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Abstract

Latitudinal distribution of diazotrophs and their nitrogen (N2) fixation activity were investigated in the western
North Pacific in winter (Nov to Dec 2004) and summer (May to Jun 2005) along meridional transects from 37uN
to the equator. N2 fixation activity in whole seawater and seawater passed through a 10-mm filter was assayed by
acetylene reduction. The whole-water N2 fixation was markedly elevated in winter throughout the study area
compared to that in summer, probably due to the increased upward supply of phosphate as a result of deeper
mixed layer in winter. During both periods a distinct latitudinal variation was observed in N2 fixation of the
whole-water samples at the surface; further, higher activity was observed between the Kuroshio Extension and the
salinity front in the North Equatorial Current than in the neighboring areas. The elevated N2 fixation was
primarily ascribed to ,10-mm diazotrophs during both seasons. Flow cytometry conducted in summer revealed
that distribution of nanoplanktonic cyanobacteria was closely correlated with that of N2 fixation activity in the
,10-mm fraction, indicating that nanoplanktonic cyanobacteria were the major diazotrophs in that area. In
contrast, microplanktonic diazotrophs, Trichodesmium spp. and Richelia intracellularis exhibited different
latitudinal distributions from that of nanoplanktonic cyanobacteria, with maximum numerical abundance of R.
intracellularis around 8uN and 30uN, and that of Trichodesmium spp. at 26.5uN. Few microplanktonic
diazotrophs occurred in the winter. The distribution of the diazotrophs and their N2 fixation activity may be
controlled by the supply of phosphate and aeolian dust deposition.

Nitrogen (N2) fixation is an important process that
supplies nitrogen for primary production in the oligotrophic
ocean (Capone et al. 1997), and it contributes up to half of
export production in the oligotrophic North Pacific (Karl et
al. 1997). Filamentous cyanobacteria Trichodesmium spp.
and Richelia intracellularis are well known diazotrophs, and
knowledge on marine N2 fixation has been developed with
our understanding of their ecology (Villareal et al. 1992;
Capone et al. 1997). Recently, the presence of other
diazotrophs has come to light. Detection and phylogenic
analysis of nifH gene encoding a nitrogenase revealed the
presence of nano- and picoplanktonic microorganisms,
including unicellular cyanobacteria and proteobacteria that
potentially fix molecular nitrogen in the sea (Zehr et al.

1998). N2 fixation by these small organisms has been
reported by size fractionation studies from Sta. ALOHA
(Zehr et al. 2001; Dore et al. 2002; Montoya et al. 2004), the
subtropical eastern North Pacific (Montoya et al. 2004;
Needoba et al. 2007), Arafura Sea (Montoya et al. 2004), the
subtropical western South Pacific (Garcia et al. 2007), and
tropical Atlantic (Falcón et al. 2004; Montoya et al. 2007).
These studies reveal that these small diazotrophs contributed
substantially to N2 fixation in the oligotrophic ocean.

The subtropical western North Pacific is considered to
be one of the highest areas of global N2 fixation (Capone et
al. 1997). This is supported by the isotopic ratio of natural
particulate nitrogen (Wada and Hattori 1976), and by
nutrient budget (Deutsch et al. 2001, 2007). However,
direct measurements of N2 fixation in the western North
Pacific have been conducted solely on Trichodesmium
(Capone et al. 1997). Although an abundance of Tricho-
desmium spp. and R. intracellularis has been demonstrated
in the western North Pacific, in particular, the Kuroshio
Current and the marginal seas (Marumo and Asaoka 1974;
Saino 1977; Gómez et al. 2005), little is known about the
distribution and N2 fixation activity of nano- and
picoplanktonic diazotrophs.

The present study describes N2 fixation activity along
two meridional transects in the tropical and subtropical
western North Pacific in relation to the environmental
conditions. Particular attention has been paid to the
comparison of the activity between different size classes
of diazotrophs.
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Methods

Hydrographic observations and sampling—Observations
were conducted along the 155uE meridian during the
MR04-07 cruise from November to December 2004 (the
winter cruise) and along the 149u209E meridian during the
MR05-02 cruise from May to June 2005 (the summer
cruise) on board the R/V Mirai (Fig. 1). The current
velocity was monitored using a shipboard Acoustic
Doppler Current Profiler (ADCP; RD Instruments
[RDI]) while cruising. A lowered ADCP (RDI) was also
used at each station during the summer cruise. The sea
surface temperature (SST) and salinity (SSS) were moni-
tored using a thermosalinograph (SBE-21 Seacat, Sea-Bird)
for seawater continuously pumped up from the bottom of
the ship at a 6-m depth. Temperature and salinity were
profiled vertically by a conductivity, temperature, and
depth (CTD) profiler (SBE-911plus, Sea-Bird). Surface
water was collected using an HCl-rinsed bucket at all the
stations. During the winter cruise, subsurface samples were
also obtained from 50%, 25%, 10%, and 1% light depths
relative to that of the surface to determine N2 fixation at
subsurface layers using Niskin-X samplers mounted on a
CTD-carousel during upward CTD casts. The samples

were used for determination of N2 fixation, microscopic
enumeration of plankton, flow cytometry, and nutrient
analysis. Aliquots of the samples were fixed with acidified
Lugol solution, and preserved in the dark until analysis.
Subsamples for flow cytometry were fixed with 1%
glutaraldehyde and kept in liquid nitrogen until analysis.
For nutrient analysis, a portion of the sample was poured
in HCl-rinsed polyethylene bottles and frozen at 240uC for
later nutrient analysis on land. Nutrients were analyzed on
board without freezing during the winter cruise. Just prior
to the water sampling, the underwater light field was
profiled using a free-fall spectroradiometer (SPMR, Sat-
lantic).

Nutrients—Two different methods were used for nutrient
analysis during the two cruises, respectively. During the
winter cruise, nitrate, nitrite and phosphate were deter-
mined immediately after sampling using a TRAACS 800
(Bran+Luebbe) according to the standard methods of
Hansen and Koroleff (1999). During the summer cruise, a
sensitive analytical method was applied to determine
nitrate plus nitrite and phosphate using an Auto Analyzer
AAII (Technicon) fitted with 50-cm and 100-cm length of
Liquid Waveguide Capillary Cells, respectively. Because a
preliminary examination showed that nitrite was not
substantially detectable, nitrate plus nitrite is referred to
as nitrate hereafter. Aged subtropical surface seawater was
used as the blank for nitrate measurement; the nitrate
concentration of this seawater was determined to be
5.6 nmol L21 by the chemiluminescence method (Garside
1982). For the blank of phosphate measurement, the
supernatant of seawater treated by magnesium-induced
coprecipitation procedure (MAGIC) was used (Karl and
Tien 1992). The detection limit of this method as defined by
3 3 standard deviation (SD) of the baseline drift of the
blank water was estimated to be 3 nmol L21 for both
nitrate and phosphate.

N2 fixation activity—N2 fixation activity was measured
by acetylene reduction assay (Capone and Montoya 2001).
One liter (the winter cruise) or 600 mL (the summer cruise)
of a seawater sample was introduced into three 1200-mL
HCl-rinsed polyethylene–terephthalate bottles. After seal-
ing with a butyl rubber stopper, 120 mL of acetylene
(99.9999% [v/v]; Kouatsu Gas Kogyo) was injected by
replacing the same volume of headspace. Seawater samples
that passed through a 10-mm mesh were also prepared for
incubation of the surface samples in the same manner as
whole seawater samples. The samples were incubated for
24 h in an on-deck incubator cooled by running water
pumped up from a 6-m depth. The light intensity of the
subsurface samples was adjusted to the in situ density using
neutral density filters. Subsamples of the headspace were
removed immediately after the injection of acetylene and at
the end of the incubation, and ethylene was analyzed by a
flame ionization gas chromatograph (GC-17A, Shimadzu).
Then, the ethylene production during the incubation was
calculated after Breitbarth et al. (2004). The produced
ethylene was converted to fixed nitrogen with a molar ratio
of 4 : 1. Negative controls were prepared using 0.2-mm–

Fig. 1. Sampling stations in the western North Pacific during
the winter and the summer cruises. KE, SC, NEC denote locations
of the salinity front of Kuroshio Extension, the Subtropical
Convergence, and the North Equatorial Current, respectively.
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filtered seawater. The detection limits of this assay as
defined by 3 3 SD of triplicate determination of initial
ethylene concentration in a sample was 4.1 nmol C2H4 L21

and 2.3 nmol C2H4 L21, that is, 2.1 nmol N L21 and
1.2 nmol N L21 during the winter and the summer cruise,
respectively. The light intensity during the incubation was
monitored using a 2p photosynthetically available radia-
tion (PAR) sensor (LI-1400, LI-COR). The whole-water
samples were fixed after the incubation with acidified Lugol
solution, and preserved in the dark until enumeration of
microplanktonic diazotrophs.

N2 fixation by Trichodesmium spp. was measured at
32.0uN 155.0uE during the winter cruise and that by R.
intracellularis at 29.8uN 149.3uE during the summer cruise.
Surface water was gently screened with a 20-mm mesh, and
Trichodesmium spp. and R. intracellularis were isolated
using Pasteur pipettes under a stereomicroscope and placed
in an HCl-rinsed 12-mL glass vial containing 6 mL of 0.2-
mm–filtered seawater. Ten filaments of Trichodesmium spp.
were introduced into a vial, and 20–40 heterocysts were
placed in a single vial in the case of R. intracellularis. R.
intracellularis was picked up according to its host species,
namely, Rhizosolenia clevei, Hemiaulus spp., and Chaeto-
ceros compressum. The vials were sealed with butyl-rubber
stoppers. After injection of 1.5 mL acetylene, vials con-
taining Trichodesmium spp. were incubated for 4 h,
whereas those with R. intracellularis were incubated for
6 h in the daytime. The ethylene assay was conducted in the
same manner for these samples as with the water samples.
After the assay, the incubated samples were fixed with 1%
neutralized formaldehyde for later enumeration of fila-
ments of Trichodesmium spp. and heterocysts of R.
intracellularis. Because the water volume of assayed isolates
was small (6 mL), the entire water sample was examined
under a microscope. Thus, the number of filaments and
heterocysts was confirmed after the incubation.

Abundance of phytoplankton—The incubated samples for
whole-water N2 fixation were subjected to enumeration of
Trichodesmium spp. and R. intracellularis by the Utermöhl
method. Additional microscopic observations were made
using samples fixed immediately after sampling. Because
there was a general good agreement in abundance and
composition of microplanktonic diazotrophs between the
incubated samples and those of samples fixed before
incubations, results on the incubated samples are given
here. Flow cytometry was conducted on land using a PAS-
III flow cytometer (Partec). Forward light scatter, side light
scatter, orange fluorescence (570–610 nm), and red fluo-
rescence (.630 nm) of each particle were obtained in list
mode acquisition using red fluorescence as a trigger
parameter. Particle size was estimated by examining the
forward light scatter of 2-mm standard particles (Poly-
science).

Aeolian dust deposition—Deposition rates of soil dust,
including both dry and wet deposition, were estimated by
the numerical model, Spectral Radiation–Transport Model
for Aerosol Species (SPRINTARS; Takemura et al. 2000).
Rates are obtained as a mean of 15 d prior to our

observation at the closest location where the model output
was available (http://www.sprintars.net/). Because the daily
aerosol optical thickness at 550 nm simulated by SPRIN-
TARS and satellite-derived aerosol optical depth at 550 nm
(http://g0dup05u.ecs.nasa.gov/Giovanni/) were in agreement, the
output of the model was considered valid during the cruises.

Results

Hydrographic conditions, nutrients, and dust deposition—
ADCP showed that Kuroshio Extension (KE) was located
at about 33.5uN with less saline surface water forming a
salinity front between 34.2uN and 31.2uN (Fig. 2) during
the winter cruise. Two other broad salinity fronts were
observed between 25.3uN and 22.8uN, and between 15.6uN
and 13.0uN (Fig. 2). The former was associated with the
Subtropical Convergence, and accompanied by a thermal
front. The latter was generated in the North Equatorial
Current (NEC; Kimura et al. 1994). ADCP observation
showed a broad westward surface current between 23.3uN
and 9.7uN, indicating the NEC.

During the summer cruise the current pattern was
similar to that of the winter cruise, but at different
locations, namely, the KE between 36.7uN and 34.4uN,
and the NEC between 21.8uN and 7.0uN. A salinity front
located at 33.1uN to 32.1uN was associated with the KE
and that at 23.1uN to 22.4uN with the Subtropical
Convergence. A two-step salinity front was observed in
the NEC at 18.0uN to 15.9uN and at 11.2uN to 9.4uN.

Nitrate was consistently below the detection limit in the
upper mixed layer in the south of the KE during the winter
cruise (Fig. 3a). However, phosphate was detected even at
the surface (Fig. 3b). The lowest concentration of phos-
phate (i.e., 40 nmol L21) was observed at the surface at
24.5uN, and low concentrations below 60 nmol L21

occurred at the surface from 32uN to 20uN in winter.
A similar regional variation in the concentration of

nitrate and phosphate prevailed at the surface during the
summer cruise, but the difference in the phosphate
concentrations was more remarkable in summer than that
in the winter (Fig. 3c). Phosphate was almost exhausted
between 26.5uN and 17.1uN, with concentrations ranging
from below the detection limit to 3 nmol L21. The southern
boundary of this low-phosphate region coincided approx-
imately with the northern edge of the salinity front
associated with the NEC (Fig. 2). In contrast, nitrate was
consistently low, varying from 7 nmol L21 to 16 nmol L21

in the south of the KE (Fig. 3c).
Vertical mixing of the upper layer differed between the

two cruises in the region between the KE and the salinity
front in the NEC (Fig. 4a). The mixed-layer depth as
defined by the depth at which sigma-t increased by 0.125
from a 10-m depth (Bouman et al. 2006) was much deeper
during the winter than in the summer. Stronger stratifica-
tion during the summer was also indicated by the larger
number of Brunt–Väisälä frequency in the upper layer
determined using the equation described by Millard et al.
(1990; Fig. 4b).

Aeolian dust deposition was significantly higher during
the summer cruise than that in the winter cruise throughout
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the study area (Fig. 5). It was generally higher in the north
and lowest around 10uN.

N2 fixation—A high N2 fixation activity of whole-water
was observed near the surface with a maximum between
100% and 25% light depth, and it decreased with depth
during the winter cruise (data not shown). Depth-integrat-
ed N2 fixation was significantly higher in the north of the
salinity front in the NEC than in the south (t-test, p , 0.05,
df 5 5; Table 1). The depth-integrated fixation was
calculated from activities of whole-water samples from
the surface to the 1% light depth during the winter cruise.
The integrated fixation was significantly correlated with
that at the surface (p , 0.001), indicating that surface
activity (x; nmol N L21 d21) was indicative of N2 fixation
in the water column (y; mmol N m22 d21),

y ~ 54:6 x r2 ~ 0:80, n ~ 8
� �

ð1Þ

Based on this relationship, the latitudinal variation of N2

fixation was indexed by the activity at the surface in the
present study.

High N2 fixation of whole-water at the surface was
observed between the KE and the salinity front in the NEC
with a maximum at 32uN during the winter cruise (Fig. 6a).
The activity decreased toward the salinity front in the
NEC, and the equatorial waters showed low activities. A
similar latitudinal pattern was observed during the summer
cruise (Fig. 6b). However, the N2 fixation rate was
generally lower in summer than in winter. The sharp
decrease of N2 fixation in the salinity fronts in the NEC
was more distinct in summer than in winter, and two-step

decrease of N2 fixation in the NEC paralleled the change in
salinity.

N2 fixation activity in the ,10-mm fraction exhibited a
similar latitudinal distribution to that of the whole-water
both in winter and summer; however, this trend was less
evident in winter because size fractionation was not
conducted at the stations in the north of 24.5uN during
the winter cruise. Peaks in the activity in the whole-water at
7.5uN and 8uN were not accompanied by peaks in the
,10-mm fraction, respectively, indicating the contribution
of larger diazotrophs.

Diazotrophs—A standing stock of the microplanktonic
diazotroph, Trichodesmium spp. and R. intracellularis,
differed remarkably between the two cruises. These
organisms were abundant in summer but few in winter.
During the winter cruise, Trichodesmium occurred at 32uN,
24.5uN, and 0uN at the surface with filament number of
four, four, and one per liter, respectively. R. intracellularis
was found only at 24.5uN with one heterocyst per liter. In
contrast, Trichodesmium spp. and R. intracellularis were
found to be present rather ubiquitously during the summer
cruise. The filament number of Trichodesmium ranged from
0 per liter to 162 per liter and heterocysts of R.
intracellularis from 0 per liter to 436 per liter. The host
diatoms of R. intracellularis were R. clevei, Hemiaulus spp.,
and Chaetoceros compressum.

N2 fixation by R. intracellularis varied according to the
host diatom species (Table 2). R. intracellularis–R. clevei
consortium fixed twice as much nitrogen as that with
Hemiaulus spp. and C. compressum. However, R. intracel-

Fig. 2. Vertical profiles of temperature (top) and salinity (bottom) during the winter (left) and the summer (right) cruises.
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lularis in R. clevei was significantly larger in size than those
with Hemiaulus spp. (t-test, p , 0.001, df 5 55) and C.
compressum (t-test, p , 0.001, df 5 25) of the host diatom.
Thus, the higher activity of the R. intracellularis–R. clevei
consortium could be attributed to its large size.

To evaluate N2 fixation of Trichodesmium spp. and R.
intracellularis, their activity at each station was calculated
from their numerical abundance and their activity in
Table 2. Hourly rates in Table 2 were converted to daily
rates with day length, assuming that Trichodesmium spp.
and R. intracellularis fixed N2 only during the daytime
(Saino 1977; Villareal 1992). Calculated activities of both
diazotrophs were quite low in the winter, being ,0.04 nmol
N L21 d21 which comprised only ,0.7% of the whole-
water activity (data not shown). On the contrary, micro-
planktonic diazotrophs contributed much to the whole-
water activity in the summer (Fig. 7). In particular, their

contribution was high between 37uN and 26.5uN and at
8uN, where N2 fixation in the ,10-mm fraction tended to be
lower than that in areas with low activity of microplank-
tonic diazotrophs (Fig. 6). At 8uN, N2 fixation by
microplanktonic diazotrophs, mainly R. intracellularis,
appeared to be small as expected from the direct
measurement of N2 fixation of whole-water and the ,10-mm
fraction (Fig. 7). This was probably because the N2 fixation
rate of R. intracellularis at 8uN was higher than that directly
determined at 29.8uN 149.3uE during the same cruise.

Two major populations of cyanobacteria were detected
by flow cytometry, one ,2 mm in size and another between
3 mm and 8 mm. The former is referred to as Synechococcus
and the latter nanoplanktonic cyanobacteria hereafter.
Latitudinal distribution of both groups contrasted each
other (Fig. 8). Nanoplanktonic cyanobacteria showed its
peak occurrence between 26.5uN and 19.1uN, whereas
Synechococcus was most abundant in the KE and sharply
decreased between 33.1uN and 26.5uN. In general, the
distribution of the abundance of nanoplanktonic cyano-
bacteria coincided with that of the N2 fixation activity in
the ,10-mm fraction, both being high between 26.5uN and
15.1uN, and low between 37uN and 28.5uN, and between
12.5uN and 3uN. There was a significant correlation
between abundance of nanoplanktonic cyanobacteria and
the activity in the ,10-mm fraction during the summer
cruise (p , 0.0001, df 5 15; Fig. 9).

Discussion

Acetylene reduction assay—The acetylene reduction
assay has been considered to be insensitive enough for
determining the whole-water activity in the area of low N2

fixation activities, primarily because of a contamination of
ethylene introduced by acetylene (Montoya et al. 1996).
The contaminated ethylene results in an error to some
extent in the detection of ethylene. Therefore, the degree of
contamination exercises a decisive influence on the
sensitivity of the assay. Acetylene widely used for the assay
of N2 fixation contains 50 pmol mL21 of ethylene (Mon-
toya et al. 1996). In the present study, we used a highly
purified acetylene, termed six nine (99.9999%) acetylene
that contains 11.2 pmol mL21 of ethylene. This low level of
contamination facilitated our sensitive detection of N2

fixation.
Another consideration we made was controlling the

relative size of the headspace according to the water volume
in an incubation bottle. Injections of acetylene and suctions
of the air in the headspace disturb the air–liquid gas
exchange, influencing the ethylene content of the air.
Because determination of ethylene resulted in high stan-
dard deviations in our assay with a mean coefficient of
variance (CV) of 64% during the winter cruise (Fig. 6), we
increased the volume of headspace relative to the water
volume during the summer cruise to reduce the CV on the
basis of preliminary experiments using both cultures of
Trichodesmium and natural waters. As a result, the mean
CV significantly reduced to 34% (Fig. 6). We inferred that
increase in headspace stabilized the gas composition during
injection of acetylene and removal of gas samples.

Fig. 3. Vertical profiles of (a) nitrate and (b) phosphate
during the winter cruise, and (c) latitudinal distributions of nitrate
and phosphate at the surface during the summer cruise.
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Meridional distribution of N2 fixation and its seasonal
variation—The most significant finding is that a latitudinal
pattern exists with respect to N2 fixation in the western
North Pacific, where the active fixation prevailed between
the salinity front in the NEC and the KE (Fig. 6). The
active fixation coincided well with depletion of phosphate
at the surface during both cruises (Fig. 3). Moreover, the
area received dust deposition from the Asian continent,
which likely evoked the active N2 fixation (Fig. 5).
Consequently, diazotrophs and other microbes exploiting
fixed nitrogen consumed phosphate vigorously (Hashi-
hama et al. in press).

Iron and phosphate are known to control marine N2

fixation (Capone 2001; Mills et al. 2004; Zehr et al. 2007).
Aeolian dust deposition suggests a higher iron supply
during the summer cruise than the winter cruise (Fig. 5).
However, the phosphate concentration at the surface was
higher during the winter than that during the summer
(Fig. 3). During the summer cruise, the amount of

phosphate present was at or around the detection limit of
the high-sensitive method in the high N2 fixation area,
whereas it was detectable by the standard analytical
method during the winter cruise. Under these conditions,
N2 fixation activity was higher in winter than in summer,
particularly in the area between the KE and the salinity
front in the NEC (Fig. 4). These observations lead to the
inferences that iron supply alone did not control N2

fixation in our study area, and N2 fixation was limited by
phosphate availability during the summer, but the limita-
tion did not work so intensively in the winter as in the
summer. Phosphate at the surface is supplied by regener-
ation and delivery from the deeper layer (Karl 2002). The
mixed-layer depth was shallower in the summer than in the
winter in the area between the KE and the salinity front in
the NEC, and vertical profiles of Brunt–Väisälä frequency
in the area indicated stronger stratification in the summer
(Fig. 4). Hence, the delivery of phosphate to the surface
from the deeper layer was expected to be higher in the

Fig. 4. (a) Latitudinal distributions of the surface mixed-layer depth as defined by the depth
where the density was higher by 0.125 than that at the 10-m depth during the winter and summer
cruises. (b) Vertical profiles of the strength of the vertical density gradient index (Brunt–Väisälä
frequency) during the winter (left) and the summer (right) cruises.
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winter, resulting in the higher N2 fixation during this
season.

The active N2 fixation between the KE and the salinity
front in the NEC is in accordance with the geochemical
signal of N2 fixation as indicated by the isotopic ratio of
particulate nitrogen (Wada and Hattori 1976). However,
Deutsch et al. (2007) showed that N2 fixation as estimated
from P* (the excess of phosphorus relative to the standard
nitrogen quota) is elevated in the area between 20uN and
10uN, which is located considerably south of the high N2

fixation area of our study (Fig. 6). They estimated N2

fixation using the flux of phosphate and dissolved inorganic
nitrogen based on the hypothesis that the excess supply of
phosphate against dissolved inorganic nitrogen should be
consumed by diazotrophs. This would be acceptable when
other factors such as iron are replete, and phosphate is the
only limiting factor regulating N2 fixation. Nevertheless,
contrary to their hypothesis, the meridional distribution of
N2 fixation suggests that this activity was primarily
determined by the iron supply from the Asian dust
deposition. Our results suggest that P* alone cannot
account for the distribution of N2 fixation in the western
North Pacific, and this is likely to be the case in other
regions with active dust deposition, such as the tropical
eastern Atlantic (Mills et al. 2004). The model coupled with
iron supply may be better for the estimation of N2 fixation.

During the winter cruise, depth-integrated primary
production was determined using the 13C tracer uptake
(K. Matsumoto pers. comm.). The primary production and

contribution of N2 fixation to primary production between
the north and south of the salinity front in the NEC are
compared in Table 1. Primary production on average did
not differ between the two areas in contrast with N2

fixation. The contribution of N2 fixation to primary
production as estimated using the Redfield ratio varied
from 12% to 36% and tended to be higher in the north of
the salinity front in the NEC; however, there was no
statistically significant difference in the contribution
between the two areas (Table 1). N2 fixation is calculated
to contribute to 2.9 6 1.8% of annual primary production
at Sta. ALOHA (Karl et al. 1996; Dore et al. 2002), which
is considerably lower than our estimates. This is partly
because our estimation was made in winter when N2

fixation was more active. A difference in the time span of
our estimations from those at Sta. ALOHA can be another
source of discrepancy.

,10-mm diazotrophs—The result suggesting the signifi-
cant contribution of ,10-mm diazotrophs to N2 fixation
agrees with those of the previous studies conducted in
various parts of oligotrophic ocean (Zehr et al. 2001; Dore
et al. 2002; Montoya et al. 2004). The present study
indicates nanoplanktonic cyanobacteria were responsible
for the active N2 fixation between 26.5uN and 15.1uN in the
summer (Fig. 8). Although the abundance of nanoplank-
tonic cyanobacteria was not enumerated during the winter
cruise, they were probably responsible for the active N2

fixation in the north of the salinity front in the NEC. Zehr
et al. (2007) found that numerical abundance of unicellular
cyanobacteria sized 3–8 mm was approximately propor-
tional to the number of nifH gene copies associated with
Crocosphaera watsonii strain WH8501. Figure 9 indicates
that nanoplanktonic cyanobacteria was responsible for the
activity in the ,10-mm fraction. The slope of the regression
gave a mean cellular activity of 6.06 fmol N cell21 d21 with
an assumption that all the nanoplanktonic cyanobacteria
were diazotrophs. Provided that nanoplanktonic cyano-
bacteria fixed N2 during the nighttime (Schneegurt et al.
1994; Zehr et al. 2001), an hourly rate was obtained by
dividing the daily activity by the duration of the night. The
rate was 0.61 fmol N cell21 h21, being within a comparable
range determined for cultivated Cyanothece sp. (Schneegurt
et al. 1994). This rough coincidence indicates that a major
portion of nanoplanktonic cyanobacteria as detected by
flow cytometry probably fixed N2 and that even if all the
nanoplanktonic cyanobacteria detected did not fix N2, they
were probably responsible for a major portion of N2

fixation during the summer cruise. Similar estimates

Fig. 5. Latitudinal distributions of aeolian dust deposition
averaged for 2 weeks prior to N2 fixation determination as
estimated by SPRINTARS during the winter and summer cruises.

Table 1. Comparison of depth-integrated N2 fixation and primary production above the 1% light depth between the north and south
of the salinity front in the North Equatorial Current during the winter cruise. N2 fixation was converted to carbon production using the
Redfield ratio for comparison with primary production.

Latitude (uN) N2 fixation (mmol N m22 d21)
Primary production
(mmol C m22 d21)

Contribution of N2 fixation to
primary production (%)

0–12.0 (n54) 0.538*60.109 22.965.05 16.263.85
16.0–24.5 (n53) 0.939*60.226 23.765.21 24.0611.2

* Significant at p . 0.05, df 5 5 (t-test).
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obtained in the same manner as in the present study have
been reported at Sta. ALOHA (Zehr et al. 2001). Thus,
evidence is increasing that indicates the importance of
nanoplanktonic cyanobacteria in marine N2 fixation.

Interestingly, the y-intercept of the correlation shown in
Fig. 9 was significantly different from the origin (p ,
0.0001, df 5 15), indicating the ,10-mm fraction contained
diazotrophs other than nanoplanktonic cyanobacteria. The
activity in the ,10-mm fraction was not accompanied by
the presence of nanoplanktonic cyanobacteria between
37uN and 28.5uN and between 12.5uN and 3uN (Fig. 8). In
these regions, other nano- or picoplanktonic diazotrophs
such as those reported by analysis of the nifH gene
expression (Church et al. 2005; Needoba et al. 2007; Zehr
et al. 2007) likely contributed to the N2 fixation. Thus,
diverse small diazotrophs are expected to be distributed in

the western subtropical and tropical western Pacific.
Further, a recent study has demonstrated the dominance
of a nifH gene in the central North and South Pacific and
presumed it to be an uncultivated cyanobacterium (Church
et al. 2008). Comparison of the dominant diazotroph
between the western and the central subtropical North
Pacific would be necessary in future studies.

Trichodesmium spp. and R. intracellularis—The abun-
dance of Trichodesmium spp. and R. intracellularis was
higher in the summer than in the winter (Fig. 7). In his
review, Carpenter (1982) pointed out that Trichodesmium
spp. is abundant in summer, particularly in the northern
part of gyral water in the subtropical and tropical western
North Pacific. Our results are consistent with this view.
Trichodesmium spp. and heterocystous filamentous cyano-

Fig. 6. Latitudinal distributions of N2 fixation activity of the whole-water sample and ,10-mm
fractions at the surface during (a) the winter, and (b) the summer cruises. Surface salinity is
superimposed in a dotted line. Error bars denote the standard deviation of triplicate determinations.
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Table 2. N2 fixation activity of Trichodesmium spp. and Richelia intracellularis. N2 fixation is expressed as a mean rate with standard
deviation of triplicate determination per filament of Trichodesmium spp. or heterocyst of R. intracellularis.

Date Location
Incubation time

local time (h)

Mean
irradiance

(mmol
m22 s21) Diazotroph Host diatom

N2 fixation rate
(pmol h21)

Heterocyst
diameter (mm)

23 Nov 04 32.0uN 155.0uE 10:00–14:00 822 Trichodesmium spp. – 1.3460.758
10 Jun 05 29.8uN 149.3uE 10:00–16:00 968 R. intracellularis R. clevei 1.0460.195 9.661.5 (n516)
10 Jun 05 29.8uN 149.3uE 10:00–16:00 968 R. intracellularis Hemiaulus spp. 0.55060.157 4.960.6 (n541)
10 Jun 05 29.8uN 149.3uE 10:00–16:00 968 R. intracellularis C. compressum 0.50960.227 6.160.8 (n511)

Fig. 7. Latitudinal distributions of N2 fixation of whole-water samples, Trichodesmium spp., and R. intracellularis during the
summer cruise. For error bars refer to Fig. 6. Asterisks indicate that neither Trichodesmium nor R. intracellularis were observed.

Fig. 8. Latitudinal distributions of nanoplanktonic cyanobacteria and Synechococcus, and daily N2 fixation of the ,10-mm fraction.
For error bars refer to Fig. 6.
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bacteria are characterized by a higher iron demand than
unicellular cyanobacteria (Berman-Frank et al. 2007),
raising the possibility that the observed seasonal difference
in the abundance of microplanktonic diazotrophs is
attributable to a change in iron supply. In fact, Lenes et
al. (2001) observed a response of Trichodesmium to dust
events in the Gulf of Mexico. Actually, the SPRINTARS
indicated that strikingly intense dust deposition occurred in
the wide area of the tropical and subtropical western North
Pacific immediately before and during the summer cruise
compared to the winter cruise (Fig. 5). Brown et al. (2005)
reported that dissolved iron concentration at the surface
increases along with dust events in May in the subtropical
western North Pacific. Thus, the intense dust deposition in
summer probably favored microplanktonic diazotrophs
over nanoplanktonic cyanobacteria because of the differ-
ence in iron physiology among diazotrophs (Berman-Frank
et al. 2007), and this resulted in a regional increase of
microplanktonic diazotrophs (Fig. 7). Interestingly, a
regional enhancement of dust deposition at 8uN during
the summer cruise coincided with the high activity of R.
intracellularis (Fig. 5).

Phosphate is another limiting element for the diazo-
trophs. Trichodesmium spp. and R. intracellularis were
abundant at 31.1uN–26.5uN and 8uN during the summer
cruise, where phosphate was not exhausted at the surface
(Fig. 3). The dust deposition occurred in a wide range of
the study area as indicated by SPRINTARS, but the
distribution of these microplanktonic diazotrophs was
confined in these areas. Thus, higher dependence of
microplanktonic diazotrophs on phosphate supply com-
pared with nanoplanktonic cyanobacteria is suggested. In
other words, higher phosphate availability resulted in the
abundance of microplanktonic diazotrophs in summer due
to the accumulation of nutrients in larger phytoplankton
(Shuter 1978).

This inference does not exclude the following possibility
of seasonal alteration of diazotrophs. During the winter,
abundance of microplanktonic diazotrophs is limited by
iron deficiency. When a dust event occurs during the
transition from the winter to summer situations, phosphate

availability in the north of the salinity front in the NEC is
higher than that observed during the summer cruise. Then,
microplanktonic diazotrophs can be activated preferential-
ly over nanoplanktonic cyanobacteria depending on the
phosphate availability. However, when phosphate becomes
exhausted, nanoplanktonic cyanobacteria dominate and
eventually produce the extremely low level of phosphate at
the surface. Although there is a lack of observational
evidence for verifying this scenario at present, the
subtropical western Pacific that is characterized by seasonal
dust deposition with the eastward-decreasing gradient
(Hashihama et al. in press), is an ideal site for studying
population dynamic of diazotrophs and N2 fixation.

Latitudinal variation was distinctly observed in the N2

fixation activity in the western North Pacific, and this
variation was associated with changes in dominant
diazotrophs. Seasonal differences were noted in diazo-
trophs abundance, N2 fixation, and environmental factors.
However, the present study did not obtain direct evidence
for the factor determining the southern border of the high
N2 fixation area. Supplies of iron by the aeolian dust depo-
sition and phosphate from the deeper layer into the surface
were suggested to control the activity. Episodic supply of
such materials is likely related to regional occurrence and
absence of microplanktonic diazotrophs (Fig. 7). Montoya
et al. (2004) observed unexplainable sudden changes in N2

fixation activity in the eastern subtropical North Pacific
and Arafura Sea. Thus, in addition to spatial surveys, both
intensive and extensive time-series observation at fixed sites
would explain how marine N2 fixation and the dynamics of
diazotrophs are controlled.
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