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Abstract

Rates of canonical, i.e. heterotrophic, water-column denitrification were measured by 15N incubation techniques at a

number of coastal and open ocean stations in the Arabian Sea. Measurements of N2:Ar gas ratios were also made to obtain

independent estimates of N2 excess resulting from denitrification. Measured denitrification rates (15NO3
�-15�14N2) at

open ocean stations averaged 9.171.0 nmol N l�1 d�1 (n ¼ 15), and coastal rates averaged 33.2712.4 nmol N l�1 d�1

(n ¼ 18). When extrapolated to the entire Arabian Sea, deep measurements within the offshore perennial suboxic zone

indicate an overall denitrification rate of 41TgNa�1718TgNa�1, which is within the range (10–44TgNa�1) of previous

estimates for canonical denitrification in the region based on stoichiometric calculations and electron transport system

activity. Nitrogen excess gas measurements predict a larger nitrogen anomaly than estimated by classical stoichiometric

methods (maximum anomaly ¼ 23 mg at N l�1 vs. 13mg at N l�1, respectively). This mismatch may result from incorrect

assumptions of Redfield stoichiometry inherent in the nitrate deficit calculation, inputs of new nitrogen through N-

fixation, N2 contributions from sedimentary denitrification along continental margins, the anammox reaction, and metal

catalyzed denitrification reactions. Nevertheless, if denitrification is defined as the conversion of combined nitrogen to a

gaseous end product, then the data suggest that denitrification in the Arabian Sea may have been underestimated so far.
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1. Introduction

Fixed nitrogen (NO3
�, NO2

�, NH4
+, R-NH2, etc.)

has long been known to be an important biolimiting
nutrient in vast areas of the world’s oceans
(Codispoti, 1989). As such, nitrogen is integrally
linked to primary production and carbon cycling
with its availability controlling not only the fertility
.
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of the oceans but also the sequestration of carbon
dioxide from the atmosphere. Despite its impor-
tance, some aspects of the marine nitrogen cycle are
still not well understood. For example, whether or
not the combined nitrogen budget in the present day
ocean is balanced has been a topic of considerable
debate (Codispoti and Christensen, 1985; Gruber
and Sarmiento, 1997; Codispoti et al., 2001;
Deutsch et al., 2001). Most recent studies suggest
that the oceans are, on balance, losing fixed
nitrogen, but the magnitude of the net loss is not
well quantified (Codispoti et al., 2001).

Water-column and sedimentary denitrification
are the two major sinks in the marine-combined
nitrogen budget. (Here, we define denitrification as
the conversion of fixed nitrogen to N2 gas, i.e.,
canonical, or heterotrophic, denitrification, ana-
mmox, nitrifier denitrification, etc.) Current esti-
mates of water column denitrification range from 60
to 250TgNa�1 (Codispoti, 1995; Middelburg et al.,
1996; Gruber and Sarmiento, 1997). With the entire
marine-combined nitrogen turnover rate in the
neighborhood of 200–500 TgNa�1, a range of
190TgNa�1 in the water-column denitrification
component is clearly significant. Water-column
denitrification is thought to occur only in suboxic
environments, overwhelmingly in oxygen deficient
zones (ODZs) of the world’s oceans (Codispoti
et al., 2005). The Arabian Sea is one of the three
ODZs (the other two being the eastern tropical
North and South Pacific), contributing significantly
to global water column denitrification (Naqvi, 1987;
Naqvi and Shailaja, 1993; Codispoti et al., 2001).

Oxygen deficient conditions (defined as
O2p0.1ml l�1 or �4 mM; Codispoti et al., 2005) in
the Arabian Sea are the consequence of its unusual
geographical setting, which greatly affects regional
circulation and biological productivity (Naqvi et al.,
2003; Morrison et al., 1999). Atmospheric and
surface oceanic circulations in the northern Indian
Ocean are governed by two distinctly opposite
monsoon cycles that are known to produce some
of the greatest seasonal variability of any ocean
basin (Smith et al., 1998). During the southwest
monsoon (June–August) strong winds blowing from
the southwest produce offshore Ekman transport
triggering intense coastal upwelling off Somalia,
Yemen and Oman. The coastally upwelled water is
transported hundreds of kilometers offshore, en-
riching the euphotic zone with nutrients (Morrison
et al., 1999). This, in conjunction with high aeolian
dust flux and near constant, intense irradiance,
results in high primary production (�1.5 g
Cm�2 d�1; Barber et al., 2001, Lee et al., 1998).
The northeast monsoon (December–February) is
characterized by cold, dry winds that blow from the
northeast and cause convective mixing over a large
area. The associated nutrient pumping sustains
primary production (1–2 gCm�2 d�1), which is
comparable with that during the southwest mon-
soon (Barber et al., 2001). High primary productiv-
ity creates high O2 demand at depth and is one
major factor responsible for prevalence of suboxic
conditions in the Arabian Sea.

The other primary element contributing to sub-
oxic conditions is the restricted supply of O2 to
intermediate depths. The ODZ is supplied with
water advecting in from three major areas: the
southern Indian Ocean, the Persian Gulf and the
Red Sea. The latter two sources have modest
preformed O2 concentrations, and also make
relatively minor contributions to the water budget
of the ODZ (Swallow, 1984). Most of the water
responsible for renewal of the ODZ is derived from
the southern Indian Ocean. This water outcrops
around 401S, and while its preformed O2 concentra-
tion is high, the long trajectory of flow results in
great reduction of the O2 content by the time this
water reaches the southern border of the ODZ
(�121N) (Warren, 1994). Thus the O2 supply does
not keep pace with its consumption for the decay of
copious organic matter sinking from the productive
surface waters, thus producing the strong and
persistent ODZ in the Arabian Sea.

Published estimates of water column denitrifica-
tion in the Arabian Sea range from 0.1 to
44TgNa�1; even if the lowest estimate
(0.1 TgNa�1 based on a seemingly high choice of
renewal time—30 yr; Dueser et al., 1978) is ignored,
the range of remaining estimates is still quite wide
(10–44TgNa�1; Naqvi, 1987; Mantoura et al.,
1993; Naqvi and Shailaja, 1993; Howell et al.,
1997; Codispoti et al., 2001). These estimates also
assume canonical denitrification (NO3

�-NO2
�-

NO-N2O-N2) to be the main process that
converts fixed-N to gaseous N2, but additional
pathways such as the anammox reaction (e.g.,
Devol, 2003; Kuypers et al., 2003) are becoming
increasingly recognized. Importantly, none of the
published estimates are based on direct measure-
ments; indeed, this applies equally well to estimates
for the other ODZs. Most water-column denitrifica-
tion rates are derived from stoichiometry-based
calculations that are typically expressed as ‘nitrogen
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Fig. 1. Sampling locations. The shaded area represents the

approximate area of the oxygen-deficient, denitrifying zone.

Squares denote the 4 WOCE stations used as reference stations.

See Table 1 for specific station locations.
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anomalies’, a concept that allows the amount of
nitrate removed from the water column to be
quantified. Nitrogen anomalies are classically cal-
culated from hydrographic data, and are routinely
presented as nitrate deficits, i.e., as a pool of
‘‘missing’’ nitrate resulting from denitrification.
These deficits are then combined with an estimate
of the residence time of denitrifying waters in order
to compute a denitrification rate. An alternate way
to express nitrogen anomalies is as nitrogen gas (N2)
excess, i.e., the pool of ‘‘extra’’ N2 resulting from
denitrification. The amount of excess N2 has not
been measured directly in the Arabian Sea, with
existing denitrification rates obtained largely using
the nitrate deficits, so that uncertainties and
assumptions inherent in the deficits are carried into
the rates.

In this paper, we present profiles of the excess
nitrogen gas concentration through the ODZ of the
Arabian Sea as determined by measurement of
N2:Ar gas ratios. We also present denitrification
rates estimated from the conversion of 15N–NO3

� to
29N2 during in situ and shipboard incubations of
water samples and discuss these in relation to
canonical denitrification and anammox.
2. Methods

2.1. Study site

Samples were collected during six cruises in the
Arabian Sea and the Indian Ocean, between 1994
and 1999 aboard the R.V. Knorr (WOCE leg I7N;
Table 1 and Fig. 1), R.V. Sagar Sampada (SS141,
SS161), and R.V. Sagar Kana (SK137, SK140,
SK148)(Table 2, Fig. 1).
2.2. N2:Ar profiles

N2:Ar water column measurements were made on
five of the six cruises at stations covering a wide
latitudinal range in the western and central Arabian
Table 1

Station locations for WOCE stations outside the ODZ

Station name in text Latitude Longitude WOCE Leg

28 S 281 58.810S 551 00.450E I7

10 S 101 07.220S 521 28.170E I7

1 S 11 34.210S 551 00.00E I7

8N 81 30.770N 631 34.030E I7
Sea (Fig. 1) using the method described by Emerson
et al. (1991) and Hamme and Emerson (2003).
Samples were taken by siphoning approximately
125ml of water from a Niskin bottle into a 250ml
evacuated glass sample container poisoned with
50 ml of saturated HgCl2. The method includes
stringent precautions to ensure the sample water
was never in contact with the atmosphere. Samples
were returned to the University of Washington
where they were placed in a temperature-controlled
water bath to equilibrate the dissolved gases with
the headspace. After equilibration the liquid portion
of the sample was removed and the remaining gas
was cryogenically transferred into a stainless steel
sample tube immersed in liquid He. After extrac-
tion, sample tubes were interfaced with a Finnegan
MAT 251 isotope ratio mass spectrometer (IRMS)
and analyzed for atomic masses 28, 29 and 40
according to the method described by Emerson
et al. (1991) and Hamme and Emerson (2003).

2.3. 15N incubations

Denitrification rates were determined by measuring
the conversion of 15N–NO3

� to 29N2 in incubated
water samples. At the time these measurements were
made (1996–99), canonical denitrification was
thought to be the main process by which N2 was
produced in the oceans. For that reason, we measured
only 29N2. (With only canonical denitrification taking
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Table 2

Station locations and measured denitrification rates for open ocean and coastal sites confidence limits are given for samples where 3 or

more points are in the time series (standard error of the rate)

Cruise Date Latitude Longitude Depth (m) Incubation

type

Ambient
15NO3

(mmol l�1)

15NO3 added

(mmol l�1)

Rate

(nmol l�1y�1)

Open ocean

*SS161 Jan-98 191N 671E 300 In situ 21.7 5 8.2

*SS161 Jan-98 171N 681E 202 On deck 21.3 5 4.970.3

SS161 Jan-98 171N 681E 210 In situ 21.4 5 12.3

SS161 Jan-98 171N 681E 300 On deck 24.2 5 5.371.7

*SS161 Jan-98 181N 651E 290 On deck 22.4 5 7.072.8

SS161 Jan-98 181N 651E 290 In situ 22.4 5 3.7

SS161 Jan-98 171N 681E 278 In situ 24.2 5 11.9

SS141 Apr-96 151N 651E 300 In situ 22.1 5 15.0

SS141 Apr-96 191N 671E 300 In situ 22.1 5 11.972.3

SS141 Apr-96 191N 691E 250 In situ 25 5 8.5

*SK148 Sep-99 171N 681E 225 On deck 24.2 6 14.0

*SK148 Sep-99 181N 681E 200 On deck 23.8 6 8.6

*SK148 Sep-99 21.51N 671E 200 On deck 17.8 6 13.9

SK148 Sep-99 21.51N 671E 300 On deck 14.3 7.5 5.0

SS140 Dec-98 151N 681E 150 On deck 21.9 5 5.4

Average 9.171.0

Coastal

*SK137 Aug-98 10.71N 75.81E 23 On deck 15.8 7 7.671.1.63

*SK137 Aug-98 12.51N 74.81E 22 On deck 9.4 5 7.2

SK137 Aug-98 12.51N 74.81E 30 On deck 9.1 5 7.2

SK137 Aug-98 12.81N 74.71E 31 On deck 11.2 5 7.672.7

*SK137 Aug-98 13.11N 74.61E 32 On deck 4.8 5 13.470.4

*SK137 Aug-98 13.81N 74.51E 13.5 On deck 5.9 5 2.872.0

SK137 Aug-98 13.81N 74.51E 22 On deck 0.3 5 10.070.72

*SK137 Aug-98 14.51N 74.31E 20 On deck 4 5 13.271.3

SK137 Aug-98 14.51N 74.21E 21 On deck 13.7 5 5.4

SK137 Aug-98 14.51N 74.21E 30 On deck 14.4 5 15.979.53

*SK137 Aug-98 15.51N 73.61E 22 On deck 12.6 5 2573.4

*SK148 Sep-99 12.91N 74.71E 28 On deck 12.5 5 68.3

SK148 Sep-99 14.51N 74.21E 27 On deck 11.4 5 126.9

*SK148 Sep-99 14.51N 74.21E 27 On deck 11.4 5 207753

SK148 Sep-99 14.51N 74.31E 25 On deck 11.3 6 14.3

*SK148 Sep-99 15.51N 73.51E 30 On deck 19 6 26.675.5

SK148 Sep-99 17.91N 72.21E 72 On deck 10.5 6 25.8

SK148 Sep-99 17.91N 72.21E 72 On deck 10.5 6 11.4

Average 33.2712.4

Statistics on averages are standard errors. Stations marked with an * are plotted in Fig. 2.
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place we could predict the amount of 30N2 formed
from the mole fractions of 14NO3

� and 15NO3
� in the

incubations.) Thus, our denitrification measures do
not directly include the production of N2 by the
anammox reaction nor can they rule out anammox as
a pathway of 29N2 production (see Section 4). 15N
incubations were conducted both in situ and on deck
on five of the Arabian Sea cruises (SS141, SS161,
SK137, SK140 and SK148) at both shallow (o35m)
coastal stations and deep, open-ocean stations
(Fig. 1). For in situ incubations a spring powered
syringe containing a 15N–NO3
� solution (100 at%) in

saturated NaCl solution (to facilitate quick dispersal
of the labeled NO3

�) was attached to the outside of a
Niskin bottle. Nylon tubing (1/8 in i.d.) passing
through a hole drilled in the air vent of the Niskin
bottle connected the syringe with the upper part of
the sampler, and a similar tubing extending from the
lower part of the sampler vented outside near the top
of the sampler (this was to allow the escape of excess
water from inside the sampler once the syringe was
fired). The syringe was held in the cocked position by



ARTICLE IN PRESS
A.H. Devol et al. / Deep-Sea Research I 53 (2006) 1533–1547 1537
a lanyard attached to the Niskin tripping mechanism.
At the appropriate depth the Niskin bottle was
tripped and the syringe fired, releasing the 15N–NO3

�

tracer into the bottle. The amount and concentration
of tracer added was enough to increase the ambient
NO3
� concentration (�25mM) by 5mM. The bottle

remained in the water at depth for the duration of the
incubation, after which time it was brought to the
surface and sampled. Samples were taken into the
evacuated, poisoned glass sample containers and run
on an IRMS as described above.

On deck incubations were carried out in 1-l amber
glass bottles. Water was transferred into the bottles
in such a way that it was never in contact with the
atmosphere, thus maintaining suboxic conditions.
Silicone stoppers containing two lengths of 1/8 in
nylon tubing with valves were placed in the bottles.
One of the pieces of tubing (for filling the bottle and
drawing samples) extended to the bottom of the
incubation bottle. The other piece of tubing (for
water and air venting) extended only to the middle
of the stopper. The long piece of tubing was then
connected to the Niskin sample bottle containing
water from the appropriate depth and the 1-l bottle
was filled and overflowed by several volumes before
the inlet valve was closed. The 15N–NO3

� was
injected directly through the stopper with a needle
long enough to reach the bottom of the bottle while
the vent valve was open so that excess water could
escape from the bottle. Incubations took place in a
cold room within 3 1C of ambient temperatures for
10–30 h. At the conclusion of each incubation,
samples were again taken into the evacuated,
poisoned glass containers and run on the IRMS as
previously described.

Denitrification rates were calculated from change
in the 28/29 mass ratio during the incubation
assuming canonical denitrification was the domi-
nant N2 production pathway. Given this assump-
tion we can statistically predict the distribution of
28N2,

29N2 and
30N2 during canonical denitrification

based on the known mole fractions of 14NO3
� and

15NO3
� in the incubation. Departures from this

assumption due to anammox are discussed in
following sections. To calculate the concentrations
of 14N and 15N in N2 gas at the start of the
incubation from the measured initial d15N2 we made
the assumption that the N2 concentration of the
sample was the atmospheric equilibrium concentra-
tion at in situ temperature and salinity. This is not
strictly true due to non-equilibrium effects (Hamme
and Emerson, 2003) and N2 additions due to
denitrification itself. However, these effects only
change the equilibrium concentration by about 2%
and result in only about a 5% change in the
calculated rate. Given the above, the 15N/14N ratio
of the N2 gas at the end of the experiment is given
by the expression:

15

14
N

� �
f

¼

15N
� �

i
þ RDT 15

14NO3

� �
14N½ �i þ RDT 1� 15

14
ðNO3Þ

� 	 , (1)

where [15N]i and [14N]i are the concentrations of
15N

and 14N in the N2 gas (ng-at l�1)at the start of the
incubation, R is the denitrification rate
(nmol l�1 d�1), DT is the incubation time (d) and
(1514NO3) is the ratio of isotopes in the nitrate pool.
Solving Eq. (1) for R and correcting for the
unmeasured 30N2 that would also be formed during
denitrification one obtains:

R ¼

15N
� �

i
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N
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f
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15
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f
� 15
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�
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1� 15
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NO3

� �2
( )

, ð2Þ

where the last term is the 30N2 correction. This
correction will be larger for larger mole fractions of
15NO3

�. The correction results in only a minor
change in the average pelagic rate, from 8.6 to
9.1 nMd�1, but a larger correction for the coastal
data, 22–33 nMd�1, because coastal nitrate concen-
trations were lower.

2.4. Nutrients

Oxygen, nutrients, and salinity were analyzed on
deck within 3 h of sample collection. Dissolved
oxygen was measured using the Winkler method.
Nutrients were analyzed on a SKALAR 6-Channel
Analyzer 5100/1 using standard methods (Grasshoff
et al., 1983). Salinity was measured with a Guildline
salinometer. Hydrographic data for the WOCE
stations were obtained from the WOCE program
office (http://whpo.ucsd.edu/).

3. Results

3.1. Oxygen and nitrate profiles

Oxygen and nitrate profiles measured at the open
Arabian Sea stations were typical of the ODZ of the
Arabian Sea (Fig. 2(a) and (b)). Oxygen concentra-
tions were virtually zero from 150 to 800m. Nitrate

http://whpo.ucsd.edu/
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Fig. 2. Dissolved oxygen (a) and NO3 (b); profiles from representative central Arabian Sea stations along with oxygen (c) and NO3

(d) profiles from representative coastal stations. Stations plotted are marked with an * in Table 2.
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concentrations were near zero at the surface,
increased to approximately 25 mM at about 150m,
decreased slightly between 150–500m, and asymp-
totically increased to �40 mM from 500 to 1500m.
The dip in the nitrate profile around 200m has been
well documented in the past and is indicative of
denitrifying conditions (Naqvi, 1987; Morrison
et al., 1999).

The two cruises which covered the shelf were
undertaken during the period of upwelling and O2

deficiency in near-bottom waters (Naqvi et al.,
2000). Accordingly, while the dissolved O2 concen-
trations at the coastal stations were high at the
surface (�200 mM), the O2 content quickly de-
creased to zero by approximately 15–20m. Nitrate
concentrations were near zero at the surface and
typically increased to 10–20 mM by �15m depth
(Fig. 2(c) and (d)).

3.2. Denitrification rates

15N–N2 in the incubations increased from 0.5%
to 1.0% over the course of most incubations
(Fig. 3), which is well within the precision of the
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measurement of 70.5% based on 221 sample
duplicates (175 from ALOHA and 46 from the
Arabian Sea). Although most incubations included
only initial and final time points, an adequate
number (14 of 33 of incubations) included 3–4 time
points and suggested 15N–N2 production was quasi-
linear. There were no significant differences between
on deck and in situ incubations. Canonical deni-
trification rates for coastal waters varied widely,
from 5 to 207 nmolN l�1 d�1 with generally higher
rates during SK148 than SK137. They were also, on
average, higher than rates from the deep stations
(Table 2, Fig. 4). Denitrification rates from deep
stations ranged from 4.9 to 15 nmolN l�1 d�1 (Table
2, Fig. 4). There were no apparent spatial differ-
ences in the measured rates, nor was there any
discernible depth distribution (Fig. 4). However,
given that there were only a few depths sampled
from any given station, and that stations spanned a
large geographic and temporal range, the lack of
trends is not surprising. Since there were no large
differences between the measured rates, especially in
the open ocean, each set of data from the coastal
and deep stations was averaged. Coastal denitrifica-
tion rates averaged 33.2712.4 nmolN l�1 d�1 and
average deep rates were 9.071.0 nmolN l�1 d�1

(Table 2).
3.3. N2 excess

Gas ratio data collected from source waters south
of the Arabian Sea ODZ exhibited values consistent
with oxic marine regions. Although there were large
and systematic variations in the hydrographic
variables from the four stations on the WOCE
transect, (e.g., O2, NO2

�; Fig. 2), N2:Ar values for
these stations outside the ODZ did not differ
appreciably (Fig. 5: N2:Ar values have been divided
by equilibrium saturation values (Emerson et al.,
1999) to give normalized N2:Ar ratios so that a
value of 1.000 indicates equilibrium). Normalized
N2:Ar ratios were approximately 1.000 at the
surface and increased with depth to about 1.014
by 2500m. The solid line (Figs. 5(b) and 6)
represents the best fit of the data from the 4 WOCE
stations to sigma-t values (N2:Ar ¼ �1.5976+
0.3263st �0.01365st

2+0.000191st
3). These data

from the Indian Ocean are very similar to all other
N2:Ar profiles that have been measured outside
ODZs (Fig. 5(b)) including the North Pacific



ARTICLE IN PRESS

O2  μM

0 50 100 150 200 250

D
ep

th
 (

m
)

0

500

1000

1500

2000

2500

3000

28 S
10 S
1 S
8 N

N2/Ar (normalized)

1.00 1.01 1.02 1.03

28°S 55°E
10°S 52°E
1°S 55°E
8°N 63°E

(a) (b)

Fig. 5. (a) Dissolved oxygen versus depth for the 4 Indian Ocean WOCE stations (Table 1); (b) normalized N2:Ar ratios for the the 4

WOCE stations (solid symbols along with data from station ALOHA (HOT data: open symbols). The line represents the polynomial fit to

the WOCE data referred to in the text.

N2/Ar (normalized)

1.00 1.01 1.02 1.03

D
ep

th
 (

m
)

0

500

1000

1500

2000

2500

3000

SS161 

SS140 

SS141 

SK148 

WOCE

Fig. 6. Normalized N2:Ar ratios for the ODZ stations in the

Arabian sea along with ratios for the WOCE data.

A.H. Devol et al. / Deep-Sea Research I 53 (2006) 1533–15471540
subtropical gyre (Station ALOHA, Hamme, 2003;
also plotted on Fig. 5(b)), Washington and Cali-
fornia margins (Hartnett, personal communication),
and the Southern Ocean (Uhlenhopp, unpublished
data). Although these gas ratios seem to indicate
supersaturation of N2 outside the ODZ, recent work
by Hamme (2003) suggests the gases are not
supersaturated, but rather slightly undersaturated
with N2 less undersaturated than Ar. This is due to
bubble injection and differential non-equilibrium
conditions during water mass formation. Since the
trend of increasing normalized ratios with depth
appears to be widespread and consistent through
the Pacific, Indian and Southern Oceans, we will
assume this profile is the normal oceanic back-
ground, and that data from the WOCE stations
accurately represent water entering the ODZ of the
Arabian Sea.

In contrast, N2:Ar profiles inside the denitrifying
zone were strikingly different. Although the surface
values were once again near 1.00, there was a
distinct peak in the heart of the ODZ at about
200–300m where values reached 1.030–1.035
(Fig. 6). From this peak values decreased until they
returned to values typical of the WOCE stations
outside of the ODZ at about 1500m.

4. Discussion

Denitrification rates presented in Table 2 are for
canonical denitrification based on the assumption
that it was the dominant process of N2 production
during the incubation. However, given the recent
discovery of anammox in marine systems (Dalsgaard
and Thamdrup, 2002) and in the oxygen minimum
zone waters of the Benguela upwelling system
(Kuypers et al., 2003), this assumption may not be
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entirely valid. If anammox is occurring in the Arabian
Sea ODZ, which, as we discuss below, seems likely,
then our rates of N2 production are underestimates of
the true rate. Also, at the extreme, if anammox were
the sole production pathway of N2 in the Arabian Sea
and if denitrifiers were only reducing nitrate to nitrite,
then if the denitrification was in isotopic equilibrium
with the ambient nitrite pool our rate estimates would
be approximately correct. This is because in either
process basically one labeled N combines with one
unlabeled N to form 29N2. However, it is unlikely that
the NO2

� pool would be in isotopic equilibrium and
labeled NO2

� would need to grow into the ambient
NO2
� pool. In this case, the odds of combining a

labeled and unlabeled N would increase during the
course of the incubation and our results would again
be underestimates.

Measured denitrification rates were higher and
much more variable at coastal stations (average ¼
33.2712.4 nmolN l�1 d�1) than those at deep sta-
tions (average ¼ 9.071.0 nmolN l�1 d�1; Table 2).
Denitrification in near bottom waters over the
Indian continental shelf occurs seasonally (during
late summer and autumn), as a result of the
combination of strong near-surface thermohaline
stratification and high primary production.
Although the latter is sustained primarily by
nutrient supply through upwelling, there is reason
to believe that increased fertilizer runoff from land
might have led to an intensification of this process in
recent years (Naqvi et al., 2000). During the periods
of our observations, suboxic conditions were well
developed in the region. Interestingly, conditions in
the low oxygen waters over the Indian shelf are
similar to those of the Benguela upwelling zone
where anammox was shown to be the dominant N2

production pathway (Kuypers et al., 2003).
Although the highest denitrification rate mea-

sured at the coastal stations (188 nmolN l�l d�1) is
an order of magnitude higher than most other
coastal rates, it is not unreasonably high. The water
at the coastal stations is presumably upwelled from
�100–125m, so that its initial nitrate concentration
would be �25 mM (Fig. 2; also see Niak, 2003).
Observations indicate that nitrate concentrations
are seasonably variable, and by September denitri-
fication often leads to the complete removal of
nitrate in the upwelled water over the inner shelf
north of �121N latitude (Niak, 2003). With the
maximal observed denitrification rate, nitrate would
be completely depleted in about 4 months, which is
longer than the time actually taken (o2 months;
Niak, 2003) for the onset of sulfate reduction after
the system turns suboxic (denitrifying). This in-
dicates that, if anything, our estimates for coastal
waters may be conservative.

Previous researchers estimated pelagic denitrifica-
tion rates in the Arabian Sea by indirect methods,
primarily through the use of nitrate deficits combined
with varying choices of residence time for the ODZ
water (Naqvi, 1987; Mantoura et al., 1993; Howell et
al., 1997; Bange et al., 2000). The only non-nitrate
deficit based observational estimate has come from
the work of Naqvi and Shailaja (1993) who used
enzymatic measurements of activity of electron
transport system (ETS) to estimate denitrification
rates. Additionally, there are two modeling-based
estimates provided by Yakushev and Neretin (1997),
and Kawamiya and Oschlies (2003). An advantage of
these methods is that they provide estimates with
adequate temporal and spatial coverage because they
are based on routine hydrographic data. However,
the primary disadvantage is that they compound
uncertainties in the nitrate deficit calculation and the
water mass residence time. An additional short-
coming is that neither the anomaly nor the rate has
been measured, only calculated. In addition, as noted
earlier, these methods assume that nitrate loss is only
due to canonical denitrification or slight modifica-
tions of canonical denitrification.

In the majority of previous studies in the Arabian
Sea (e.g., Naqvi and Sen Gupta, 1985; Mantoura et
al., 1993; Bange et al., 2000) nitrate deficit has been
computed using the semi-conservative water mass
tracer ‘NO’ introduced by Broecker (1974). This
property is defined as ‘NO’ ¼ [O2]+9.1[NO3

�], with
the factor 9.1 representing the Redfield ratio
between O2 consumption and NO3

� regeneration.
This approach usually involves establishment of a
relationship between ‘NO’ and potential tempera-
ture for waters outside the denitrification zone. The
solution of the ‘NO’ equation for NO3

� yields the
‘‘expected NO3

�’’, NO3
�exp, within the denitrification

zone from temperature and O2 (Naqvi and Sen
Gupta, 1985). The nitrate deficit is then simply the
difference between NO3

�exp and the measured
NO3
�+NO2

�. Nitrate deficits are either integrated
over the volume of the denitrification zone and
combined with residence time or used in conjunc-
tion with estimates of water mass transport out of
the denitrification zone to arrive at a denitrification
rate. Recently, Codispoti et al. (2001) suggest that
these NO-based methods underestimate the nitrate
deficit (see below).
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A common problem in comparing denitrification
rate estimates based on depth integrated nitrate
deficits is that different authors assume different
residence times and surface areas of the denitrifica-
tion zone in the Arabian Sea. Nevertheless, all
recent denitrification rate estimates fall in the range
of 13–34Tg a�1 (Bange et al., 2000; Howell et al.,
1997; Mantoura et al., 1993; Naqvi, 1987; Yakushev
and Neretin, 1997). Naqvi and Shailaja (1993), used
an enzymatic measurement of the activity of the
ETS (Packard, 1971; Codispoti and Packard, 1980)
to estimate a denitrification rate of 24–33 Tg a�1.
While this rate is independent of residence time, it is
still dependent on the area of the denitrification
zone (moreover, it also involves assumptions con-
cerning the conversion of ETS activity to denitrifi-
cation rate). When all estimates are normalized to a
common denitrification area of 1.5� 1012m2 (the
average of Mantoura et al. (1993) and Naqvi (1987)
areas) the range of estimates becomes 9.5 Tg a�1

(Mantoura et al., 1993) to 44Tg a�1 (Naqvi and
Shailaja, 1993) still varying over a factor of more
than four.

Although we lack sufficient rate measurements to
construct a comprehensive depth or seasonal
structure in the Arabian Sea, the rates measured
by us in the open ocean compare reasonably well to
previous estimates of denitrification in the area. As
a first approximation, we have multiplied the
measured open ocean average rate by 600m, a
depth zone where oxygen deficiency is the most
extreme and denitrification rates are likely at a
maximum, to derive an areal average rate. Integrat-
ing this rate over the area of denitrifying waters in
the Arabian Sea (1.5� 1012m2) and assuming the
rate remains constant throughout the year, the rate
of denitrification in the Arabian Sea becomes
41718TgNa�1, which falls within the range of
previous estimates.

Our estimate of 41 TgNa�1 does not include
measurements from coastal stations. Since the
coastal stations were typically o50m deep, and
there is currently no precise estimate for the spatial
extent of coastal denitrification, these rates cannot
be extrapolated with confidence. Volumetric deni-
trification rates at the coastal stations are on
average 3.6 times higher than deep rates (Table 2),
indicating that the estimate of 41TgNa�1 for
canonical denitrification in the entire Arabian Sea
is probably conservative.

Our measured rates and those estimated from
nitrate deficits should be directly comparable
because they are both based solely on the removal
of nitrate from the water column. However, since
there are components of denitrification other than
just the removal of nitrate, both sets of estimates are
expected to be systematically lower than the actual
values. The most obvious is the probable conversion
of the ammonia (NH3) remineralized during deni-
trification to N2, likely by anammox type re-
actions (NH4

++NO2
�-N2+2H2O, Dalsgaard and

Tharmdrup, 2002; Jetten et al., 2003; Kuypers et al.,
2003). If we define denitrification as the conversion
of fixed nitrogen to N2, this and other pathways
leading to N2 production must be included.

An alternate and independent method to assess
the amount of denitrification is to directly measure
the excess nitrogen gas in the water column. The
final product of denitrification, N2, has no other
significant sources or sinks within interior water
masses, and thus the amount of excess N2 reflects
the amount of denitrification. Measuring the nitro-
gen gas excess captures the N2 produced not only
from the reduction of NO3

�, but also from the
remineralization and denitrification of ammonia in
organic matter (R-NH3), as well as any other
processes converting combined nitrogen to N2.

The amount of excess N2 gas in the Arabian Sea
ODZ was estimated from our normalized N2:Ar
ratios as follows:

½N�excess ¼ ½ðN2 : ArÞsample � ðN2 : ArÞbackground�½N�ðt;sÞ,

(3)

where (N2:Ar)sample is the normalized ratio within
the denitrifying waters of the ODZ (Fig. 6),
(N2:Ar)background is the normalized ratio predicted
for a parcel of water outside the denitrifying zone
with the same density (estimated from the best fit
line through the WOCE background data, Fig. 5)
and [N](t,s) is the atmospheric equilibrium saturation
of N2 predicted from temperature and salinity data.
Ar concentrations are assumed to be equal in both
sample and background waters of equal density. We
have chosen to express nitrogen concentrations in
units of mg-at N, so that there is 1:1 relationship
between NO3

�–N denitrified and N2–N excess.
An ensemble profile of excess N2 within the

denitrifying zone of the Arabian Sea is shown in
Fig. 7. Excess N2 is essentially zero in the surface
waters but increases within the ODZ to a maximum
of approximately 16–25 mg-at N around 250m
depth. The amount of excess N2 decreases slowly
thereafter; however, the values remain slightly
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positive even at 2000–2500m (i.e., well below the
denitrifying layer), presumably because of vertical
mixing. Brandes et al. (1998) also found enriched
15NO3

� profiles of similar shape extending down to
2000m in this region, supporting this hypothesis.

It is interesting to compare the excess N2

estimates with calculated nitrate deficits. For this
comparison we used a recently developed nitrate
deficit equation based on the high-quality Arabian
Sea JGOFS data (Codispoti et al., 2001). Their
estimate is based on a Type II linear regression of
PO4
�3 versus inorganic nitrogen (NO3

�+NO2
�+

NH4
+). The data used were restricted to the depth

range 100–1500m, excluding samples in which the
dissolved O2 concentration was less than 65 mM
(Fig. 8). The relationship derived between expected
nitrate and phosphate is

NOexp
3 ¼ 14:89ðP� 0:28Þ, (4)

where 14.89 is the slope of the regression in Fig. 8, P
is the measured phosphate concentration, and 0.28
is the intercept on the P-axis. The nitrate deficit,
NO3def, is then

NO3def ¼ ðNOexp
3 �NobsÞ0:86, (5)

where Nobs is the measured inorganic N
(NO3

�+NO2
�+NH4

+) and 0.86 is a factor to
account for the NH4
+ remineralized from organic

matter during denitrification (based on the assump-
tion that the local N:P regeneration ratio is 14.89
and that during denitrification 94.4 NO3

� are
consumed for every PO4

�3 remineralized). This
equation yields slightly higher values of NO3def

than most previous methods and it avoids the
problems of negative deficits in the surface layer
(Fig. 9). Significantly, the deficits it predicts in the
water column and this distribution appear to better
parallel our excess N2 profile. The overall effect is to
increase the depth-integrated nitrate deficit.

There are distinct differences between the mea-
sured N2 excess and calculated nitrate deficit
(Fig. 10). Most notably, peak values of measured
N2 excesses (�16–23 mg-at N) are much higher than
the corresponding nitrate deficit (�8–10 mg-at N),
with the anomaly persisting well below the depth of
the nitrate deficit maximum (within the depth zone
250–600m). Both excess N2 and measurable nitrate
deficits are present down to approximately 1500m.
We do not believe that the large excess N2 values are
an experimental artifact because all profiles from
the other Indian ocean stations are similar despite
the large range in dissolved oxygen (Fig. 5) and
because these profiles are similar to all other profiles
from other oceans. Also, there are many replicate
N2 excess measurements from four separate cruises,
and there are no other likely sources for N2 other
than denitrification. Thus, we believe our measure-
ments of excess N2 are accurate. However, there are
several possible factors that could contribute to
artificially low estimates of denitrification based on
nitrate deficit.
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As discussed above, nitrate deficits are not all-
inclusive estimates for the total amount of N2

produced during denitrification. The remineraliza-
tion of organic amino groups and subsequent
denitrification of NH3 produced, possibly accom-
plished by an anammox type organism (Dalsgaard
et al., 2003; Kuypers et al., 2003; Jetten et al., 2003),
is a process that would not be accounted for in the
nitrate-deficit calculation. Since ammonia concen-
trations are insignificant within the ODZ, there is
reason to believe this nitrification–denitrification
process is occurring.

Assuming Redfield stoichiometry we can calcu-
late the additional contribution of N2 from the
organic N. Given by the following (Richards, 1965):

ðCH2OÞ106ðNH3Þ16ðH3PO4Þ þ 94:4 HNO3! 106 CO2

þ 55:2 N2 þH3PO4 þ 177:2 H20, ð6Þ
42.2mol of N2 are produced from the conversion of
NO3
�–N2 (94.4/2) and 8 are derived from the

oxidation of organic NH3–N2. Thus, if we consider
the denitrification of the organic N, the N2

produced would be higher by a factor of 55.2/47.2,
which corresponds to a 16.9% increase. Although
significant this is not nearly enough to account for
the excess N2 discrepancy.

Another assumption in the nitrate-deficit calcula-
tion that would lead it to be an underestimate is in
the composition of the organic matter that is
remineralized by NO3

�. Recent research by Van
Mooy et al. (2002) indicates that organic matter
degraded during denitrification may consist primar-
ily of proteins having a composition different from
that assumed in Eq. (6). Assuming an average
protein composition as given by Anderson (1995),
Van Mooy et al. (2002) proposed the following
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stoichiometry for denitrification:

C61H97O20N16 þ 60:2 HNO3 ! 60:2HCO�3

þ 0:8CO2 þ 38:1 N2 þ 18:4 H20: ð7Þ

Although Van Mooy et al. (2002) did not include P

in their equation, if the N:P remained Redfieldian,
the equation would predict an excess N2 27%
greater than Eq. (6). However, if there is preferential
degradation of proteins during denitrification then
the N:P remineralization ratio may well be higher.
At the maximum, if there were no P remineralized
during denitrification then Van Mooy et al. (2002)
stoichiometry would yield 42% more N2 than
Eq. (6).

Significant nitrogen fixation in the Arabian Sea
may also elevate N2 yields during denitrification
because N-fixers have N:P ratios on the order of 45
(Capone et al., 2005; Karl et al., 2002). Based on
isotopic evidence, Brandes et al. (1998) estimated
that 20–30% of the primary production in the
Arabian Sea is fueled by nitrogen fixation. In that
case, assuming the N:P ratio of organic matter
produced by N-fixers to be 45, this, in itself, would
raise the yield of N2 during denitrification by about
50%. This would also require an increased role for
anammox because the extra N from N-fixation
would be remineralized to NH4
+ and would require

anammox to convert it to N2. Finally, in the water
column there are additional reactions that could
occur between Fe, Mn, I and N species that could
lead to the production of N2 (Codispoti et al., 2005;
Luther et al., 1997; Farrenkopf et al., 1997).

Sedimentary processes could also contribute to
the excess N2 to the extent that they are not
accompanied by an associated release of PO4

�3. The
most obvious of these is denitrification, but most of
the nitrate converted to N2 in the sediments would
likely diffuse in from the overlying water and would
already have been included in the nitrate deficit
calculation. However, in sediments in contact with
the ODZ the dominant sedimentary carbon remi-
neralization reaction is sulfate reduction. In suboxic
zone sediments like those in the Arabian Sea ODZ,
gliding bacteria such as Thioploca, Beggiatoa and
Thiomargarita actively transport nitrate from the
overlying water into the sediments where it is used
for sulfide oxidation to generate energy. However, it
is thought that most of the nitrate is converted to
ammonium (Jørgensen and Gallardo, 1999; Otte et
al., 1999) and high ammonium fluxes have been
measured from Thioploca mats on the Chile margin
(Farrias, 1998) where a similar ODZ exists. Thio-

ploca mats have also been observed in the Arabian
Sea (Jørgensen and Gallardo, 1999; Levin et al.,
1997) and if a similar export of NH4

+ takes place
from Arabian Sea sediments then it is likely
converted to N2 via an annamox type reaction
because significant ammonium accumulation does
not occur in the ODZ waters. At the extreme, if all
the NH4

+ resulting from carbon oxidation in the
sediments surrounding the Arabian Sea were con-
verted to N2 by anammox, then the overall
stoichiometry of carbon oxidation in the sediments
would appear to be that of canonical denitrification,
even though the main carbon oxidation pathway
was sulfate reduction.

Thus, it appears that the excess N2 in the ODZ of
the Arabian Sea is significantly greater than that
supportable by the estimated nitrate deficit alone.
Although it is difficult to attribute this to a single
process, there are several possible mechanisms to
increase the N2 yield during denitrification; these
include: (1) oxidation of the ammonium regenerated
during water-column denitrification to N2, (2)
denitrification fueled by non-Redfield organic mat-
ter such as preferential degradation of proteins or
high N:P ratio material produced during N-fixation,
(3) contributions of N2 resulting from processes
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taking place within the sediments in contact with the
ODZ waters, and (4) other reactions between
metals, iodine and various N species that lead to
N2 production. Because the excess N2 values are
somewhat less than double the N deficits, making
the same residence time and areal extent of
denitrification assumptions as used in the indirect
estimates discussed above, would give denitrifica-
tion rate values correspondingly greater. (Again, we
are defining denitrification as the conversion of
combined nitrogen to N2 gas.)
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