6 0.4 lmol N L21 in W-STMW)
and the d15N–NO2

3 values were lower (6.3 6 0.7& in W-STMW) than the values below W-STMW (6.6 6 0.5&

in W-SAMW) (see Table 1 and Figures 3b and 3c). In the surface waters between 1608E and 1708W, N fixation
rates by N fixers, whose size exceeded 10 lm, were high, with rates up to 8 nmol N L21 d21 (Figure 4a). In
addition, the abundance of Trichodesmium was high, with concentrations up to 1164 filaments L21 (Figure
4b). In comparison, the abundance of the other microsize diazotroph, Richelia intracellularis, a symbiont of
Rhizosolenia clevei, was �1/100th that of Trichodesmium spp. [see Shiozaki et al., 2014, Figure S2a]. The areas
with high N fixation rates and high abundances of Trichodesmium at the surface were consistent with the
areas of positive N* and low d15N–NO2

3 values in the subsurface water (Figures 3b and 3c). However, the
sampling depths of active N fixation and abundant Trichodesmium spp. were different from those of the low
d15N–NO2

3 values, because we were unable to collect surface d15N–NO2
3 data due to insufficient

Table 1. Average Values of Select Parameters for Water Masses in the Subtropical South Pacific Along 178S

Water Massa

(Density Range) Nitrate (mM)
d15N of

Nitrate (&) N* (mM) Theta (8C) Salinity

Dissolved
Oxygen

(mmol/kg)
Sigma Theta

(kg/m3)

E-STMW (25.0–26.5) 13.9 (7.2)b 10.5 (3.4) 26.0 (4.9) 14.4 (2.4) 34.83 (0.28) 133.2 (71.2) 25.95 (0.33)
C-STMW (25.0–26.5) 9.8 (8.1) 6.8 (3.2) 21.5 (1.0) 16.9 (3.8) 35.31 (0.48) 172.9 (14.9) 25.67 (0.43)
W-STMW (25.0–26.5) 7.4 (2.8) 6.3 (0.7) 0.2 (0.4) 17.4 (2.2) 35.46 (0.20) 176.5 (9.7) 25.76 (0.39)
ODZW (26.0–27.1) 34.5 (6.9) 9.7 (3.2) 27.0 (4.5) 9.2 (1.8) 34.63 (0.08) 16.8 (13.4) 26.79 (0.23)
TZW (26.0–27.1) 35.4 (4.8) 8.8 (1.7) 25.0 (3.5) 8.6 (1.6) 34.57 (0.07) 36.1 (26.4) 26.85 (0.20)
C-SAMW (26.5–27.1) 28.7 (5.6) 7.9 (1.1) 21.5 (1.1) 7.8 (1.6) 34.48 (0.11) 142.9 (33.7) 26.88 (0.17)
W-SAMW (26.5–27.1) 22.3 (4.5) 6.6 (0.5) 20.2 (0.3) 8.4 (2.1) 34.60 (0.20) 193.7 (7.1) 26.88 (0.18)
E-AAIW (27.1–27.3) 42.6 (1.5) 7.5 (0.8) 22.5 (0.5) 5.6 (0.5) 34.50 (0.01) 52.4 (15.6) 27.21 (0.06)
C-AAIW (27.1–27.3) 34.9 (3.4) 7.0 (0.8) 21.3 (0.4) 5.3 (0.4) 34.44 (0.04) 137.6 (33.2) 27.20 (0.06)
W-AAIW (27.1–27.3) 30.3 (1.6) 6.0 (0.3) 20.7 (0.2) 5.2 (0.5) 34.42 (0.02) 182.1 (9.2) 27.19 (0.06)
E-PDW (>27.3) 43.0 (0.6) 6.6 (1.1) 23.1 (0.3) 4.5 (0.3) 34.52 (0.01) 60.8 (7.8) 27.36 (0.04)
C-PDW (>27.3) 36.6 (2.8) 6.6 (0.8) 21.6 (0.5) 4.2 (0.3) 34.48 (0.03) 130.2 (30.9) 27.37 (0.04)
W-PDW (>27.3)c 32.6 (1.0) 6.0 (0.3) 21.0 (0.1) 4.3 (0.3) 34.46 (0.01) 168.4 (5.4) 27.33 (0.04)

aSee Figure 1 for the names of water masses. ‘‘E,’’ ‘‘C,’’ and ‘‘W’’ are abbreviations for eastern, central, and western, respectively.
bValues in parentheses are standard deviations.
cThe PDW values are averaged for measurements above the depth of 1000 m.
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concentrations of NO2
3 or the presence of NO2

2 . These facts suggest that the input of remineralized low-
d15N particles created by N fixation and PO2

4 consumption in the absence of commensurate NO2
3 consump-

tion by N2 fixers (mainly Trichodesmium) cause low d15N values and excess N in W-STMW water east of
1608E. In the waters west of 1608E, both the abundance of Trichodesmium and the N fixation rates were
much lower than in water east of 1608E (Figures 4a and 4b). However, in the waters west of 1608E, the
d15N–NO2

3 values were low and the N* values were high throughout the water column compared with cor-
responding depths in the water east of 1608E (pink symbols in Figures 2b, 2c, 3b, and 3c). As Trichodesmium
blooms are episodic but N* and d15N–NO2

3 values become integrated over long time periods, the water
west of 1608E could be affected not only by in situ N fixation during a period of sampling but also by N fixa-
tion at other times and locations, as well as by atmospheric deposition or river discharge.

Figure 4. Longitudinal distributions of (a) size-specific surface nitrogen fixation rates (nmol N L21 d21) and (b) surface abundances of Tri-
chodesmium (filaments L21) modified from Shiozaki et al. [2014], as well as (c) oxygen concentrations (lmol kg21) and (d) nitrite concentra-
tions (lmol N L21) along 178S. Black dots indicate sampling points. White lines represent isopycnal surfaces.
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3.4. Propagation of the d15N–NO2
3 and N* Signals in the South Pacific

Rafter et al. [2012] found low d15N–NO2
3 values in the Southern Subsurface Counter Current (SSCC)

(5.5 6 0.3&). They reported that the low d15N–NO2
3 is derived from remineralized products of N fixation in

the northern Tasman Sea, Coral Sea, and/or South Pacific gyre. Because the western area of this study is
located in the Coral Sea and the northern Tasman Sea, the low d15N–NO2

3 in W-STMW (6.3 6 0.7&) must be
one origin of the low d15N–NO2

3 in the SSCC. However, the NO2
3 concentrations in W-STMW are much lower

than those in the SSCC (7.4 6 2.8 lmol N L21 in W-STMW compared with 25.7 6 8.9 lmol N L21 in the
SSCC) (Figure 5a). Moreover, although the SSCC might be affected by mixing between W-STMW with low
NO2

3 concentrations (7.4 6 2.8 lmol N L21) and deeper water with high NO2
3 concentrations (22.3 6 4.5

lmol N L21 in W-SAMW), the d15N–NO2
3 values in the western subsurface waters (6.6 6 0.5& in W-SAMW)

are much higher than those in the SSCC (5.5 6 0.3& in SSCC) (Figure 5a). Therefore, we infer that the SSCC
is affected by further addition of low d15N–NO2

3 during transportation from the western subtropical South
Pacific to the equatorial Pacific.

The ODZW and TZW are derived from SAMW in the Pacific sector of the Southern Ocean (SO SAMW), with
ODZW originating in the eastern tropical South Pacific (ETSP ODZW). Both ODZW and TZW are then trans-
ported to the equatorial Pacific (Eq. Pacific SAMW) [see Rafter et al., 2012, Figures 1b and 1c]. If denitrifica-
tion and remineralization do not affect ODZW, TZW, and Eq. Pacific SAMW, then the relationships between
NO2

3 concentrations, N* values, and d15N–NO2
3 values in the ODZW, TZW, and Eq. Pacific SAMW are

expected to lie on the mixing lines between SO SAMW and ETSP ODZW (gray lines in Figures 5c and 5d).
The relationship between the d15N–NO2

3 and N* values lies on the mixing line (Figure 5d), but that between
the d15N–NO2

3 values and NO2
3 concentrations does not (Figure 5c). ODZW, TZW, and Eq. Pacific SAMW

have much higher NO2
3 concentrations than the inferred mixture between SO SAMW and ETSP ODZW.

Rafter et al. [2012] explained that the reason for such high NO2
3 concentrations in the Eq. Pacific SAMW is

the addition of NO2
3 through remineralization of organic matter. ODZW and TZW must also be affected by

remineralization.

In addition to the mixing of water between SO SAMW and ETSP ODZW, there are two groupings of values
that show organic matter is remineralized to NO2

3 (Figures 5c and 5d); one with remineralization occurring
at N* 5 0 and d15N–NO2

3 5 6.3& (red shaded area in the figure) and one with remineralization occurring at
N* 5 0 and d15N–NO2

3 5 12.0& (blue shaded area). We assumed that the NO2
3 concentrations produced by

remineralization are between 6 and 20 lmol N L21, which are the minimum and maximum differences in
NO2

3 concentrations between the mixing line and ODZW, TZW, and Eq. Pacific SAMW. Samples of Eq. Pacific
SAMW are shown within the red shaded area in Figures 5c and 5d. Most of the samples of ODZW and TZW
are shown within the blue shaded area in Figures 5c and 5d; some samples from suboxic conditions (black
dots in Figures 5c and 5d) are shown above the shaded areas because a large isotopic fractionation occurs
during water column denitrification [e.g., Barford et al., 1999; Granger et al., 2008; De Pol-Holz et al., 2009;
Kritee et al., 2012]. Moreover, some samples obtained from around 500 m depth at stations 33, 59, and 66
are shown below the shaded areas. The surface N fixation rates and Trichodesmium abundances show small
peaks (Figures 4a and 4b). Therefore, the low d15N–NO2

3 with low N* values are possibly a result of reminer-
alization of organic matter affected by N fixation at stations 33, 59, and 66. Rafter et al. [2013] suggested
that partial nitrate assimilation in the surface of the Southern Ocean leads to the introduction of low d15N–
NO2

3 through organic matter remineralization. Therefore, the low-d15N–NO2
3 and low-N* water are possibly

a result of the remineralization of relatively low-d15N organic matter in the Southern Ocean. From these
results, we infer that the d15N–NO2

3 and N* signals of SO SAMW mix with those of ETSP ODZW, and as the
water is transported to the eastern subtropical South Pacific these signals are also influenced by remineral-
ized organic matter. The SAMW in the eastern subtropical South Pacific is further mixed and affected by
remineralization during transport to the equatorial Pacific thermocline via the South Pacific gyre circulation
and the equatorial undercurrent. Moreover, the d15N–NO2

3 and N* signals in ODZW and TZW could be
affected by both denitrification and N fixation in the subtropical South Pacific or by remineralization in the
Southern Ocean.

The relationship between NO2
3 concentrations and N* and d15N–NO2

3 values in the western deeper waters
(W-AAIW and W-PDW) resembles that of SO AAIW (Figures 5e and 5f). The eastern deeper waters have
much higher NO2

3 concentrations and d15N–NO2
3 values, and much lower N* values (42.6 6 1.5 lmol N L21,

7.5 6 0.8&, and 22.5 6 0.5 lmol N L21 in E-AAIW, respectively; 43.0 6 0.6 lmol N L21, 6.6 6 1.1&, and
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Figure 5. The relationship between NO2
3 concentrations (lmol N L21) and d15N–NO2

3 values (&), and the relationship between N* values
(lmol N L21) and d15N–NO2

3 values (&) in (a and b) western surface and subsurface waters, (c and d) eastern intermediate waters, and (e
and f) deep waters. Gray lines in Figures 5c and 5d represent mixing lines between SO SAMW and ETSP ODZW. Red and blue shaded areas
denote cases in which organic matter remineralizes with values of N* 5 0 and d15N–NO2

3 5 6.3&, and N* 5 0 and d15N–NO2
3 5 12.0&,

respectively, and the purple shaded area denotes both cases. The remineralized NO2
3 concentrations are between 6 and 20 lmol N L21.

Small and large closed symbols show observed values and averaged values of each water mass, respectively. Black dots show samples in
which oxygen concentrations are less than 15 lmol kg21. Large open symbols show averaged values observed by previous studies as fol-
lows. The Eq. Pacific SAMW and SSCC values are referenced from Rafter et al. [2012]. The SO SAMW values are from Sigman et al. [2000].
The ETSP ODZW values are from Liu [1979] and De Pol-Holz et al. [2009].
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23.1 6 0.3 lmol N L21 in E-PDW, respectively) than SO AAIW (30.0 6 4.2 lmol N L21, 5.8 6 0.3&, and
0.0 6 0.6 lmol N L21, respectively) (Figures 5e and 5f). These results indicate that E-AAIW and E-PDW are
affected by mixing with denitrified water with negative N* values and high d15N–NO2

3 values, as well as by
the remineralization of organic matter. AAIW in the equatorial Pacific has much higher NO2

3 concentrations
and d15N–NO2

3 values and much lower N* values (40.1 6 1.7 lmol N L21, 6.8 6 0.3& and 22.4 6 1.3 lmol N
L21, respectively) than does SO AAIW, and has slightly lower NO2

3 concentrations and d15N–NO2
3 values,

and slightly higher N* values than does E-AAIW (42.6 6 1.5 lmol N L21, 7.5 6 0.8& and 22.5 6 0.5 lmol N
L21, respectively). These results show that during transport from the Southern Ocean to the subtropical
South Pacific, AAIW is affected by mixing with denitrified water with negative N* and high d15N–NO2

3 val-
ues. The negative N* and high d15N–NO2

3 signals are then diluted as the water mass is transported from the
subtropical South Pacific to the equatorial Pacific.

4. Conclusion

The d15N values of NO2
3 (d15N–NO2

3 ) transfer to the d15N values of phytoplankton, settling particles, and
eventually benthic sediment, whereas the levels of N* do not transfer. The d15N value of sediments can
therefore be used to trace the past nitrogenous nutrient environment. In our study, the subsurface waters
between 1608E and 1708W were affected by N fixation, with samples showing relatively low d15N–NO2

3 val-
ues. Moreover, the subsurface waters east of 1158W were affected by denitrification, with samples showing
relatively high d15N–NO2

3 values. The d15N values of sediments in the subtropical South Pacific are therefore
expected to reveal past changes in N fixation or denitrification in the subtropical South Pacific.

De Pol-Holz et al. [2009] confirmed the transfer of enriched-d15N values generated by water column denitrifi-
cation from NO2

3 to the sediment in the eastern South Pacific. Furthermore, De Pol-Holz et al. [2007] recon-
structed changes in N removal by water column denitrification in the eastern South Pacific during the last
70,000 years. In our study, water column denitrification is recorded in the d15N–NO2

3 values of subsurface
waters in the eastern South Pacific. The N fixation activities and Trichodesmium abundances have also been
detected in and near our study area [Moutin et al., 2008]. The d15N value of the sediment is lower when
denitrification occurs at the same time and place as N fixation than that when only denitrification occurs.
Therefore, we conclude that both denitrification and N fixation are recorded in the d15N–NO2

3 value and
that the magnitude of denitrification is likely to be underestimated. The d15N–NO2

3 values reflect the out-
comes of various biogeochemical processes as well as water circulation. The reconstruction of N fixation
and denitrification separately and quantitatively using d15N values of porphyrins as molecular markers of
chlorophyll families in sediment [e.g., Kashiyama et al., 2008], as well as the measurement of d15N values of
organic N bound within diatoms [e.g., Robinson et al., 2004] and the development of a marine N isotope
model coupled with physical processes [e.g., Yoshikawa et al., 2005] are expected to provide a more precise
understanding of the past nitrogenous nutrient environment in the subtropical South Pacific.
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