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Abstract

We measured chemoautotrophic bacterial nitrification rates in the lower euphotic zone at the North Pacific
Time-series Station ALOHA using low-level chemical assays and inhibitor-sensitive radiocarbon uptake
experiments. These measurements were compared with independent nitrification rate estimates based on
nitrous oxide distributions, nitrate assimilation rates based on nitrate changes during an in situ incubation,
and historical estimates of nitrification and nitrate assimilation from this region. Ammonium oxidation rates
ranged from 1.0 to 137.4 umol m—3 d—!, and nitrite oxidation rates varied from undetectable to 138.0 umol
m~3 d~!. Conservative estimates of depth-integrated euphotic zone nitrification rates from the complete
three-cruise data set were 0.69 mmol m~2 d—! for nitrite oxidation and 1.64 mmol m~2 d~! for ammonium
oxidation. The highest nitrification rates were found below the primary nitrite maximum, suggesting a
significant contribution of euphotic zone ammonium oxidation to the nitrite pool below but not within this
feature. A mass balance of nitrous oxide indicates that this gas is produced within the euphotic zone at a
rate of 1.68-7.94 umol m~—2 d—'. The nitrous oxide production rate provides an independent estimate of the
total euphotic zone nitrification rate in the range of 0.34-1.59 mmol m~2 d—!. We estimate that the total
euphotic zone nitrification rate is 47-142% of the concurrent nitrate assimilation rate, indicating that nitri-

fication in the euphotic zone is an important source of regenerated nitrate.

Nitrification, the microbiologically mediated oxidation
of ammonium to nitrite and nitrite to nitrate, is a key
process in the global nitrogen cycle (Ward 1986). In the
marine environment, the vertical flux into the euphotic
zone of nitrate regenerated by nitrification in deep water
is considered crucial to ecosystem stability through its
support of new primary photosynthetic production (Ep-
pley and Peterson 1979). However, nitrifying bacteria are
also active within the euphotic zone, especially within the
primary nitrite maximum (Olson 1981a; Ward et al. 1982).
Although primary production based on nitrate is usually
equated with new production (Dugdale and Goering 1967,
Eppley and Peterson 1979), if the nitrate is produced
within the euphotic zone, it must be considered recycled
production. Consequently, if nitrification in an oceanic
ecosystem proceeds at a substantial rate within the eu-
photic zone, then nitrate uptake cannot be equated with
new production for that ecosystem (Dugdale and Goering
1967; Priscu and Downes 1985; Ward et al. 1989).

It has been suggested that bacterial nitrification is re-
sponsible for the maintenance of the primary nitrite max-
imum (PNM), an accumulation of nitrite found in the
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lower euphotic zone over much of the world’s oceans
(Rakestraw 1936; Brandhorst 1959; Olson 19815). How-
ever, the excretion of nitrite by phytoplankton during
nitrate assimilation has also been implicated as a nitrite
source (Vaccaro and Ryther 1960; Kiefer et al. 1976;
Herbland and Voituriez 1979). At oligotrophic oceanic
sites such as the Hawaii Ocean Time-series Station ALO-
HA (22°45'N, 158°W), the PNM is located well within
the euphotic zone (Dore and Karl 1996). Knowledge of
the relative importance of these oxidative and reductive
processes is therefore necessary for an accurate under-
standing of the nitrogen cycle in such areas.

Furthermore, nitrification produces the ozone-deplet-
ing greenhouse gas nitrous oxide as a metabolic by-prod-
uct (Ritchie and Nicholas 1972). Euphotic zone nitrifi-
cation represents a near-surface source of this trace gas
(Capone 1991), yet other processes potentially contribute
to the generation of nitrous oxide within the euphotic
zone as well (Kaplan and Wofsy 1985).

The distribution and magnitude of euphotic zone ni-
trification processes are clearly important factors to con-
sider in biogeochemical studies of marine primary pro-
duction as well as nitrogen and carbon cycling. We report
here the results of a number of field observations and rate
experiments designed to elucidate the extent of euphotic
zone nitrification and its potential influence on recycled
production, the sea-air flux of nitrous oxide, and the dis-
tribution of nitrite at Station ALOHA.

Materials and methods

All sampling and experiments were performed at Sta-
tion ALOHA (A Long-term Oligotrophic Habitat As-
sessment), a North Pacific deep water (>4,500 m) site
visited at approximately monthly intervals as part of the
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Hawaii Ocean Time-series (HOT) project (Karl and Lu-
kas 1996). The oligotrophic waters at Station ALOHA
are considered representative of the North Pacific sub-
tropical gyre. Sampling is restricted to a circle with an
11-km radius centered at 22°45'N, 158°W, 100 km north
of Kahuku Point, Oahu, Hawaii.

A CTD/rosette system equipped with 24 12-liter PVC
bottles with Teflon-coated springs was used for sample
collection. The protocols for CTD operation, data anal-
ysis, and sensor calibration are described elsewhere (Bing-
ham and Lukas 1996). The surface flux of photosynthet-
ically available radiation (PAR; 400-700 nm) was mea-
sured with a LiCor cosine collector. Underwater PAR
was determined with a hand-lowered Biospherical pro-
filing natural fluorometer.

The depth of the euphotic zone, defined here as the
phytoplankton compensation depth (Sverdrup 1953), can
be estimated as the depth at which inorganic carbon in-
corporation in the light is not significantly (P < 0.05)
greater than in the dark, assuming that total community
respiration is the same in the light as in the dark. This
depth has been found to be 173+7 m at Station ALOHA
(Letelier et al. 1996); for convenience, we will assume this
depth is 175 m throughout this paper. The PAR at this
depth is 0.05% (%0.01%) of the surface PAR flux (Letelier
et al. 1996).

Nitrite and nitrate—Water samples for nitrite (NO,™)
and nitrate (NO,;~) were drawn with clean Tygon tubing
into acid-washed 125-ml polyethylene bottles and stored
frozen as described by Dore and Karl (1996) for later
analysis at our shore-based laboratory. Concentrations of
nitrite and of the sum of nitrate and nitrite (N+N) were
measured by the chemiluminescent methods developed
by Cox (1980) and Garside (1982), which offer detection
limits and precisions of 2 umol m~3 or less (Dore and
Karl 1996). Nitrate was calculated by difference. Even
when these low-level methods have been used, no sig-
nificant effect of the sample preservation and storage by
freezing has been noted for NO,~ (Dore and Karl 1996)
or for N+N (Dore et al. 1996). In all nitrification rate
experiments, both NO,~ and N+N were determined on
the same samples, but the water column profiles of N+N
were determined on separate casts; therefore, water col-
umn NO;~ is not reported separately. In these cases, the
NO,~ and N+N sample depths are aligned by means of
potential densities. This alignment is performed so that
the relative positions of features are not altered by short-
term internal wave motions, which have been shown to
vertically displace isopycnals at Station ALOHA by 10s
of meters in a few hours (Dore and Karl 1996).

Nitrous oxide—Samples for nitrous oxide (N,O) were
collected in 250-ml glass BOD-type bottles with ground-
glass stoppers. Clean Tygon tubing was used to rinse and
fill each sample bottle from the bottom, allowing at least
two volumes of sample to overflow in the process and to
displace all bubbles. Each sample was then aspirated to
just below the neck, poisoned with 100 ul of saturated
mercuric chloride, and its stopper was replaced after light
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lubrication with a carbon-based grease (Apiezon) to pre-
vent gas exchange during storage. The stoppers were se-
cured with polyethylene tape, and the samples were stored
in the dark at laboratory temperature (~20°C) until the
day of analysis. Nitrous oxide samples stored in a similar
manner have been demonstrated to be stable for at least
1.5 months (Elkins 1980; Butler and Elkins 1991). Al-
though the storage time for our samples ranged from a
few days to several months, we found no trend in the
relationship between measured N,O concentration and
storage time.

Nitrous oxide analysis was achieved by the equilibra-
tion of a subsample with an ultra-pure helium headspace
in a gas-tight syringe, followed by analysis of the head-
space with a gas chromatograph (Varian model 3300)
outfitted with a ¢3Ni electron capture detector held at
360°C. The protocol was similar to that of Elkins (1980),
except that our instrument was configured for backflush-
ing to prevent interference from water-associated halo-
carbons, and we did not use multiple equilibrations. Sep-
aration was achieved on a 3-m column packed with Chro-
mosorb 102 (80/100 mesh) and kept at 55°C. The carrier
gas was an ultra-high purity 5% mixture of methane in
argon; ultra-high purity helium was used for sample equil-
ibrations and backflushing. Both gases were further pu-
rified with molecular sieve 5A and an oxygen scrubber.

Nitrous oxide concentration and percent saturation were
calculated by means of published equations for seawater
(Weiss and Price 1980) and assuming an atmospheric
mixing ratio of 312 ppbv. We have assumed this mixing
ratio based on the world mean tropospheric N,O con-
centration in 1990 (310 ppbv) extrapolated to 1993 by
assuming a yearly rise of 0.25% (Houghton et al. 1990).
Because of the questionable absolute accuracy of com-
mercially available standard N,O mixtures (Rasmussen
and Pierotti 1978), we normalized our working standards
to this mixing ratio for air and used clean air from upwind
of Oahu as a primary standard. The response of our in-
strument to such air samples varied by no more than 1%
over a period of several months. The average precision
of the seawater N,O assay, based on 14 samples that were
collected and stored in duplicate, was +3.4%.

Nitrification and nitrate uptake rates—Chemoautotro-
phic ammonium oxidation rates were determined by an
inhibitor-sensitive dark radiocarbon (}#C) uptake assay
(Billen 1976; Somville 1978) and independently by a
chemical assay. Chemoautotrophic nitrite oxidation rates
were also measured with a chemical assay. During one
cruise (HOT-31), we used both methods simultaneously
to check the validity of the conversion factors chosen for
the “C-based method.

The “C-based assay relies upon measurement of the
dark incorporation of H!*CO;~ into particulate organic
matter within an incubated water sample with and with-
out the addition of a metabolic inhibitor that is known
to affect ammonium oxidizing bacteria. Incubations were
conducted in the dark to prevent interference from pho-
toautotrophic carbon assimilation and were temperature
controlled to simulate in situ conditions. The difference
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between the !“C assimilated in the controls and that as-
similated in the inhibited samples is a measure of the
growth of ammonium oxidizing bacteria.

We used acetylene gas (C,H,) as an inhibitor of am-
monium oxidation. Acetylene is known to be an effective
inhibitor of ammonium oxidation (Hynes and Knowles
1981) and is highly water soluble. Acetylene also inhibits
denitrification, but because denitrification is not an auto-
trophic process, its inhibition should not appreciably af-
fect the results of the !“C-based assay. Nitrapyrin (N-
Serve; Dow Chemical) is more commonly used as a ni-
trification inhibitor; however, it has been noted that in
oligotrophic oceanic waters, nitrapyrin can act as a general
metabolic inhibitor (Ward 1986). Nitrapyrin also must
be introduced dissolved in a solvent, which itself can
affect metabolism (Ward 1986), whereas acetylene is in-
troduced as a highly purified gas.

On each cruise, a nighttime rosette cast was made to
collect samples from up to 24 depths within the upper
200 m. Nitrification rate experiments were conducted on
water from two to four depths within the 100-175-m
depth range. We focused on this depth range because
previous studies have indicated that given the water clar-
ity at Station ALOHA, nitrifiers from water shallower
than 100 m should be nearly completely photoinhibited
(Olson 19815b; Dore and Karl 1996). Water samples (400
ml) were collected directly from the rosette bottles under
subdued light into acid-washed 500-ml polycarbonate in-
cubation bottles to which red rubber septa had been at-
tached with silicone sealant. The sealant had been aged
to assure complete curing, and the bottles were incubated
upright to prevent contact between the sample and the
septum and sealant. We uséd gas chromatography with
flame ionization detection (Hardy et al. 1973) to deter-
mine that <10% of the C,H, in the headspace diffused
through the polycarbonate container over the duration of
a typical incubation.

From each depth, two to four replicate incubation bot-
tles were filled for controls and an equal number were
filled for the C,H, treatments. Each bottle was inoculated
with 2.8-7.4 MBq of H!*CO;~ and then quickly treated
with the inhibitor. Acetylene (3 ml) was injected into the
headspace through the septum with a syringe after an
equal volume of air had been removed. In this protocol,
the final C,H, concentration calculated to exist in the
aqueous phase (Flett et al. 1976) was always more than
an order of magnitude greater than the 3.8 uM required
for complete inhibition of ammonium oxidation in pure
cultures of the ammonium oxidizing bacterium Nitro-
somonas europaea (Hynes and Knowles 1981). The in-
cubation bottles were gently agitated to evenly distribute
the radiocarbon and the inhibitor, covered with opaque
bags, and placed in temperature-controlled water baths
for ~24 h. The in situ temperatures were matched to
=+ 1°C. After the incubations, the samples were vacuum-
filtered through 0.2-um polycarbonate membrane filters
(Nuclepore). The “C activity was determined by means
of liquid scintillation counting as described by Letelier et
al. (1996). Dissolved inorganic carbon concentrations
(used to calculate carbon assimilation rates) were deter-
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mined independently by CO, coulometry (Winn et al.
1994).

Because the *C-based assay measures carbon incor-
poration as a surrogate for ammonium oxidation, a con-
version factor must be applied to obtain the latter rate
from the former. Several studies have reported such fac-
tors for marine nitrifiers, ranging from 8.3 to 42 mol
NH,* oxidized per mol C fixed during ammonium oxi-
dation (Carlucci and Strickland 1968; Billen 1976; Glover
1985). This large range probably reflects both a lack of
obligate coupling between the oxidation of ammonium
and carbon fixation in nitrifying bacteria and a varied
response of nitrifiers to different environmental param-
eters. We have adopted the lower value of 8.3 (Billen
1976) because of the observation by Feliatra and Bianchi
(1993) that nitrifiers in seawater generally have the lowest
N : C when compared to nitrifiers in other natural aquatic
environments. The empirical N:C measured indepen-
dently by combining our data from the !“C experiments
and the chemical assay (see below) suggest that this was
a reasonable, yet perhaps somewhat low, conversion fac-
tor.

The second method used to assess nitrification rates
involves direct measurement of the changes in NO,~ and
NO;~ in incubated samples. Replicate samples were in-
cubated in the dark in 500-ml acid-washed polycarbonate
bottles without any additions for ~24 h. Ammonium
oxidation was determined by the change of the total N+N
over the course of the incubation, and nitrite oxidation
by the change in NO;~ alone. Although processes other
than nitrification may alter concentrations of NO;~ and
NO,™, even in total darkness (e.g. phytoplankton nitrate
reduction), nitrification is expected to dominate the con-
versions of these nitrogen species in the absence of light
energy. Heterotrophic nitrification, although it has not
been conclusively demonstrated to occur in seawater
(Kaplan 1983), would be included by the chemical mea-
surements. However, because heterotrophic nitrification
is not an autotrophic process, it would have less effect on
the “C-based measurements and would also cause the
two independent estimates of nitrification to diverge.

The above assays both involve 24-h dark incubations
with single-endpoint determinations. Although time-
course experiments were not performed, the single-end-
point measurements are justified by observations of lin-
earity in ammonium oxidation rates over 24 h in previous
time-course experiments (Olson 1981a). We used dark
incubations in both of the above assays to avoid inter-
ference from phytoplankton nitrate assimilation and car-
bon incorporation that would swamp the nitrifier signal
in light incubations. However, it is possible that nitrifying
bacteria may show some recovery from photoinhibition
over the course of a 24-h incubation. In laboratory studies
with pure nitrifier cultures, ammonium oxidizers recov-
ered 35% of their activity and nitrite oxidizers recovered
3% 24 h after exposure to sunlight (Vanzella et al. 1990).
Olson (1981a) made simultaneous 24-h light and dark
measurements of ammonium oxidation on two samples
from the PNM in the North Pacific subtropical gyre with
15N tracer methodology and found that the light incu-
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Table 1. Nitrification rates at Station ALOHA estimated
with an inhibitor-sensitive radiocarbon uptake assay (*C) and
a chemical assay (Chem). Values presented are means =1 SE,
calculated by propagation of the errors in control and treatment
groups (not determined —nd).

: 3 -3 4-1
Cruise and Depth Oxidation rate (umol m=3 d—1!)

date (m) Method NH,* NO,~
HOT-31 131 14C 9.8£5.5 nd
Oct 91 Chem 32.3+249 9.6+17.8
152 1#C 122.6£15.5 nd
Chem 137.4%£109.6 138.0+124.4
HOT-36 140 #C 1.0+3.8 nd
Apr 92 164 14C 21.8+11.8 nd
172 14C 80.2+£60.2 nd
HOT-50 106 Chem 1.4+0.2 —-0.2+0.2
Oct 93 135 Chem 6.8+1.6 2.8+1.6
155 Chem 23.3+£4.0 18.6+3.8
175 Chem 10.5%5.5 8.8+5.8

bations yielded rates 70 and 96% of those from the re-
spective dark incubations. Recovery from light inhibition
thus may potentially introduce overestimates of ammo-
nium oxidation rate of up to 43%, but should have little
effect on the nitrite oxidation measurements.

On one cruise (HOT-50), we performed an in situ in-
cubation and used the chemiluminescent method to mea-
sure changes in nitrite and nitrate in the incubated sam-
ples. On an early morning rosette cast, we collected water-
column samples at 10-m intervals throughout the eu-
photic zone. From each of these, a single 250-ml acid-
washed clear polycarbonaté incubation bottle was filled
and tightly capped under subdued light. Replicate sam-
ples were immediately frozen in 125-ml polyethylene bot-
tles for time-zero analyses. Before dawn, the incubation
bottles were attached to the HOT free-floating sediment
trap array at the depths from which they were collected.
The deployment lasted 72 h. After recovery, the incu-
bation bottles were immediately frozen and returned along
with the time-zero samples to our shore-based laboratory
for chemiluminescent nitrate and nitrite analyses. Al-
though the long duration of this deployment could pos-
sibly have resulted in artifacts (Venrick et al. 1977), we
needed to capture at least one full diel cycle to determine
net daily rates, and the 72-h sediment trap deployment
was a convenient vehicle for doing so. Nonlinearity of
rate processes over the course of the incubation is pos-
sible, so the results should be interpreted with some cau-
tion.

Results and discussion

Nitrification rates—Nitrification rates in the lower eu-
photic zone (100-175 m) were highly variable with depth
and between cruises (Table 1). Ammonium oxidation rates
were sometimes substantial, reaching a maximum of 137.4
umol m~3 d=! (mean, 40.6 umol m~3 d—!; median, 21.8
wmol m~—3d~!; n= 11). Nitrite oxidation rates were com-
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Fig. 1. Depth profiles of selected nitrogen cycle parameters
at Station ALOHA during HOT-31. Nitrite and nitrate+nitrite
were measured by chemiluminescence, ammonium oxidation
rates were estimated with both the *C and chemical methods
(see text), and nitrite oxidation rates were estimated with the
chemical method. Error bars are +1 SE, calculated by propa-
gating the SEs between control or time-zero and incubated groups
of two to four samples each. Inset shows nitrite and ni-
trate+nitrite concentrations without break in scale in order to
emphasize relative pool sizes.

parable, with a maximum of 138.0 umol m—3d~! (mean,
29.6 umol m~3 d—!; median, 9.2 umol m~3 d~!; n = 6).
Although ammonium oxidation exceeded nitrite oxida-
tion in five of six cases, the high variability associated
with each measurement makes these differences statisti-
cally insignificant; also, because the ammonium oxida-
tion rates are potentially overestimated by up to 43%
owing to recovery from photoinhibition, the ammonium
and nitrite oxidation rates may tend to converge. The two
independent methods used to assess ammonium oxida-
tion rates on HOT-31, although exhibiting a high degree
of variability, agreed reasonably well, but suggest that the
N :C conversion factor used may have been somewhat
low.

There are few previous measurements of nitrification
rates in the lower euphotic zone of the North Pacific
subtropical gyre. Measurements of ammonium oxidation
rates in the PNM by >N tracer methodology made at
30°N, 155°W ranged from 2.2 to 7.3 umol m—3 d~! and
averaged 4.3 (Olson 1981a). This entire data set was from
a single cruise over a period of 2 weeks, and no more
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Fig. 2. Depth profiles of selected nitrogen cycle parameters
at Station ALOHA during HOT-36. Details as in Fig. 1, except
that only *C-based ammonium oxidation rates were estimated
and nitrite oxidation rates were not determined.

than one depth was sampled on any given day. It is there-
fore difficult to directly compare the variability in nitri-
fication rates with depth and time between the two data
sets. However, note that the highest rates observed at
Station ALOHA on each cruise were found below 150 m,
whereas the deepest sample assayed by Olson (1981a)
was from 148 m; above 150 m the two data sets exhibit
a fair degree of similarity. Nitrification rates of >200
umol m~3 d~! have been measured or estimated in other,
less oligotrophic marine environments (Ward 1982; Pris-
cuand Downes 1985; Feliatra and Bianchi 1993), whereas
the farthest offshore stations examined in nitrification
studies of the Southern California Bight (Olson 1981a)
and off the coast of Washington (Ward et al. 1984) ex-
hibited ammonium oxidation rates in the PNM of up to
20 umol m~3 d—!. We think that we are converging on
lower euphotic zone nitrification rates representative of
the central gyre habitat.

If we use the mean values from our measurements
above and assume they are typical of the 100-175-m
layer, while also assuming nitrification is absent in the
0-100-m layer owing to photoinhibition, we arrive at
total euphotic zone nitrification rates of 3.05 and 2.22
mmol m~2 d~! for ammonium and nitrite oxidation, re-
spectively. Because the data set is small and not distrib-
uted normally, more conservative estimates based on me-
dian rates may be in order. Such conservative rates would
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Fig. 3. Depth profiles of selected nitrogen cycle parameters
at Station ALOHA during HOT-50. Details as in Fig. 1, except
that only chemical-based ammonium oxidation rates and nitrite
oxidation rates were determined.

be 1.64 and 0.69 mmol m~2 d-! for ammonium and
nitrite oxidation.

Nitrification and the primary nitrite maximum—Wa-
ter-column profiles of NO,~ and N+N from the three
HOT cruises discussed here show a primary nitrite max-
imum that begins a few meters beneath the top of the
nitrate gradient or nitracline (Figs. 1-3). During HOT-
31, an inversion in the N+ N profile is evident at ~150
m (Fig. 1). Nevertheless, during each of these cruises, both
ammonium oxidation rates and (where available) nitrite
oxidation rates within the large upper peak of the primary
nitrite maximum are lower than they are a few meters
below, within the “‘tail” of the nitrite distribution (Figs.
1-3). This finding is consistent with our earlier hypothesis
that this upper PNM (UPNM) is maintained by algal
reduction of nitrate rather than by bacterial ammonium
oxidation, whereas ammonium oxidation contributes a
larger share of the nitrite below this feature (Dore and
Karl 1996).

The results of the HOT-50 in situ incubation reveal
substantial net uptake of N+N within the UPNM (100-
140 m)—up to 17.9 umol m—3 d~! (Fig. 4). A zone of net
N+N production is seen below the UPNM, from 150 to
160 m, with maximum rates of 5.9 umol m~=3 d~!. This
layer of net N+ N production is coincident with the max-
imum ammonium oxidation rates from the HOT-50 dark
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Fig. 4. Depth profiles of measured and estimated ni-
trate +nitrite transformation rates from HOT-50. Net rates of
change in nitrate+nitrite during a 3-d in situ incubation—[l.
Ammonium oxidation rates interpolated from the dark incu-
bation data presented in Fig. 1 and Table 1—O. Gross ni-
trate+nitrite uptake rates calculated by subtraction of inter-
polated ammonium oxidation tates from net nitrate+nitrite
uptake rates—A. Dotted line indicates zero rate of change.

incubation (Figs. 3, 4). The results of this in situ incu-
bation, like those of the dark incubation, are consistent
with a vertical separation of oxidative and reductive ni-
trite sources, reduction of nitrate dominating within the
UPNM, and oxidation of ammonium becoming more
important below.

Nitrification and N,0—Nitrous oxide exhibited super-
saturation throughout the euphotic zone at Station ALO-
HA (Fig. 5). The concentration of N,O in the surface
mixed layer varied from 6.7 to 8.3 umol m—3 (107-134%
of air saturation), with a five-cruise mean of 7.6 umol
m~3 (121% saturation). At the base of the euphotic zone
(175 m), N,O ranged from 8.3 to 10.5 umol m~—3 (120-
138% saturation) and increased along a concentration gra-
dient into deeper waters. The small headspace in the sam-
ple bottles (~5 ml) was considered essential for long-term
storage, but unfortunately may have introduced a slight
but variable underestimate of N,O in these samples; we
calculate that this error is no more than 0.6% for the most
supersaturated samples. A paucity of published data on
N,O distributions in the North Pacific subtropical gyre
limits the potential for direct comparison of our data with
those of other investigators. However, the 0-200-m depth
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Fig. 5. Depth distributions of nitrous oxide expressed as a

percentage of air saturation values. Error bars are =1 SE of
replicate measurements. Dashed line indicates equilibrium with
atmospheric nitrous oxide at in situ temperature and salinity.

distribution of N, O observed in our study (Fig. 5) is sim-
ilar to that measured by Elkins et al. (1978) at 20°N,
150°W. These investigators reported a surface saturation
of ~125%, while Singh et al. (1979) reported ~130%
saturation during a north—south transect across the Pacific
as they passed by 20°N at ~135°W. Nevison et al. (1995)
also reported N,O supersaturation near Station ALOHA,
but of lower magnitude (~103% saturation).

We can use our information on N,O distributions to
derive an independent estimate of nitrification rates in
the euphotic zone at Station ALOHA. If we assume steady-
state conditions and no horizontal advection of N,O, the
flux of N,O to the atmosphere from the supersaturated
surface waters must be balanced by the vertical eddy-
diffusive flux from deeper waters plus in situ N,O pro-
duction. A negative correlation of N,O and dissolved
oxygen in the water column is a common feature of much
of the ocean worldwide and is indicative of N,O pro-
duction via nitrification (Elkins et al. 1978; Cohen and
Gordon 1979; Oudot et al. 1990). Chemoautotrophic am-
monium oxidation produces nitrous oxide as a by-prod-
uct, and the relative yield of N,O with respect to NO,~
varies inversely with the dissolved oxygen concentration
(Goreau et al. 1980; Lipschultz et al. 1981). In the well-
oxygenated waters of the euphotic zone at Station ALO-
HA, the primary if not the sole in situ source of N,O is
expected to be ammonium oxidation.

We can estimate the sea-air flux of nitrous oxide based
on an empirically derived relationship between gas trans-
fer and wind speed (Wanninkhof 1992) by using our mea-
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Table 2. Euphotic zone (0-175 m) nitrous oxide budget at
station ALOHA. Sea-air fluxes (umol m~2 d—!) are calculated
from sea surface temperature (°C), mean wind speed (m s~!),
and mean mixed layer AN,O (=N,O,cas. — N2Ouyr sar) (umol
m~3) with the equations of Wanninkhof (1992). Vertical N,O
fluxes (umol m~2 d—!) are calculated from the measured N,O
concentration gradient (umol m~*) at 175 m with an eddy dif-
fusion coefficient of 3.7x 107> m? s~! (Lewis et al. 1986). The
0-175-m production rate of N,O (umol m~2 d—!) is estimated
as the difference between the sea-air flux and the vertical dif-
fusive flux. NH,* oxidation rate (mmol m~2 d—!) is estimated
based on the 0-175-m N,O production rate and a molar yield
of 0.5% for N,O relative to NH,* oxidized (see text).

N,O
Sea Verti- NH,*
Mixed sur- Mean Sea- cal Verti- oxi-

layer face wind air gradi- cal Prod.dation
Cruise AN,O temp speed flux ent flux rate rate
HOT-40
Sep 92 1.55 26.4 6.83 6.07 0.027 0.09 5.98 1.20
HOT-41
Oct 92 2.10 26.5 4.16 3.06 0.051 0.16 2.90 0.58
HOT-45
Feb 93 0.82 23.8 5.32 1.83 0.049 0.16 1.68 0.34
HOT-50
Oct 93 1.53 25.5 8.04 8.11 0.054 0.17 7.94 1.59
HOT-57
Sep 94 0.63 26.5 7.02 2.61 0.028 0.09 2.52 0.50

surements of surface AN,O (= N,O,cas — N2Ogirsar), tem-
perature, and wind speed (Table 2). This model takes into
account the effects of wind speed variability and the sol-
ubility of the gas in seawater. When calculated in this
way, we arrive at a sea-air N,O flux of 1.83-8.11 umol
m~2 d~! for the five cruises considered (Table 2). We can
simultaneously estimate the vertical N,O flux from below
the euphotic zone by means of a one-dimensional eddy-
diffusive model, in which the flux equals the product of
the concentration gradient and an eddy-diffusivity coef-
ficient. From our N,O profiles, we determine that the
vertical N,O concentration gradient at 175 m is 0.027-
0.054 pmol m—*. We use an eddy-diffusivity coeflicient
of 3.7x107° m? s~! (Lewis et al. 1986) and calculate a
vertical N,O flux of 0.09-0.17 umol m~2 d~! (Table 2).
The difference between the sea-air flux and the vertical
eddy-diffusive flux is a net euphotic zone N,O production
rate of 1.68-7.94 umol m—2d-1.

We then assume that N,O is produced at a rate that is
0.5% of the ammonium oxidation rate. Under well-ox-
ygenated conditions, this yield has been shown to vary
from <0.1% to ~0.5% (Goreau et al. 1980; Lipschultz
et al. 1981; Kaplan and Wofsy 1985). We choose here to
use the highest yield because it results in the most con-
servative estimate of nitrification rate. The resulting es-
timates of ammonium oxidation rate in the euphotic zone
are 0.34-1.59 mmol m—2 d—!.

These calculations reveal that the euphotic zone pro-
duction of N,O by nitrifying bacteria may exceed the
vertical flux into this layer from below by a factor of 18—
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66. We recognize that these calculations depend heavily
on the choice of eddy-diffusivity coefficient and on the
ratio of N,O to NO,~ produced during ammonium o0x-
idation. Also, the variability of our measurements of the
mixed-layer N,O saturation state reduces the precision
of our sea-air N,O flux estimates. Nevertheless, these
results strongly suggest that much of the dissolved N,O
that could be released to the atmosphere at Station ALO-
HA is produced within the euphotic zone. The results
also provide an independent conservative estimate of the
overall euphotic zone ammonium oxidation rate that is
on the same order as that from the incubation results
above. Interestingly, the saturation state of N,O in the
upper 40 m seems to be equal to or slightly higher than
that immediately below 40 m (Fig. 5); this could indicate
near-surface nitrification despite the inhibitory effect of
light on nitrifying bacteria.

Nitrification and new production—When the new pro-
duction concept was developed by Dugdale and Goering
(1967), accurate measurements of marine nitrification
rates were not available. Nevertheless, Dugdale and Goe-
ring were aware that nitrification could prove to be a bane
to their model. They stated, “If nitrification rates are
eventually shown to be sufficiently higher than has been
assumed, the assumption that nitrate is a nonregenerated
nutrient form in the euphotic zone would have to be
modified”” (Dugdale and Goering 1967, p. 205). More
recently, the new production concept has been extended
to equate nitrate-based production with export produc-
tion to determine the fraction of carbon that can be re-
moved from the euphotic zone by the ‘““biological pump”’
(Eppley and Peterson 1979; Longhurst and Harrison
1989). However, because improvements in techniques for
the measurement of nitrification rates in the sea indicate
a significant role for this process (Olson 1981a; Ward et
al. 1982), the validity of the new production concept as
it is commonly applied has come into question (Priscu
and Downes 1985; Ward et al. 1989). It is therefore of
great interest to compare nitrification rates with nitrate
uptake rates and the eddy-diffusive supply of nitrate to
the euphotic zone.

We focus here on the experiments conducted during
HOT-50, from which we have the most complete data
set; however, we recognize that higher nitrification rates
were measured during HOT-31 and HOT-36. The HOT-
50 in situ incubation provides us with an estimate of 0.36
mmol m~2 d~! for euphotic zone depth-integrated net
N+N uptake (Fig. 4, Table 3). However, to obtain an
estimate of the gross N+ N uptake, we must add the rate
of ammonium oxidation to this net figure. To facilitate
this calculation, we use a linear interpolation of the am-
monium oxidation data from the dark incubation be-
tween 100 and 175 m and assume zero nitrification from
the surface to 100 m (Fig. 4). The resulting profile of gross
N-+N uptake yields an integrated (100-175 m) rate of
1.12mmol m~2d~!(Table 3). This estimate is well within
the range of previous measurements of gross N+ N up-
take, based on '’N tracer methodology, that have been
made in the North Pacific subtropical gyre (0.23-1.67
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Table 3. Estimates of euphotic zone nitrification rates and
nitrate uptake rates from HOT-50 compared with those from
previous studies in the North Pacific subtropical gyre.

Rate (mmol
Type of estimate Source and site m-2d-1)
Nitrification rates
Ammonium oxidation HOT-50 0.76
based on change in ni- Station ALOHA
trate +nitrite during dark
incubations; 100-175 m
integrated
Nitrite oxidation based on HOT-50 0.53
change in nitrate during  Station ALOHA
dark incubations; 100—
175 m integrated
Ammonium oxidation HOT-50 1.59
based on N,O budget Station ALOHA
calculations (0-175 m)
and a 0.5% N,O yield
Ammonium oxidation Olson 1981a 0.32
based on mean of five 30°N, 155°W
15N tracer measurements
over 100-175-m depth
range
Nitrate uptake rates
Net nitrate+nitrite uptake HOT-50 0.36
based on concentration Station ALOHA
change during in situ in-
cubation; 0-180 m
Gross nitrate+nitrite up- HOT-50 1.12
take based on concentra- Station ALOHA
tion change during in
situ incubation com-
bined with dark ammao-
nium oxidation mea-
surements; 100-175 m
Vertical eddy-diffusive lux HOT-50 0.17
of nitrate+nitrite based Station ALOHA
on measured gradient
and a diffusion coeffi-
cient of 3.7x 1075 m? s~!
Uptake of nitrate based on  Sahlsten 1987 1.67

15N tracer measure-
ments; 0-90 m integrat-
ed

Uptake of nitrate based on
I5N tracer measure-
ments; 0—160 m inte-
grated, range from six
cruises

28°N, 155°W

Knauer et al. 1990 0.23-0.79
33°N, 139°W

mmol m~2d~!, Table 3). The eddy-diffusive flux of N+N
into the euphotic zone during HOT-50 is estimated to
have been 0.17 mmol m~2 d-! based on the measured
gradient and an eddy-diffusion coefficient of 3.7 x 103
m?s~! (Lewis et al. 1986). This flux represents about half
of the net N+N uptake but only 15% of the gross N+N
uptake estimated above (Table 3). Interestingly, the HOT-
50 in situ incubation reveals a slight net production of
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N+N in the upper 40 m of the water column (Fig. 4).
This observation may indicate that nitrification is not
fully inhibited by light in the upper 100 m and is con-
sistent with the elevated N,O saturations in the upper 40
m (Fig. 5). Nevertheless, because we do not have inde-
pendent nitrification rate measurements in this upper lay-
er, we will continue to make the conservative assumption
in our depth-integrated calculations that nitrification in
the upper 100 m is nil.

Integrated (100-175 m) nitrification rates from the dark
incubation during HOT-50 were 0.53 mmol m—2 d~! for
nitrite oxidation and 0.76 mmol m~2 d~! for ammonium
oxidation (Table 3). At the same time, the 0-175-m in-
tegrated ammonium oxidation rate estimated from the
N,O budget was 1.59 mmol m~2 d—!. An historical es-
timate of 0.32 mmol m~2 d~! comes from averaging the
ammonium oxidation data of Olson (1981a) and assum-
ing that the value holds over the 100-175-m depth range
(Table 3). Because Olson’s data do not include points
from the 150-175-m depth range (where we find the high-
est ammonium oxidation rates), this estimate is likely to
be low.

We find that for the HOT-50 experiments nitrification
represents between 47 and 142% of the contemporaneous
gross N+ N assimilation rate (Table 3). Although the his-
torical estimates of nitrification and nitrate uptake rates
in the North Pacific subtropical gyre come from different
sources and locations, they suggest a range of 19-139%
for this ratio, which is consistent with our findings. Given
the uncertainties in our own data, the uncertainties pre-
sented by previous investigators, the small size of the
combined data set, and the high degree of variability with
depth and time, it is difficult to present a robust estimate
of the relative overall magnitudes of the nitrification and
nitrate assimilation processes for the North Pacific sub-
tropical gyre. However, we are beginning to see a con-
vergence of estimates that indicates that the two processes
have rates on the same order of magnitude and that sug-
gests that a substantial fraction of nitrate assimilated is
regenerated and not new. Similar conclusions have been
reached for the western Cook Strait, New Zealand (Priscu
and Downes 1985), and for the Southern California Bight
(Ward et al. 1989). If Station ALOHA is representative
of oligotrophic oceanic gyre habitats in general, then the
use of measurements of gross nitrate assimilation rates
to estimate new production is precluded over vast areas
of the world’s oceans, unless concurrent nitrification rate
measurements are included.
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