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INTRODUCTION

Depending on the nitrogen source, primary produc-
tion in the sea is divided into new and regenerated
production (Dugdale & Goering 1967). The former
depends on newly available nitrogen, and the latter on
regenerated nitrogen. In the open ocean, nitrate has
been thought to be a major nitrogen source for new
production, and its upward flux to the euphotic zone
depends on stratification of the water column.
Although nitrogen (N2) fixation is defined to be
included in new production, new production is deter-
mined as nitrate assimilation in general practice, and
N2 fixation is often ignored even in subtropical and
tropical oceans because its contribution to new pro-
duction was thought to be negligible (McCarthy & Car-
penter 1983). However, recent biogeochemical stoi-

chiometric estimates and direct measurements of N2

fixation have indicated that contrary to the previous
assumption, N2 fixation does contribute significantly to
new production (Karl et al. 1997, Dore et al. 2002,
Capone et al. 2005). Karl et al. (1997) and Dore et al.
(2002) found that N2 fixation contributed half of the
new production at Stn ALOHA (22.75° N, 158° W). A
similar estimate was reported by Capone et al. (2005),
who concluded that N2 fixation by Trichodesmium cor-
responds to half or more of the upward nitrate flux in
the western subtropical and tropical North Atlantic
Ocean. 

However, despite the fact that the importance of N2

fixation in new production has been shown by these
studies, the exact contribution of N2 fixation to new
production on a global scale is still unknown. This is
primarily because of our limited geographical and sea-
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sonal understanding of the N2- and nitrate-based new
production. Although recent model studies have
shown there is large geographical variation in the
magnitude of N2 fixation (Deutsch et al. 2001, 2007,
Lee et al. 2002, Moore et al. 2004), the western sub-
tropical and tropical Pacific Ocean is one of the areas
in which direct measurements of both N2- and nitrate-
based new production have not been carried out
extensively. 

The western subtropical and tropical areas of the
North Pacific Ocean are characterized by the presence
of warm water in the upper mixed layer, which results
in stable stratification (Yan et al. 1992). Under such
conditions, the upward flux of nitrates becomes sup-
pressed. Therefore, the latitudinal distribution of
nitrate assimilation is expected to be generally uni-
form. In addition, the western North Pacific Ocean is
located near the Asian continent and receives episodic
iron supply as a result of Asian dust. The iron require-
ment for diazotrophic growth is considerably higher
than that for algal growth in the presence of fixed
nitrogen, and the diazotrophic distribution depends on
the iron supply (Falkowski 1997). Since the dust depo-
sition flux in the North Pacific varies latitudinally (Jick-
ells et al. 2005), the N2 fixation activity and its contribu-
tion to new production are also expected to vary with
latitude.

In the present study, the relative importance of N2

fixation in new production along a north–south tran-
sect in the western subtropical and tropical Pacific
Ocean is examined by directly determining the N2 fix-
ation and nitrate assimilation; in this manner, a pos-
sible latitudinal variation in the contribution of N2 fixa-
tion to new production is also examined. Although
recent studies address the significance of nitrification
processes in the concept that the assimilation and/or
upward flux of nitrate is balanced with the nitrate-
based new production (Dore & Karl 1996, Yool et al.
2007, Raimbault & Garcia 2008), the assimilation
and/or upward flux of nitrate is assumed to represent
the nitrate-based new production in most studies
(Capone et al. 2005, Kawakami & Honda 2007, Prakash
et al. 2008). The present study is based on this latter
assumption.

MATERIALS AND METHODS

Experiments were conducted on board RV ‘Mirai’ in
the western tropical, subtropical, and subarctic Pacific
Ocean along 155° E from 26 February to 23 March
2007. Routine casts were conducted for nutrients and
chlorophyll a (chl a) at almost every degree along
155° E (open circles in Fig. 1). Hydrographic data were
collected using a SeaBird SBE 911plus CTD system.

Just before sampling, the depth profiles of light inten-
sity were determined using a freefall SeaWiFS profil-
ing multichannel radiometer system (Satlantic). The
euphotic zone was defined as the upper water column
down to the depth at which the downward photosyn-
thetically active radiation (PAR) was 1% of the value
just below the surface. Experiments to determine 15N
and 13C assimilation experiments were conducted
using additional casts conducted every 4° N (closed
circles in Fig. 1), and these samples were collected in
an acid-cleaned bucket and Niskin-X bottles (General
Oceanics) from those layers having surface light inten-
sities of 100, 50, 25, 10 and 1%. The samples used for
the determination of nutrients and chl a were collected
from layers within a depth of 0 to 200 m in the case of
both routine and additional casts.

Mixed layer depth and Brunt-Väisälä frequencies.
Brunt-Väisälä frequencies were calculated from the
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vertical density profiles determined by the CTD using
the equation given by Millard et al. (1990). The mixed
layer depth (MLD) was defined as the depth at which
sigma-t increased by 0.125 from the 10 m depth (Levi-
tus 1982).

Nutrients, chl a and dust deposition flux. Immedi-
ately after sampling, the nutrient concentrations of
nitrate, nitrite, soluble reactive phosphorus (SRP) and
ammonium were determined by colorimetry using a
TRAACS-800TM (Bran+Luebbe) analyzer (Hansen &
Koroleff 1999). When the nutrient concentrations
were <0.1 μM, the concentrations of nitrate + nitrite
(N+N) and SRP were analyzed using a supersensitive
colorimetric system (detection limit, 3 nM) that con-
sisted of an Auto Analyzer II (Technicon) connected to
a liquid waveguide capillary cell (LWCC, World Preci-
sion Instruments). Detailed information on the blank
N+N and SRP and the detection limits are described
elsewhere (Hashihama et al. in press). Since a prelim-
inary examination showed that nitrites were barely
detectable in N+N depleted water, the N+N concen-
trations measured here can be considered to corre-
spond purely to the nitrate concentration; the mea-
sured concentrations were used in nitrate assimilation
experiments. The concentrations of N+N and SRP at
the surface water were also measured semi-continu-
ously by using the supersensitive colorimetric system
from the equator to 30° N (T. Kodama unpubl.), and
these were used as an indicator of the oligotrophic
ocean.

Seawater samples (0.5 l) were filtered onto 25 mm
Whatman GF/F filters for fluorometric determination
of chl a concentrations using a Turner Design 10-AU
fluorometer after extraction with N,N-dimethylform-
amide (Suzuki & Ishimaru 1990).

Atmospheric dust deposition was simulated by the
spectral radiation-transport model for aerosol species
(SPRINTARS; Takemura et al. 2000). The fluxes at
each location were averaged for 2 wk prior to our study
period (Hashihama et al. in press).

Nitrate assimilation experiments. Nitrate assimila-
tion experiments were conducted using the Michaelis-
Menten kinetics approach to correct the overestima-
tion caused by the excessive use of 15N tracer (Harrison
et al. 1996, Kanda et al. 2003) in the N+N depleted
(<0.1 μM) region (from the equator to 28° N). The
samples were poured into 3 acid-cleaned 2 l polycar-
bonate bottles, and then 15N-labeled nitrate was added
to each bottle (99.8 atom% 15N; Shoko) to adjust the
final tracer concentrations to 10, 100 or 2000 nM. At the
stations where the ambient N+N concentrations at the
surface were more than 1 μM, 15N-labeled nitrate was
added to the samples to adjust the final tracer concen-
tration to 10 nM. The samples collected (4.5 l) for esti-
mating the natural 15N abundance of particulate or-

ganic nitrogen (PON) were filtered immediately at the
beginning of the incubation. The samples for incuba-
tion were wrapped in neutral-density screens to adjust
each light level and then placed in an on-deck incuba-
tor cooled by flowing surface seawater. The incubation
was terminated within 4 h by gentle vacuum filtration
(<200 mm Hg) of the seawater samples through a pre-
combusted GF/F filter. The filters were kept frozen
(–20°C) until on-shore analyses were performed. In the
shore laboratory, the filters were dried at 50°C
overnight, exposed to HCl fumes for 2 h, and then
dried again. The concentrations of particulate organic
nitrogen and carbon were determined using a Flash
EA elemental analyzer (Thermo Electron). Isotopic
analysis was conducted using a DELTAplus XP mass
spectrometer (Thermo Electron) that was connected to
the elemental analyzer.

The nitrate assimilation rates (ρ) were calculated
using Eq. (1), which was proposed by Kanda et al.
(1985):

(1)

where Pf is the final concentration of particulate
organic nitrogen, t is the incubation time, I f is the
atom% of 15N in particulate nitrogen after incubation,
I0 is the atom% of 15N in particulate nitrogen at the
beginning of the incubation and IS is the atom% of 15N
in the substrate after the addition of the tracer.

At the stations where the kinetics experiments were
conducted, we used the Michaelis-Menten equation
(Eq. 2) to calculate the in situ nitrate assimilation rates
(ρk):

(2)

Here ρmax is the maximum assimilation rate, KS is a
half-saturation constant and S is the ambient nitrate
concentration. However, since the parameters ρmax and
KS are unknown, the concentration-dependent nitrate
assimilation rates (ρn) calculated by Eq. (1) were fitted
to Eq. (3):

(3)

where Sn is the concentration of each tracer (10, 100
and 2000 nM). Then, ρmax and KS were estimated using
the quasi-Newton method. Finally, ρk was calculated
from Eq. (2) using the estimated values of ρmax and KS.
The daily assimilation rates were approximately esti-
mated by multiplying the hourly rates by 16, the value
16 being derived from the relationship between day-
time and nighttime assimilation rates obtained from
observations for 2 yr in the Bermuda Atlantic Time
Series Study (BATS) in the subtropical North Atlantic
Ocean (Lipschultz 2001).
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Kinetics experiments were conducted at stations that
were N+N depleted, i.e. Stns 2 to 30. Since S exceeded
1 μM at a light depth of 1% at Stns 2, 6 and 10, the ρk

values were calculated using the S values of those
samples to which 100 nM of the tracer was added. A KS

value that was estimated to be negative was not used
in the calculation of ρk (1 out of 37 determinations). The
coefficient of determination of the quasi-Newton
method ranged from 0.51 to 1.00 with a mean of 0.91.
Since S values at Stns 39 and 46 were much higher
than the added amounts of the tracer, varying above
4.8 μM, it was deduced that 15N tracer was highly
diluted in incubation bottles and its assimilated
amount was too low to be detected.

N2 fixation and primary production experiments. The
rates of N2 fixation and primary production were mea-
sured by a dual isotopic technique (using 15N2 and 13C).
Two identical samples were collected in acid-cleaned
4.5 l polycarbonate bottles. 13C-labeled sodium bicar-
bonate (99 atom% 13C; Cambridge Isotope Laborato-
ries) was added to each bottle to achieve a final tracer
concentration of 200 μM before sealing it with a
thermoplastic elastomer cap. Then, using a gas-tight
syringe, 2 ml of 15N2 gas (99.8 atom% 15N; Shoko) was
added to each bottle. The initial concentration of dis-
solved N2 was calculated by using the equation given
by Weiss (1970). After these treatments, neutral-density
screens were employed to adjust each light level. The
samples were incubated in an on-deck incubator, and
the incubation was terminated after 24 h. The samples
used for experiments to determine the natural 15N
abundance of PON are identical to the ones used in the
nitrate assimilation experiments. The conditions for the
pretreatment and actual analysis were also maintained
identical to those in the nitrate assimilation experi-
ments. The rates of N2 fixation and primary production
were calculated using the equations proposed by Mon-
toya et al. (1996) and Hama et al. (1983), respectively.

ƒ-ratio. The ƒ-ratio is defined as the ratio of new pro-
duction to the total production (Eppley & Peterson
1979). Conventionally, it is calculated using the assim-
ilation of new and regenerated nitrogen or using car-
bon assimilation, under the assumption that the total
production calculated on the basis of carbon can be
converted to the total production on the basis of nitro-
gen using the Redfield ratio of 6.6 (Eq. 4, where ρ is the
assimilation rate) (Falkowski et al. 2003). Since N2 fix-
ation is generally considered to be negligible, it is not
considered in this equation (McCarthy & Carpenter
1983). However, since it has been proved that N2 fixa-
tion does significantly contribute to new production in
oligotrophic oceans (e.g. Karl et al. 1997, Capone et al.
2005), we corrected Eq. (4) by adding the magnitude of
N2 fixation to the new production and calculated ƒ+N2
using Eq. (5).

(4)

(5)

Note that we have ignored the contribution of nitrifi-
cation in Eq. (5), even though it has been pointed out by
Fernández et al. (2005) that the effect of nitrification on
the estimation of the ƒ-ratio is not actually negligible.

RESULTS

Hydrography and water column stratification

The western Pacific Ocean warm pool, which has a sea
surface temperature (SST) of >29°C (Yan et al. 1992), ex-
tends from the equator to 5° N (Fig. 2a). The western Pa-
cific subtropical gyre was distributed between a salinity
front at 15° N and a distinct thermal front associated with
Kuroshio (Fig. 2a,b). The surface salinity was highest at
24° N, which is the center of the subtropical gyre (Tom-
czak & Godfrey 1994). A transition area between the
warm pool and the subtropical gyre, where a remarkable
thermal dome was observed, is referred to as the frontal
zone in the present study (Fig. 2b). The north equatorial
current flows in this frontal zone (Tomczak & Godfrey
1994). The largest horizontal temperature gradient in the
upper ocean was observed to the north of 34° N, corre-
sponding to the Kuroshio Extension. The subarctic
boundary, which is characterized by a vertical isohaline
of 34 and cold waters (<4°C) in the upper mixed layer,
was located to the north of the Kuroshio Extension
(Favorite et al. 1976).

The MLD from the equator to 28° N roughly corre-
sponded to the depth where the Brunt-Väisälä frequen-
cies were >0.005 s–1 and tended to deepen northward
(filled triangles in Fig. 3). The MLD was less than 200 m
from 30° N to 33° N and from 41° N to 42° N. The water
column was well stratified from the equator to 24° N,
and it was relatively unstable at 28° N (Fig. 3). To the
north of 30° N, the water column was well mixed.

Nutrients, chl a and dust deposition flux

The N+N concentration showed a 2-layer distribu-
tion from the equator to the northern part of the sub-
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tropical gyre, with a nitracline present at subsurface
depths (Fig. 4a). In the Kuroshio Extension and subarc-
tic boundary, N+N was uniformly distributed in the
upper 200 m of the water column in which N+N con-
centrations increased northward. The N+N depleted

waters (concentration of 8 to 27 nM) at the surface
extended from the equator to 28° N (Table 1); this is
defined as the N+N depleted region in this study. The
N+N concentration above the nitracline at the equator
was higher than that in the northern region.
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The SRP concentrations at the surface ranged from
6 to 188 nM in the N+N depleted region (Fig. 4b &
Table 1), and according to the Redfield ratio, SRP was
generally more abundant than N+N above the nitra-
cline. Nonetheless, surface waters with lower SRP con-
centrations than neighboring waters were located at
8° N and from 16° N to 28° N. In particular, the SRP
concentration near the center of the subtropical gyre
was as low as 4 nM. To the north of 30° N, the SRP dis-
tribution was generally similar to the N+N distribution;
in other words, SRP was vertically uniform and
increased toward the north, reaching a maximum of
1.7 μM at 44° N. The NH4

+ concentration was consis-
tently low (<0.1 μM) throughout the water column to
the south of 41° N, while it tended to increase to 0.2 μM
to the north of 41° N (data not shown).

The subsurface chl a maximum (SCM) developed in
the N+N depleted region, and it generally corre-
sponded to a light depth of 1% (Fig. 4c). In the warm
pool, the SCM was observed above the thermocline at
depths of around 80 m; here, the chl a concentrations
(~0.4 μg l–1) were relatively higher than those in the
northern region. The SCM deepened from 6° N to
10° N, along with a deepening of the nitracline. The
SCM gradually became shallower from 10° N to 28° N
along with an upsloping of the nitracline, and the chl a
concentrations increased to 0.4 μg l–1 at 28° N. To the
north of 28° N, there was no SCM, and the vertical pro-
files of chl a were almost uniform above the light depth
of 1%.

During our study period, the dust deposition flux
simulated by SPRINTARS was assessed to be relatively
low in the warm pool and frontal zone, while it
icreased toward the north of the subtropical gyre
(Fig. 5).

Nitrate assimilation rate

The nitrate assimilation rate tended to be higher in
the northern stations (Fig. 6a). In the area between the
equator and 24° N, latitudinal tendency was not
observed in the nitrate assimilation, which ranged
from 0.13 to 4.55 nmol N l–1 d–1 in the euphotic zone.
The nitrate assimilation showed vertical maxima with
depths occurring at the surface and around the bottom
of the euphotic zone in the warm pool, between 25 and
10% light depths in the frontal zone and the southern
and center of the subtropical gyre, and at the surface in
the northern part of the subtropical gyre. The nitrate
assimilation positively correlated with the concentra-
tions of N+N and chl a and the primary production,
while it negatively correlated with the temperature in
the upper mixed layer (Table 2).

25

Station Latitude Temp. Salinity Chl a N+N SRP Trichodesmium ρNO3 ρN2 ρCO2

(°N) (°C) (μg l–1) (nM) (nM) (filaments l–1) (μmol N m–2 d–1) (μmol N m–2 d–1) (mmol C m–2 d–1)

2 0 29.9 34.1 0.07 24 188 2 330 42.5 23.1
6 4 29.4 33.9 0.11 12 143 0 184 38.2 16.8
10 8 28.4 34.2 0.08 10 59 3 252 12.8 25.4
14 12 27.8 34.3 0.04 15 118 1 325 45.8 18.8
18 16 27.1 34.7 0.06 8 71 5 349 91.8 18.2
22 20 26.6 34.9 0.09 8 45 4 250 31.5 18.5
26 24 23.8 35.0 0.10 8 6 0 258 152 22.8
30 28 19.9 34.9 0.29 27 17 4 1050 25.4 31.6
35 33 18.8 34.8 0.31 2220 228 0 1170 nd 35.6
39 37 14.8 34.6 0.59 4810 444 0 na ndb 35.4
46 44 3.2 33.2 0.65 20300 1690 0 nab ndb 40.6

Table 1. Depth-integrated NO3
– assimilation (ρNO3

–) (μmol N m–2 d–1), N2 fixation (ρN2) (μmol N m–2 d–1) and primary production
(ρCO2) (mmol C m–2 d–1) with environmental parameters (temperature [°C], salinity, chl a [μg l–1], N+N [nM] and SRP [nM]) and
abundance of Trichodesmium (filaments l–1) at the surface. nd = not detectable (below analytical limit of detection), na = no data 
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N2 fixation rate

N2 fixation activity was detected in the N+N
depleted region (Fig. 6b). The highest N2 fixation rate
observed at the surface of 24° N in the center of the
subtropical gyre was 1 order of magnitude higher than

that observed at the other stations. The N2 fixation
activity at 8° N was extremely low when compared
with that in the neighboring areas. A vertical maxi-
mum of the N2 fixation rate was observed at the sur-
face except in the case of the warm pool where the
maximum N2 fixation rates occurred at light depths of
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25 and 50%. The maximum N2 fixation rates ranged
between 0.24 and 3.62 nmol N l–1 d–1. No N2 fixation
activity was detected at the 1% light depth at any of
the stations. The Trichodesmium concentration at the
surface was very low, a few filaments per liter at the
most (Table 1), and the heterocystous endosymbiont
Richelia at the surface was found only at 20° N with 2
heterocysts per liter in the present study (S. Kitajima
pers. comm.). Therefore, the N2 fixation in this study
can probably be ascribed to pico- and nanoplanktonic
diazotrophs. N2 fixation has no significant correlation
with nitrate assimilation and primary production in the
upper mixed layer, which indicates that the factors
controlling N2 fixation are different from the above-
mentioned 2 parameters. This was probably because
contribution of N2 fixation to primary production from
the equator to 33° N was much lower (0 to 4.39%) than
of nitrate assimilation (6.53 to 21.7%) (Table 1). Thus,
the regional variability in N2 fixation was unlikely
reflected in that of primary production, and in chl a
compared with that of nitrate assimilation. In contrast,
N2 fixation negatively correlated with SRP (Table 2).

Primary production

The depth-integrated primary production remained
constant toward the south of 24° N, while it increased
toward the north of 24° N (Fig. 6c). This latitudinal
trend was similar to that observed in the case of nitrate
assimilation. The primary production showed a vertical
maximum to the south of 24° N, varying from 312 to
455 nmol C l–1 d–1. The maximum primary production
occurred at the surface at 9 stations, but at 50% light
depth at 2 other stations located at 4 and 18° N.

ƒ-ratio and contribution of N2 fixation to new
production

The distributions of the depth-averaged ƒ- and ƒ+N2-
ratios in the euphotic zone are shown in Fig. 7. The ƒ-

ratio was less than 0.15 from the equator to 24° N, and
it exceeded 0.2 to the north of 28° N. The mean ƒ+N2-
ratio from the equator to 28° N was 0.12, and this was
significantly higher than the mean ƒ-ratio of 0.10 (p <
0.01). Thus, although N2 fixation contributed signifi-
cantly to new production, its magnitude was, on aver-
age, small. The greatest difference between the ƒ- and
ƒ+N2

-ratios (0.04) was observed at 24° N in the center
part of the subtropical gyre, where the N2 fixation rates
were the highest.

If we assumed that nitrate assimilation is regarded as
the nitrate-based new production, the contribution of
N2 fixation to new production can be expressed as
100 × N2 fixation rate/(N2 fixation rate + nitrate assimi-
lation rate) (Fig. 8). In our study, the contribution corre-
sponded well with the distribution of N2 fixation
because nitrate assimilation showed insignificant lati-
tudinal trends, except at 28° N. In the warm pool, the
contribution of N2 fixation tended to be high at subsur-
face layers. The highest depth-averaged contribution
(37%) was observed at 24° N in the center of the sub-
tropical region.
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Temperature Salinity N+N SRP Chl a ρCO2 ρN2 ρNO3
–

Temperature 1
Salinity –0.64 1
N+N –0.79 0.25 1
SRP –0.28 –0.35– 0.74 1
Chl a –0.93 0.40 0.77 0.38 1
ρCO2 –0.59 0.29 0.42 0.15 0.62 1
ρN2 0.10 0.35 –0.33– –0.47* –0.29– –0.13 1
ρNO3

– –0.66** 0.31 0.60** 0.35 0.70** 0.82** –0.24 1

Table 2. Pearson’s correlation matrix among water properties in the upper MLD from the equator to 33° N (n = 30). *p < 0.05, 
**p < 0.001
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DISCUSSION

Aufdenkampe et al. (2002) conducted nitrate and
carbon assimilation experiments down to 0.1% light
depth in the equatorial Pacific Ocean. They reported
that the assimilation rates of both nitrate and C have a
vertical maximum above 50 m throughout their study
area, and that nitrate and C assimilation rates inte-
grated from the surface to the 0.1% light depth have
variations over a range 1.04 to 1.22 times (mean ± SD,
1.11 ± 0.03) and 1.10 to 1.42 times (1.19 ± 0.04) higher
than those to the 1.0% light depth, respectively. Our
observations that the vertical maxima of both nitrate
and C assimilation occurred above the 10% light
depths substantially support the results of Aufden-
kampe et al. (2002). One exception was noted in the
case of nitrate assimilation at the equator, where the
assimilation rate was highest at the 1% light depth.
Thus, while our integrated nitrate and C assimilation
rates can be underestimated due to the lack of esti-
mates below the 1% depths, a major portion of nitrate
and C assimilation was detected in the water column.
Regarding N2 fixation, no activity was found at the 1%
light depth in our study area, supporting the finding of
Dore et al. (2002). Thus, we believe our incubation
made in the upper 1% light level was suitable to obtain
the integrated N2 fixation.

Aufdenkampe et al. (2002) also conducted onboard
in situ intercalibration experiments of nitrate assimila-
tion in their study area. They reported that in situ
nitrate assimilation rates integrated to the 1% light
depth range from 1.13 to 1.79 times (mean ± SD, 1.37 ±
0.09) higher than those obtained by the onboard incu-
bation. The differences in estimates between in situ
and onboard incubations are probably a result of, at
least partially, inadequate simulations of light and tem-

perature conditions during the onboard incubation.
While use of neutral density filters is a routine practice,
the filters cannot create light conditions in the lower
part of the euphotic zone. Furthermore, in our study
there was a temperature difference of up to 5°C
between the surface samples and the deepest samples.
The difference probably caused a certain degree of
underestimation in our estimate, because nitrate
assimilation is sensitive to temperature (Harrison et al.
1996).

Nitrate assimilation rate in the western tropical and
subtropical North Pacific Ocean

The present study is the first to present a latitudinal
distribution of nitrate assimilation in the western trop-
ical and subtropical North Pacific Ocean. Turk et al.
(2001) reported nitrate assimilation rates under non-El
Niño, moderate El Niño and strong El Niño conditions
in the warm pool, where the magnitude of the nitrate
assimilation rate was similar under the non-El Niño
(150 ± 50 μmol N m–2 d–1) and moderate El Niño
(190 ± 100 μmol N m–2 d–1) conditions, but was consid-
erably higher under strong El Niño conditions (1160 ±
470 μmol N m–2 d–1). During our cruise, the oceanic
El Niño indices were 0.4 (February) and 0.1 (March)
(NOAA National Weather Service www.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ensoyears.
shtml, accessed 14 July 2008), indicating a non-El
Niño condition. The mean nitrate assimilation in the
warm pool (257 μmol N m–2 d–1) was comparable with
that reported by Turk et al. (2001). In the subtropical
gyre, the nitrate assimilation rates ranged between
250 and 1170 μmol N m–2 d–1 (Table1), and these were
consistent with the results reported in previous stud-
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ies on the subtropical Pacific Ocean (Table 3 in Kanda
2008).

The area of low nitrate assimilation from the equator
to 24° N corresponded to stable stratified water (Figs. 3
& 6a), suggesting that the upward flux of nitrates was
strictly limited by the strong stratification. In contrast,
the water column to the north of 28° N was relatively
unstable, and nitrate assimilation was elevated along
with a relatively high nitrate supply. Thus, nitrate
assimilation was largely controlled by upward fluxes of
nitrates. Hence, on this basis, we can conclude that
nitrate assimilation depends on the physical structure
of the water mass. The present study, together with
previous studies, shows that the nitrate assimilation
rate is generally constant horizontally in the western
tropical and subtropical North Pacific Ocean in the
absence of the El Niño Southern Oscillation (ENSO)
event and sporadic disturbance, including wind-
induced mixing (Eppley & Renger 1988) and mesoscale
eddy (McGillicuddy et al. 1998).

N2 fixation in the western North Pacific Ocean

To the north of 16° N, the N2 fixation activity at the
surface was high, and the highest activity was ob-
served in the center of the subtropical gyre (Fig. 6b).
This area with high N2 fixation had a higher dust

deposition flux than did the southern regions (Fig. 5).
Diazotrophs are known to require a considerably
larger amount of iron for their growth than do other
phytoplankton (Kustka et al. 2003). Hence, this sug-
gests that iron supply from the atmospheric dust
deposition probably influences the N2 fixation activity
in the western North Pacific Ocean. Furthermore, this
area had relatively low SRP at the surface, thereby
suggesting that phosphorus consumption may have
been enhanced by the N2 fixation (Hashihama et al.
in press).

Owing to the high iron input, N2 fixation is
expected to be higher in the western North Pacific
Ocean located near the Asian dust source than in the
eastern area (Falkowski 1997, Jickells et al. 2005).
However, the mean depth-integrated N2 fixation
(60.1 μmol N m–2 d–1) in the subtropical gyre was sim-
ilar to that reported at Stn ALOHA (Dore et al. 2002,
Montoya et al. 2004, Grabowski et al. 2008), and is
considerably lower than that reported in the eastern
North Pacific Ocean (Montoya et al. 2004) (Table 3).
While the abundance of Trichodesmium is known to
be low in the western subtropical North Pacific
Ocean (Asaoka & Marumo 1987), microplanktonic
diazotrophic blooms were frequently reported in the
eastern ocean by satellite and shipboard observations
(Dore et al. 2008 and references, therein). By per-
forming stoichiometric analysis, Dore et al. (2008)
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Region Dates N2 fixation Reference
(μmol N m–2 d–1)

North Pacific
Western North Pacific
Warm pool (0–5° N, 155° E) Feb–Mar 2007 40.4 This study
Frontal zone (5–15° N, 155° E) Feb–Mar 2007 29.3 This study
Subtropical gyre (15–34° N, 155° E) Feb–Mar 2007 60.1 This study
Central part of subtropical gyre (24° N, 155° E) Feb–Mar 2007 152 This study

Eastern North Pacific
Stn ALOHA (22.75° N, 158° W) Jul 2000–Jun 2001 40 (Nov)–115 (Jul)a Dore et al. (2002)

2000–2001 66b Montoya et al. (2004)
Apr 2004–Mar 2005 20.2 (Nov)–109 (Mar) Grabowski et al. (2008)

Eastern North Pacific gyre (30° Nc, 125–160° W) Jun–Jul 2002 520b Montoya et al. (2004)
Eastern temperate oligotrophic region (34° N, 129° W) Oct 2001 15 Needoba et al. (2007)

South Pacific
Southwest Pacific near New Caledonia (21° S, 167° E) Apr 2002–Oct 2005 151 (Apr)–703 (Feb) Garcia et al. (2007)

Central and eastern South Pacific
Marquesas archipelago (8° Sc, 141–134° W) Oct–Nov 2004 110 Raimbault & Garcia (2008)
High nutrient low chlorophyll area (9° Sc, 133–123° W) Oct–Nov 2004 70 Raimbault & Garcia (2008)
South Pacific gyre (26° Sc, 123–101° W) Oct–Nov 2004 60 Raimbault & Garcia (2008)
Eastern border of the gyre (32° Sc, 100–81° W) Oct–Nov 2004 30 Raimbault & Garcia (2008)
Chilean upwelling (34° Sc, 80–72° W) Oc.–Nov 2004 90 Raimbault & Garcia (2008)
aApproximate values read from their Fig. 4B 
b<10 μm fraction 
cCentral location of transects

Table 3. Comparison of published N2 fixation rates using the 15N2 method in the Pacific Ocean
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suggested that at Stn ALOHA, the iron concentration
is sufficiently high compared with the phosphate con-
centration, and a phosphate concentration of 6 to
89 nM in the upper 60 m is required for diazotrophic
blooms. In the present study, the SRP was less than
6 nM in the center of the subtropical gyre, but it was
very high in the other regions. Hence, N2 fixation,
except in the center of the subtropical gyre, was not
affected by the presence of phosphate during our
cruise. Since dust deposition is episodic, iron concen-
tration near the Hawaiian Islands is known to be
occasionally higher than that in the western North
Pacific Ocean owing to fluvial and atmospheric inputs
(Brown et al. 2005). Therefore, this episodic iron
input can induce diazotrophic blooms. In the western
North Pacific Ocean, in the absence of the island
effect, the dominant source of iron in the surface is
atmospheric dust (Jickells et al. 2005). Asian dust is
known to show seasonal and areal variations (e.g.
Tsunogai et al. 1985). Therefore, depending on the
atmospheric dust inputs, the N2-based new produc-
tion in the western North Pacific Ocean probably
varies with time and space.

Contribution of N2 fixation to new production

The mean contribution of N2 fixation to new pro-
duction reported in the subtropical gyre (18%) was
lower than that reported at Stn ALOHA (32 to 69%)
by Karl et al. (1997) and Dore et al. (2002); however,
the mean N2 fixation rates were similar in both the
cases (Dore et al. 2002, Montoya et al. 2004). Even
the highest observed contribution of 37% at 24° N
had a lower range of reported values. Dore et al.
(2002) compared the N2 fixation rates determined by
15N2 incubation experiments with the sediment trap-
derived values estimated from the nitrogen isotope
composition of sinking particles, and found that the
rates could account for only 18 to 55% (mean of 30%)
of the trap-derived N2 fixation rates. They ascribed
this difference to the undersampling of microplank-
tonic diazotrophs by bottle incubations. Bottle incuba-
tions can only provide a more instantaneous perspec-
tive of the marine ecosystem than sediment-trap
experiments, and thus, they may not reveal many
details of the episodic bloom phenomena of micro-
planktonic diazotrophs. However, in the present
study, we assumed that microplanktonic diazotrophs
had only a minor effect on the N2 fixation rates
because we observed very few microplanktonic dia-
zotrophs and performed our comparisons approxi-
mately on the same time scale.

Although we assume that nitrate assimilation is
equal to nitrate-based new production, it must be

noted that the former is influenced by nitrification
(Dore & Karl 1996, Yool et al. 2007, Raimbault & Garcia
2008). Dore & Karl (1996) and Raimbault & Garcia
(2008) reported that the nitrification rate ranges be-
tween 47 and 147% (Stn ALOHA), and 80 and 100% of
the nitrate assimilation rate (the oligotrophic South
Pacific gyre), respectively. Yool et al. (2007) synthe-
sized previously published nitrification rates in the
euphotic zone and constructed a global biogeochemi-
cal model. They estimated that approximately half the
amount of nitrate consumed by phytoplankton is gen-
erated by nitrification on a global scale, and that the
contribution of nitrification to nitrate assimilation is
more than 70% in the oligotrophic ocean. Therefore,
the contribution of N2 fixation to new production in the
present study is probably a conservative estimate,
because in the presence of nitrification, a portion of the
assimilated nitrate represents regenerated production.
In contrast, our estimates of the ƒ+N2-ratio were lower
than those shown in Fig. 7, if we assume that a part of
nitrate was produced by nitrification.

CONCLUSIONS

The present study has demonstrated that the contri-
bution of N2 fixation to new production varies signifi-
cantly with time and space since N2 fixation is more
latitudinally variable than nitrate assimilation. Nitrate
assimilation is fairly constant when the water column is
well stratified; however, climatological events, includ-
ing the ENSO event (Turk et al. 2001), and sporadic
disturbances, such as wind-induced mixing (Eppley &
Renger 1988) and mesoscale eddies (McGillicuddy et
al. 1998), can increase the nitrate assimilation, thereby
reducing the importance of the contribution of N2 fixa-
tion for new production.

A certain degree of uncertainty may be associated
with the estimation of new production due to possible
nitrification. If the nitrification process strongly affects
the presence of nitrates in the euphotic zone, as sug-
gested in recent studies (Dore & Karl 1996, Yool et al.
2007, Raimbault & Garcia 2008), N2 fixation can
become the main source of new production in the
western tropical and subtropical North Pacific Ocean
and not just in the other areas with high N2 fixation
(Karl et al. 1997, Dore et al. 2002, Capone et al. 2005).
The new production equals the export production in
the steady state (Eppley & Peterson 1979), and it
important to understand the efficiency of the biological
pump amidst the growing concerns for global warming
(Falkowski et al. 2000). N2 fixation can become a key
parameter for the evaluation of the sinking flux of par-
ticulate matter in the western tropical and subtropical
North Pacific Ocean.
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