
Nature © Macmillan Publishers Ltd 1997NATURE | VOL 388 | 7 AUGUST 1997 533

articles

The role of nitrogen fixation in
biogeochemical cycling in the
subtropical North Pacific Ocean
D. Karl*, R. Letelier†, L. Tupas*, J. Dore*‡, J. Christian§ & D. Hebel*

* School of Ocean and Earth Science and Technology, Department of Oceanography, University of Hawaii, Honolulu, Hawaii 96822, USA
† College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, Oregon 97331-5503, USA
‡ Aquasearch Inc., 73-4460 Queen Kaahumanu Highway, Suite 110, Kailua-Kona, Hawaii 96740, USA
§ Department of Oceanography, Dalhousie University, Halifax, Nova Scotia B3H 4J1, Canada

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Sevenyearsof time-seriesobservationsofbiogeochemical processes in thesubtropicalNorthPacificOceangyrehave
revealed dramatic changes in themicrobial community structure and in themechanismsof nutrient cycling in response
to large-scale ocean–atmosphere interactions. Several independent lines of evidence show that the fixation of
atmosphericnitrogenbycyanobacteria can fuel up tohalf of thenewproduction.Theseandotherobservationsdemand
a reassessment of present views of nutrient and carbon cycling in one of the Earth9s largest biomes.

Biological dinitrogen (N2) fixation—the exclusively prokaryotic
metabolic process responsible for converting the most abundant but
relatively inert form of N into biologically available substrates—is
the dominant mechanism for introduction of N into the biosphere;
it approximates the total losses from microbiological denitrification
on the global scale. Consequently, data on the quantitative role of
N2 fixation in the oceans’ nutrient budgets is of considerable
scientific interest1. Although the presence of N2-fixing microorgan-
isms and the associated nitrogenase activity in stratified, low-
nutrient oceanic habitats is well documented2–5, it has been difficult
to obtain reliable estimates of N2-fixation rates, in part owing to
spatial and temporal undersampling of the marine environment6–10.
Most historical estimates have shown low rates of N2 fixation
relative to the total N requirement for primary production in the
sea. Consequently, most oceanic biogeochemical models simply
ignore the potential flux from N2 fixation into these habitats11.

New production, defined as the amount of organic matter
available for export from the surface ocean at steady state12, is
thought to be constrained by the upward vertical flux of nitrate
across the permanent thermocline13. The biologically mediated
export of particulate organic matter from the surface ocean is a
crucial term in the global carbon cycle because it represents a
potential long-term sink for atmospheric carbon dioxide. There-
fore, it is necessary to have an accurate understanding of new
production mechanisms in the open-ocean regions where 70% of
the total global export takes place14.

Here we summarize several independent data sets from the
continuing Hawaii Ocean Time-series (HOT) research programme
that collectively provide evidence for the importance of N2 fixation
as a source of new N for the pelagic ecosystem at a station that is
believed to be characteristic of the subtropical North Pacific
Ocean15,16. Nitrogen-budget estimates suggest that N2 fixation may
supply up to half of the N required to sustain the rate of the annual
particulate N (PN) export from the euphotic zone. However, our
observations indicate that this relatively high percentage of N2-
supported production may represent a transient ecosystem state
reflecting either natural oceanic variability or, perhaps, an unusual
state established in response to the well documented decade-long
shift in North Pacific climate17.

Station ALOHA field data
Since October 1988, a comprehensive suite of hydrographical and

biogeochemical data have been collected at approximately monthly
intervals to assess seasonal and interannual ocean variability at a
time-series hydrostation (station ALOHA) located 100 km north of
Oahu, Hawaii (228 459 N, 1588 W) in the North Pacific subtropical
gyre15.

One important, unexpected source of biogeochemical variability
in this region has been the aperiodic appearance of large concentra-
tions of the phototrophic, N2-fixing cyanobacterium Trichodesmium
spp10. Long-term (.1 yr duration) increases in the abundances of
Trichodesmium and other free-living and endosymbiotic N2-fixing
microorganisms may be a manifestation of extended changes in the
subtropical habitat18 induced by the El Niño/Southern Oscillation
(ENSO). It has been proposed that this additional source of new
nitrogen to the pelagic ecosystem has driven the North Pacific
subtropical gyre from a nitrogen- to a phosphorus-controlled
state18: we report here ecosystem data, collected over a 7-year
period, that support this hypothesis.

Our evidence of substantial N2-supported new and export
production is derived from several independent measurements
and data syntheses, including: (1) Trichodesmium population
abundances and estimates of their potential rates of biological N2

fixation; (2) assessment of the molar N:P stoichiometries of surface-
ocean dissolved and particulate matter pools and development of a
one-dimensional model to calculate N and P mass balances; (3)
seasonal variations in the natural 15N isotopic abundances of
particulate matter exported to the deep sea and collected in
bottom-moored sediment traps; and (4) observations on the secular
changes in soluble reactive P (SRP), soluble non-reactive P (SNP)
and dissolved organic N (DON) pools during the period of
increased rates of N2 fixation. Considered separately, none of
these data sets provides conclusive evidence for the quantitative
role of N2 fixation. But when these data sets are viewed together, in
the context of other time-series observations, we consider that they
fully support our conclusion about the significance of N2 fixation in
the subtropical North Pacific Ocean.

Trichodesmium abundances and N2-fixation rates
Although N2 fixation can occur in free-living and endosymbiotic
cyanobacteria as well as in selected species of heterotrophic bacteria,
the filamentous cyanobacterium Trichodesmium spp. is considered
to be a dominant N2-fixing species in oligotrophic marine eco-
systems1,9,19. Using epifluorescence microscopy, we have quantified
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the abundance of Trichodesmium (T. thiebautii and T. erytheaum) at
station ALOHA for a period of three years and have reported a
significant increase in Trichodesmium spp. biomass in the upper
portion (0–45 m) of the water column over this observation
period20. Based on a conservative estimate of cell-specific N2 fixation
of 2 mmol N2 fixed per mmol of cell N per hour for Trichodesmium
samples previously collected in the North Pacific subtropical gyre21,
we estimate that the Trichodesmium population is capable of
supplying 51(626) mmol N m−2 yr−1. This value is equivalent to
,50% of the PN export measured at station ALOHA for the period
October 1988 to December 1995 (Table 1). Rates of N2 fixation
estimated from direct measurements of nitrogenase activity (acetylene
reduction) of isolated Trichodesmium colonies and free trichomes
collected at station ALOHA during several cruises are consistent
with the rates extrapolated from the much larger data set on
Trichodesmium abundance measurements (Table 1). These
rate estimates are probably conservative because they do not
include the potential contributions from other species that are
known to be present at station ALOHA, most notably Richelia
intracellularis, which is found in symbiotic associations with the
diatom Rhizosolenia spp.5, and the free-living cyanobacterium
Synechococcus spp.22.

N:P stoichiometry of dissolved and particulate material
The assessment of quantitative relationships between N and P in
dissolved and particulate matter pools provides a conceptual frame-
work for studies of organic-matter production-remineralization
and nutrient limitation in the sea23,24. During nutrient-sufficient
conditions near maximal growth rate, the N:P molar ratio for
organic-matter production in the ocean should converge on 16:1
(the Redfield ratio)24. Thus attainment of the predicted Redfield N:P

stoichiometry in natural environments suggests rapid growth rate
and complete nutrient saturation24. Because both positive and
negative deviations from this predicted cellular N:P stoichiometry
occur during nutrient-limited microbial growth25, it is possible to
use the N:P ratio as a diagnostic ecosystem parameter.

During the first two years of the HOT programme (pre-ENSO),
the mean N:P ratio for suspended particulate matter in the upper
(0–100 m) water column was 15.3 (standard deviation ðs:d:Þ ¼ 3:1,
n ¼ 14), a value that was not significantly different from the
Redfield prediction of 16.0 (Fig. 1). The transient, elevated N:P
ratios observed during summer 1989 may have been a direct
consequence of the extensive Trichodesmium bloom reported for
this region10. Since 1991, however, we observed an increase in the
molar N:P ratio of suspended particulate matter to a value greater
than the expected Redfield stoichiometry (Fig. 1); that is, the mean
N:P ratio for the period 1991–95 is 21.0 (s:d: ¼ 3:5, n ¼ 44).
Because selected species of cyanobacteria, including
Trichodesmium, can grow with reduced cell quotas of phosphorus10,
the ecosystem drifts out of a Redfield N:P balance en route to
phosphorus limitation as the supply of new N shifts from a limiting
flux of nitrate from below the euphotic zone to the inexhaustible
pool of N2 that is dissolved in the surface waters of the ocean. This
shift to N2-supported new and export production has significant
consequences for biogeochemical cycling pathways and rates. The
coherent temporal pattern observed for suspended N:P, with
maxima in the summer periods, is consistent with enhanced
bioavailability of N relative to P resulting from increased rates of
N2 fixation during periods of maximum water-column
stratification18,26.

The observed N:P balance of the dissolved nutrient reservoir, and
the stoichiometry of the exported particulate matter, can also be
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Table 1 Selected nitrogen inventories and fluxes at station ALOHA during 1988–95

Parameter and period Method Value*
...................................................................................................................................................................................................................................................................................................................................................................

Inventories (mmolNm−2)

Nitrate (0–100m) Chemiluminescence
1988–95
Winter (Jan.–Mar.) 2.6 (64.0)
Summer (Jul.–Sept.) 0.4 (60.3)
Annual mean 1.0 (62.2)

TDN (0–100m)
1988–95

UV photo-oxidation/colorimetry 568 (662)

PN (0–100m)
1988–95

High temperature combustion/gas chromatography 32 (69)

...................................................................................................................................................................................................................................................................................................................................................................

Fluxes (mmolNm−2 yr−1)

PN production 14C method, assuming Redfield C:N molar ratio of 6.6 2,044 (6694)
1988–95

PN export
1988–95

Free-drifting sediment traps deployed at 150m 105 (643)

N2 fixation
Oct.1988–Dec.1992

Trichodesmium abundance, assuming cell-specific N2-fixation rate† 51 (626)

N2 fixation
1990–92

Based on HOT program acetylene reduction measurements of
nitrogenase activity converted into N2-fixation equivalents‡

31 (618)

N2 fixation
1988–95

N:P mass balance (see Fig. 2 and text) 34 (614)

N2 fixation
1992–93

15N isotope balance (see Table 2 and text) 50

N2 fixation
1988–95

Range of independent estimates 31–51

...................................................................................................................................................................................................................................................................................................................................................................
TDN, total dissolved N; PN, particulate nitrogen.
pMean values, along with our best estimates of uncertainty.
†Based on reported trichome abundances ð4:6 3 104½ 6 2:3 3 104ÿ trichomes per m3 for 0–45m depth stratum) and elemental composition of Trichodesmium (9.6 ng N per trichome) for
station ALOHA18, and assuming a conservative, average specific rate of N2 fixation of 2 mmol N2 fixed per mmolcellN per hr (ref. 21).
‡Based on acetylene reduction rates of Trichodesmium spp. measured for colonies collected at station ALOHA in June 1990 and February 1991, and in colonies and single trichomes
collected at station ALOHA in August 1992 converted to N2-fixation rates assuming an ethylene-to-N2 ratio of 3 (ref. 40) and extrapolated total N2 fixation using temporal distribution of
Trichodesmium biomass measured at station ALOHA20
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explained by the growth of N2-fixing microorganisms in the pelagic
environment of the North Pacific. The average total dissolved N:
total dissolved P pool ratio (TDN:TDP) for our 7-year data set is
much greater than the expected Redfield ratio, indicating an
accumulation of N relative to P (Fig. 1). The average dissolved
N:P ratios for the depth intervals 0–100 m and 100–200 m show
coherent temporal trends that are distinct from those observed
below the euphotic zone (Fig. 1). The large difference in the
TDN:TDP ratios in the upper water column (0–200 m) at station
ALOHA, compared to deeper values (200–500 m), indicates that
there must be a net contemporaneous production of dissolved fixed
N in the surface waters, relative to the large nutrient reservoir below
the euphotic zone. During episodes of enhanced vertical mixing, the
surface-water TDN:TDP ratio returns to a near-Redfield balance as

deeper waters are injected into the euphotic zone (for example, in
spring 1990, 1992 and 1995; Fig. 1). Conversely, prolonged strati-
fication, as might be expected during frequent or intense ENSO
periods18, affects the N:P stoichiometry of both dissolved and
particulate matter pools in the surface (0–100 m) waters, and
forces the ecosystem out of the expected Redfield balance (for
example, March 1992–October 1994; Fig. 1).

The N:P stoichiometry of exported particulate matter collected at
the 150-m reference level is consistent with the trends already
discussed for suspended and dissolved matter pools. Low N:P
values that were observed following a deep mixing event during
HOT-14 (spring 1990), and the sustained higher than Redfield-ratio
export, recorded especially during the extended ENSO period, are
among the coherent trends (Fig. 1).
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Figure 1 Time series of N and P analyses of dissolved and particulate matter,

expressed as N:P (mol:mol) ratios, for dissolved matter (upper panel), suspended

particulate matter (centre panel) and exported particulate matter (lower panel).

The upper panel shows the 3-point running mean N:P ratios for 0–100 m (X),100–

200m (B) and 200–500m (O) portions of the water column. These ratios were

determined by integration (trapezoid rule) of discrete total dissolved nitrogen

(TDN) and total dissolved phosphorus (TDP) measurements (n ¼ 4–8) for each

depth region, and calculation of a single TDN:TDP ratio from these inventory

estimations. The centre panel shows the 3-point running mean (61 standard

deviation, s.d.) for the average suspended particulate N:P ratio measured in the

upper portion (0–100m) of the water column on each cruise (depth-integrated

particulate N 4 depth-integrated particulate P). The lower panel shows the 3-

point running mean (61 s.d.) for the average N:P ratio of the sediment-trap-

collected particulate matter at the 150-m reference depth. Water samples were

collected in polyvinylchloride bottles using standard shipboard procedures15.

Subsamples for TDN and TDP concentrations were treated with high-intensity

ultraviolet light, followed by automated colorimetric analysis39. Subsamples for

suspended particulate N analyses were screened through 202- mm Nitex then

filtered through combusted, Whatman (GF/F) glass fibre filters followed by high-

temperature combustion and detection of CO2 and N2 (ref. 35). Suspended

particulate P was measured by high-temperature sample ashing and

autoanalysis40. Free-drifting sediment traps35 deployed at 150m for an ,3-day

period during each cruise were used to collect sinking particulate matter for the

determination of export fluxes and for N and P elemental analyses, as above,

except that 335-mm Nitex pre-screening was used. The Redfield ratio (N : P ¼ 16)

is represented by a dashed line in all three panels.

Figure 2 Role of N2 fixation as a source of new nitrogen as determined by the N–P

mass-balance model (see text). The data shown are the monthly estimates of

N2 fixation, expressed as a percentage of particulate nitrogen (PN) export for

the 7-year HOT programme data set. The solid line is the 3-point running mean

value. Cruises where the calculated percentage was ,0 (that is, where

ðN : PÞout , ðN : PÞup) were treated as 0% N2 fixation for the purpose of calculating

the 3-point running mean. The 7-year average N2 fixation at station ALOHA based

on the N–P mass balance model is 32% of PN flux.
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Below the euphotic zone, the exported organic matter is solubi-
lized and remineralized by a variety of processes. It is important to
reiterate that the relatively large intermediate-depth (200–500 m)
reservoir of dissolved nutrients has an average N:P ratio that is
distinct from either the surface ocean pools or the sinking particu-
late matter collected at station ALOHA. However, the N2-fixation
signatures that we now observe in the HOT programme data sets
may be the result of a transient N–P cycle decoupling, rather than
being representative of the long-term (.100-year) steady state.
Otherwise, we might expect the N:P ratios in the intermediate and
shallow pools to converge because surface ocean export largely fuels
nutrient regeneration at depth.

A simple two-component N source model was constructed to
assess the potential role of N2 fixation using an upper water column
N–P mass-balance consideration. The operative assumption is that
the only new P source term, as SRP, is due to upward eddy diffusion,
and that this process and N2 fixation are the two potential source
terms for new N. When considering the total pool of organic matter
(dissolved plus particulate), the N:P ratio in the upper water
column (0–100 m) at station ALOHA is relatively constant
(mean total N : total P ¼ 18:9, s:d: ¼ 2:4, n ¼ 59) during our
observation period (October 1988 to December 1995). Conse-
quently an assessment of the role of N2 fixation can be made by
considering the N:P ratios of various potential sources and sinks as:

Nfix=½Nfix þ Nupÿ ¼ ½ðN : PÞout 2 ðN : PÞupÿ=ðN : PÞout

where Nfix and Nup are the rates of N2 fixation and upward eddy

diffusion of N, respectively, and (N:P)out and (N:P)up are the N:P
ratios measured for particles exported from the euphotic zone
and for the upward eddy-diffusive nutrient flux, respectively.
Based on the results from station ALOHA (Fig. 1), that is, the
mean ðN : PÞout ¼ 23:3 (s:d: ¼ 9:2, n ¼ 56) and the mean
ðN : PÞup ¼ 15:6 (s:d: ¼ 0:6, n ¼ 61), we estimate that 32% of the
particulate N export, or 34 mmol N m−2 yr−1, is supported by N2

fixation (Fig. 2 and Table 1). Significant temporal variations were
observed in the estimated percentage of PN export from N2 fixation,
with values ranging from 0% following deep winter mixing events
(for example, 1990, 1993, 1994) to .50% during periods of
extended water column stratification (for example, 1989, 1992,
1994, 1995; Fig. 2). We also observed large interannual variations
in the implied role of N2 fixation, with a sustained 2-year maximum
during the extended ENSO period (1991–92) to a distinct mini-
mum in 1994 (Fig. 2). These seasonal and interannual variations in
the rates of N2 fixation are inextricably coupled to upper-ocean
physical conditions and, ultimately, to ocean–atmosphere inter-
actions.

We also observed a systematic change in the inventory of DON in
the upper water column (0–100 m) that was especially evident
during the 1991–92 ENSO event. The nitrate inventories were
relatively constant and were, on average, ,1% of the TDN pool.
There was no evidence of a winter-time nitrate injection as we have
observed in non-ENSO years (Table 1). Nevertheless, there was a
dramatic increase in DON in surface waters beginning in the summer
of 1991 which was sustained until the end of 1992 (Fig. 3). A similar,
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Figure 3 Dissolved nitrogen pool dynamics for the upper portion of the water

column (0–100m) at station ALOHA during the 1991–92 ENSO event. Top,

dissolved organic nitrogen (DON) pool inventories; bottom, nitrate plus nitrite pool

inventories. The solid line is the 3-point running mean value for each

determination. Note the concentration scale differences; the majority of the

total dissolved nitrogen (TDN) pool (.99%) is DON. ½NO2
3 þ NO2

2 ÿ was measured

by chemiluminescence41, except for July 1991 and March 1992 when it was

measured using standard autoanalyser techniques. DON was measured by

difference ðTDN 2 ½NO2
3 þ NO2

2 ÿÞ following high-intensity ultraviolet light

treatment39. Each data point represents the 0–100m depth-integrated inventory

of ½NO2
3 þ NO2

2 ÿ or DON measured on the approximately monthly cruises,

generally from 6–7 individual water depths.

Figure 4 Dissolved phosphorus pool dynamics at station ALOHA for the period

1989–94, including the period corresponding to the extended 1991–92 ENSO

event. The concentration of soluble reactive phosphorus (SRP) was measured

both by a standard autoanalyser technique (data points connected by solid line)

and by the high-sensitivity magnesium-induced co-precipitation (MAGIC)42 tech-

nique (data points connected by dashed line). Soluble non-reactive phosphorus

(SNP) was measured by difference ðTDP 2 SRPÞ following high-intensity ultravio-

let light treatment39. Each data point represents the 0–100m depth-integrated

inventory of SRP or SNP measured on the cruises, generally from 6–7 individual

water depths. The model I linear regression fit (bold line) for the MAGIC-SRP data

set is: SRP ðmmolm2 2Þ ¼ 9:95 2 ð0:003 3 days since 1 Jan. 1989). The model I

linear regression fit (bold line) for the SNP data set is: SNP

ðmmolm2 2Þ ¼ 18:98 þ ð0:003 3 days since 1 Jan.1989).
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but transient, increase in DON was reported for the August 1989
Trichodemium bloom at station ALOHA10. Trichodesmium is known
to release up to 50% of the N2 fixed as dissolved nitrogen27, in
particular as the amino acid glutamate28. Compared to the 1990
annual mean DON of 474 mmol N m−2 (s:d: ¼ 65; n ¼ 8), the 1991
and 1992 values (mean ¼ 552, s:d: ¼ 49, n ¼ 10 and mean ¼ 612,
s:d: ¼ 19, n ¼ 11 mmol N m 2 2, respectively) represent a sustained
accumulation of 69 mmol N m−2 yr−1 during this ENSO event. With
an average C:N ratio of ,20 for the dissolved organic matter at
station ALOHA29, this DON accumulation could represent a net
carbon sequestration of ,1.4 mol C m−2 yr−1 during the 1991–92
ENSO. This value exceeds the estimated 0.8–1.0 mol C m−2 yr−1

annual air-to-sea flux of carbon dioxide for this region30, and
emphasizes the potential role of N2 fixation in the C as well as the
N cycle at station ALOHA. These DON accumulation results are
consistent with the conceptual model previously presented for the
ENSO-induced, N2-fixation-mediated alternation from N- to P-
limitation at station ALOHA18.

Nitrogen-isotope composition of sinking particles
The measurement of the natural abundance of 15N in particulate
matter can be used as a diagnostic tracer of N sources for organic
production. The nitrogen isotope ratio (15N/14N), expressed in the
conventional d15N (‰) notation31, is potentially quite useful in our
study because there is a large difference in N isotope ratio between
the two different ‘new’ N sources (N2 ¼ 0‰ versus NO 2

3 ¼ 6–
7‰)32. Although the exact d15N value of particulate matter is a
complex result of the d15N value of the N source and the degree of
isotopic fractionation during assimilation, the extremely low d15N
values reported for Trichodesmium (approximately equal to the
d15N of atmospheric N)33 provide an unequivocal assessment of N2

fixation in our study area. Time-series measurements of the d15N of
sinking particulate matter collected using a bottom-moored sedi-
ment trap deployed near station ALOHA reveal a systematic
seasonal flux pattern that is consistent with our model of nitrate-
based export production following periods of winter mixing and
N2-based export production during stratified summer conditions
(Table 2). From the results of a simple two-source model, we
estimate that N2 fixation supplies 48% of the total annual PN flux
collected at the 1,500 m reference depth (Table 2). This value is

equivalent to 50 mmol N m−2 yr−1 of N2-based new production, if a
similar proportion holds for particulate matter exported at the base
of the euphotic zone.

Dissolved-phosphorus dynamics
The dynamics of the dissolved phosphorus pool in the upper water
column are also consistent with the suggested role of N2 fixation at
station ALOHA. For example, the most readily available pool of
phosphorus, SRP, decreased by more than 50% between 1989 and
1994 at an average rate of 1.1 mmol P m−2 yr−1, presumably in
response to the shift from N to P limitation caused by increased
N2 fixation (Fig. 4). By comparison, the near-surface (0–100 m)
SNP pool, consisting largely of dissolved organic P compounds,
increased over this same period at an average rate that was indis-
tinguishable from the SRP decrease (that is, 1.1 mmol P m−2 yr−1).
We interpret this shift from SRP to SNP to be the result of the
production and accumulation of refractory P compounds that are
not readily available to the plankton community. Direct measure-
ments of microbial uptake of selected SNP compounds in Hawaiian
waters indicate that SNP assimilation rates are an order of magni-
tude lower than those measured for orthophosphate (that is, SRP)
when added at equivalent concentrations34. Extended periods of N2

fixation are expected to favour the selective removal of SRP and the
selective accumulation of SNP, exactly the pattern that we observe at
station ALOHA (Fig. 4).

During the period when SNP was accumulating in the upper
water column (0–100 m), there was a corresponding increase in
DON that was especially evident during the ENSO period (Fig. 3).
The molar N:P ratio of the accumulating dissolved pool during
1991–92 is 63, nearly four times greater than the Redfield ratio. We
interpret these coupled N–P nutrient dynamics (SRP decrease, SNP
and DON increases and non-Redfield dissolved-matter accumula-
tion) at station ALOHA to be the result of an uncoupling in the
input of N versus P into the pelagic ecosystem. This uncoupling is
consistent with an increase in cyanobacterial N2 fixation over the
period of study. It is also informative to point out that during the
period of DON accumulation, total autotrophic production
(measured using 14C techniques) increased without a concomitant
increase in particulate matter18 while the sediment trap PN export
decreased relative to the 7-year average18,35. These results suggest
that N2-supported new production pathways may also alter the
mechanics of nutrient export from a predominantly particulate-
matter export to one where dissolved-matter export processes may
become more important.

Station ALOHA nitrogen budget
We have compiled a budget for our time-series station based on
various measured and derived fluxes of nitrogen. From these
independent analyses, we conclude that N2 fixation may contribute
up to half of the N required to sustain total annual export in the
oligotrophic North Pacific Ocean (Table 1). There are at least two
significant consequences of these results. First, it seems that the
process of N2 fixation is an important source of ‘new’ N (as defined
by Dugdale and Goering36) at station ALOHA and, probably, for the
oligotrophic North Pacific subtropical gyre as a whole, especially
during the 1991–92 ENSO period. Whether this temporal coher-
ence with ENSO is a direct cause-and-effect relationship18 cannot be
determined from the available data sets. Because nitrogenase
requires Fe as a cofactor37, the availability of this and other essential
trace nutrients may also exert a control on ambient rates of N2

fixation. Direct measurements of dissolved Fe at station ALOHA
indicate the presence of non-limiting concentrations (0.2–1.0 nM;
ref. 38 and C. Measures, personal communication). The potential
interactions of Fe deposition at the surface with N2-fixation rates
and the attendant biogeochemical processes discussed here provides
a basis on which to examine climate regimes. Second, it seems that
phosphorus pool dynamics may ultimately control new and export
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Table 2 Nitrogen-isotope determinations of selected particulate pools

Sample source
d15Np

(‰)

Estimated
contribution from
N2 (% of total N)†

.............................................................................................................................................................................

Trichodesmium spp.

Laboratory culture,
fixed N-free medium

−0.38 100

Field collections
(HOT-9, 0–1m)

0.41 93

.............................................................................................................................................................................

Bottom-moored
sediment trap‡

Winter export pulse
(Feb.)

4.83 20

Summer export pulse
(Jul.)

1.53 75

Annual mean 3.10 48
.............................................................................................................................................................................
All data measured in the Hawaii Ocean Time-series programme.
*Relative to air N2.
†Based on a two-source model: d15N ¼ ðd15NaÞðfÞ þ ðd15NbÞð1 2 fÞ, where f is the decimal
fractional equivalent, Na and Nb are theoretical values for N2 ðd15N ¼ 0Þ and NO−

3 ðd15N ¼ 6:5Þ

based on values reported for the North Pacific Ocean (ref. 32).
‡A continuously recording, bottom-moored time-series sediment trap35,44 with traps posi-
tioned at 800, 1,500, 2,800 and 4,000m below the surface was used to collect the sinking
particulate materials for the measurement of N isotope ratios. Particulate matter from the
1,500-m trap was concentrated onto WhatmanGF/F filters followed bysealed-tube combus-
tion with Cu and CuO to N2, and gas analysis using a Finnigan MAT-252 isotope-ratio mass
spectrometer.
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production at station ALOHA, and probably in the subtropical
North Pacific Ocean as a whole, during periods of enhanced N2

fixation. This revised view of the control of organic-matter produc-
tion processes in possibly the largest continuous biome on Earth
may require other changes in our assessment of global biogeochem-
ical cycles. For example, if our conclusion about the role of
cyanobacterial N2 fixation in new and export production is correct,
we predict that new N inputs to these low-nutrient habitats may be
more dependent upon the relaxation of upper-ocean mixing (selec-
tion for N2-fixing microorganisms) than on increased atmosphere-
forced mixing as is presently considered in new-production models.
Furthermore, our results suggest a previously undetected seasonal
variability in sources of new N, as we have documented with the
d15N data set derived from sediment-trap data. This altered view of
biogeochemical dynamics in the subtropical North Pacific Ocean
may have a profound influence on how we model ecosystem
processes, including the potential effects of natural or human-
induced environmental change. M
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