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Abstract

Benthic chambers were used to measure in situ fluxes of dissolved gases (N2, O2, and N2O) and inorganic nutrients

(NO3
�, NH4

+, and PO4
3�) in continental shelf sediments of the Mid-Atlantic Bight during spring through autumn (May–

November). Denitrification was determined by the rate of increase in N2 relative to Ar, measured using membrane-inlet

mass spectrometry. Although sediments were a source of recycled (mineralized) inorganic nitrogen (primarily as NH4
+)

and phosphorus, they only supplied E1% of total nitrogen required by water column primary production. Overall,

sediments were a net sink for total nitrogen due to denitrification. On average denitrification removed

1.7mmolNm�2 d�1 and was related to sediment oxygen consumption (SOC), suggesting that nitrogen regenerated

from organic matter in the sediment and subsequently nitrified was an important nitrate source for benthic denitrifying

bacteria. Coupled nitrification–denitrification was estimated to support 91–100% of total denitrification in LEO-15

sediments. Denitrification in these sediments was an important pathway for carbon mineralization, on average

accounting for 13% of total mineralization (2–62%). Denitrification was not related to the organic content of the

sediment suggesting that quality of organic matter, rather than simply quantity, was important in controlling

denitrification in continental shelf sediments. Denitrification, SOC, and nutrient fluxes showed no strong seasonal

patterns. The pattern of N2O flux was related to bottom water N2O concentration. Nitrous oxide supersaturation

during the summer resulted in flux into sediments, whereas near equilibrium N2O concentrations during the spring and

autumn resulted in flux out of sediments. r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Denitrification, the microbially mediated reduc-
tion of NO3

� and NO2
� to N2 and N2O, is an

important nitrogen loss term in oceanic waters. It
has been suggested that the nitrogen inventory in
the modern ocean is declining as a result of marine
denitrification (McElroy, 1983; Codispoti and
Christensen, 1985; Christensen, 1994; Codispoti,
1995). Overall, nitrogen loss via marine denitrifi-
cation may exceed nitrogen inputs to the ocean
from terrestrial sources and atmospheric deposi-
tion (McElroy, 1983; Liu and Kaplan, 1984;
Codispoti and Christensen, 1985). Much of this
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denitrification occurs in sediments of continental
margins, which is suggested as one of the largest
sink terms in the global ocean nitrogen budget
(Liu and Kaplan, 1984; Hattori, 1983; Christensen
et al., 1987a; Seitzinger and Giblin, 1996).
Denitrification in sediments of continental margins
may remove more than half of total nitrogen
inputs to oceans (Christensen, 1994). As oceanic
primary production is generally limited by nitro-
gen (Ryther and Dunstan, 1971; Perry and Eppley,
1981), nitrogen removal via denitrification in
continental shelf sediments could constrain marine
photosynthesis.

In addition to nitrogen removal, denitrification
could be an important pathway for carbon
mineralization in sediments. Carbon mineraliza-
tion via denitrification is generally viewed as
insignificant in continental shelf sediments (Jahnke
et al., 1982; Christensen et al., 1987b) accounting
for only 2.5–6% of total carbon mineralization
(Rysgaard et al., 1998; Kostka et al., 1999;
calculated from Christensen et al. (1987b)). How-
ever, results of diagenesis models based on pore
water solute concentrations suggested that deni-
trification was responsible for as much as 20% of
carbon mineralization in eastern Canadian con-
tinental margin sediments (Boudreau et al., 1998).

Denitrification has been measured in situ via N2

flux from sediments on the Washington shelf
(Devol, 1991; Devol and Christensen, 1993) and
the Western Arctic shelf (Devol et al., 1997) with
the use of benthic landers. While denitrification
has been measured in sediments cores from
Massachusetts Bay (Nowicki et al., 1997) based
on N2 flux (Seitzinger et al., 1980), most current
estimates of denitrification in North Atlantic shelf
sediments are based on indirect approaches such
as stoichiometric calculations (Gardner et al.,
1993; Enoksson et al., 1990) and pore water solute
concentrations (Billen, 1978; Christensen et al.,
1987a; van Raaphorst et al., 1990,1992). A recent
improvement in the technique for measuring N2

flux from sediments is the use of membrane inlet
mass spectrometry (MIMS) (Kana et al., 1994).
Using this technology, dissolved N2 concentra-
tions can be measured with high precision, thus
permitting accurate measurement of very small
changes in dissolved N2 concentrations. We have

combined the use of MIMS with the use of benthic
chambers for the first time to obtain in situ rate
measurements of denitrification at 4 sites in the
Mid-Atlantic Bight of the western North Atlantic.
In the current study we report on fluxes of N2, O2,
N2O, and nutrients. We explore the importance of
coupled nitrification–denitrification for nitrogen
removal, and the role of denitrification in sediment
carbon mineralization. Finally, we discuss factors
that are related to denitrification in these sedi-
ments and how these factors might be used to
build predictive models for estimating denitrifica-
tion rates in continental shelf sediments.

2. Methods

2.1. Study site

The Mid-Atlantic Bight National Undersea
Research Center has established a long-term
ecosystem observatory site (LEO-15) on the
continental shelf near the Rutgers University
Marine Field Station at Tuckerton, NJ (391280N,
741150W). The LEO-15 site is centered on the
Beach Haven Ridge, a sand ridge in E15m of
water. Such ridges are found throughout much of
the continental shelf of the northwestern Atlantic,
and include both sandy and finer grained sedi-
ments (McBride and Moslow, 1991). LEO-15
experiences periodic upwelling events driven by
southwesterly winds. This upwelling is a common
feature of the Mid-Atlantic Bight and likely
contributes to high phytoplankton production
and pockets of low dissolved oxygen characteristic
of sections of the Mid-Atlantic Bight.

Benthic fluxes of dissolved N2, O2, N2O, and
nutrients were measured at 4 stations at LEO-15
during 1996–1999. Stations 9 and C are located
near the southern end of the ridge in E11m of
water (Fig. 1). Station C2 is located to the south-
east of station C in E17m of water. Stations 9, C,
and C2 are characterized by sandy sediments.
Station 32 is located near the northern end of the
ridge in E15m of water. Station 32 is character-
ized by finer grained sediments with higher organic
content. The benthic community near stations 9
and 32 are dominated by the polychaetes Gonia-
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della gracilis, Spiophanes bombyx, and Polygordius

sp., and the bivalve Tellina agilis (Boesch et al.,
1979). The benthic community near station C is
dominated by the polychaetes S. bombyx and G.

gracilis, the amphipods Pseudunciola obliquua,
Trichophoxus epistomus, and the bivalve Spisula

solidissima (Boesch et al., 1979). Denitrification
(N2 and N2O fluxes), oxygen consumption, and
nutrient fluxes were measured at stations 32 and C
in August 1996, at station C2 in October 1996, and
at stations 32, C, and 9 in July 1997, June 1998,
September 1998, November–December 1998, May
1999, and August 1999 (stations 32 and 9 only).
The sampling schedule allowed a picture of the
temporal patterns of these processes during late
spring through late autumn.

2.2. Benthic flux measurements

Benthic chambers were used to measure fluxes
of dissolved N2, N2O, O2, and nutrients at each of
the 4 stations. Chambers were constructed of
acrylic tubing (17 cm diameter� 25 cm length)
capped at one end. The other end was open to
the sediments. When deployed, the open ends of

the chambers were gently pressed into the sedi-
ments to a depth of B8 cm. The volume above the
sediment-water interface was 3.8 l within each
chamber. A floating stir bar was fastened to the
inside of each chamber top. A sealed PVC
housing, which contained a bar magnet mounted
to a drive shaft driven by a small DC motor, was
mounted on the outside of the chamber top.
Rotation of the bar magnet (7 rpm) turned the
floating stir bar within the chamber, thereby
mixing the chamber water. The chamber top
had 2 ports, a sampling port and an inlet
port. An empty plastic bag (PVC/PVDC co-
polymer, Dow Chemical, Inc.) was fastened to
the inlet port within the chamber. As water
was removed from the sampling port, its volume
was replaced by water flowing into the inlet
and filling the bag. The filled bag (E600ml
prior to final sampling) was prevented from
contacting the stir bar by a small acrylic barrier,
and did not interfere with stirring. The bag
material is an effective barrier against diffusion
of most gases including N2, O2, and Ar measured
in this study (described below). The bag prevented
mixing of water inside the chamber with the

Fig. 1. Study area in the Mid-Atlantic Bight, North Atlantic Ocean (Rutgers Cartography, 1998).
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surrounding milieu. All bags were leak tested prior
to chamber deployment.

At each station three benthic chambers were
installed and subsequently sampled by SCUBA
divers. At the time of chamber installation, bottom
water samples were collected using a Niskin bottle.
Bottom water was used to fill clear biological
oxygen demand (BOD) bottles (60ml). Filled
BOD bottles were placed on the sediment surface
near benthic chambers to serve as controls for
processes occurring in the water column. Samples
for dissolved N2, O2, N2O, and inorganic nutrients
(NO3

�, NH4
+, and PO4

3�) were collected by divers
in a time series over a 2-day period (generally 1, 4,
7, and 24 h following chamber deployment).

Samples for dissolved N2 concentration were
collected in stainless steel tubes (4mm internal
diameter� 60 cm) with gas tight plug valves at
each end (Nupro SS-4P4T). Divers connected a
stainless steel tube to the sampling port of each
benthic chamber with a 60ml syringe connected to
the other end of each column. Samples were drawn
gently through the stainless steel tubes, filling the
tubes and the syringes. Duplicate samples for N2

were collected at each sampling interval, preserved
with HgCl2 (final concentration=0.25% satura-
tion). Mercuric chloride was introduced by hold-
ing sample tubes vertical, and pipetting 40 ml of
saturated HgCl2 solution through the open valve.
The small surface area: volume of the sample tube
prevented any significant exchange of dissolved
gases during the brief time the valve was open.
Sample tubes were stored at B11C above ambient
bottom water temperature prior to analysis. We
have found that this method prevents the forma-
tion of small bubbles as the water volume expands
slightly within the rigid sample tube.

Dissolved N2 concentration was measured using
an MIMS system (Kana et al., 1994). Sample tubes
were supported vertically and water samples were
drawn from the bottom half through a stainless
steel capillary using a peristaltic pump with
Vitont tubing (E2–3ml of sample were drawn
for each analysis). The capillary passed coaxially
though a T-shaped glass inlet tube under high
vacuum (B10�6mm Hg). Within the inlet tube,
the water sample was pushed past a gas permeable
silicon membrane. The vacuum degassed the water

sample as it passed the membrane, introducing the
gases into a quadrupole mass spectrometer (Bal-
zers Prismat). A liquid nitrogen trap was used to
freeze out water vapor and carbon dioxide,
preventing interference of carbon dioxide with
N2 measurements. Peaks were measured for N2

and Ar (m=z: 28, 40). Replicate samples generally
have a lower % standard deviation among N2/Ar
measurements (o0.05%) than among N2 measure-
ments (o0.10%). Therefore, increases in N2 were
calculated from the change in N2/Ar through time
assuming Ar to be constant. The instrument was
calibrated using a series of 4 standards, each with a
different salinity (0–100 ppt). Standards were
prepared by equilibrating water with the atmo-
sphere at a constant temperature. Standards were
stirred for a minimum of 48 h, and the stirring rate
was slow to prevent entrainment of gas bubbles
associated with turbulent mixing. The dissolved
gas concentrations in standards (N2 and Ar) were
calculated using the solubility equations of Weiss
(1970) for the appropriate temperature and sali-
nity. Standards were interspersed among samples
during analysis (one standard after every 3
samples) to ascertain there was no instrument
drift, and that precision remained high (i.e. %
standard deviation among N2/Ar measurements
o0.05%). Denitrification was measured as the
increase in dissolved N2 in chambers through time,
calculated by linear regression on all time points
for each chamber. Dissolved N2 concentrations in
chambers generally increased linearly over 24 h.
Denitrification in the water column was assumed
to be negligible since bottom water was well
oxygenated.

One syringe sample was immediately filtered on
board ship for nutrient analyses (Whatman GF/
F). Samples were stored frozen prior to analysis
(�201C). Ammonium, nitrate+nitrite (hereafter
referred to as nitrate), and soluble reactive
phosphorus were measured on a Lachat Quik-
Chem Analyzer (Lachat QuickChem Methods 31–
107–06–1–A, 31–107–04–1–A, and 31–115–01–3–
A, respectively). Oxygen concentrations were
measured from a separate syringe sample using a
YSI oxygen meter and electrode (prior to Septem-
ber, 1998) or by micro-Winkler titrations
(September, 1998–August, 1999). Nitrous oxide
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concentrations were measured from syringe sam-
ples at the beginning and end of each chamber
incubation. On board ship, syringe samples were
gently transferred to serum bottles, stoppered with
butyl rubber stoppers, and preserved with HgCl2
(final concentration=0.25% saturation). Nitrous
oxide was measured following headspace equili-
bration. Gas samples were injected into a gas
chromatograph (Shimadzu GC-8A) equipped with
a 63Ni electron capture detector and a
2.44m� 0.318 cm o.d. stainless steel column
packed with Poropak Q, 80/100 mesh (N2 carrier
gas flow 30mlmin�1). The total amount of N2O
dissolved in the water and gas phases of the
samples was calculated with the N2O solubility
equation of Weiss and Price (1980) for the
appropriate temperature and salinity. An N2O
standard series used for instrument calibration was
prepared from a 20.5 ppm standard (Matheson
Tri-Gas). Standards were interspersed among
samples during analysis (one standard after every
5 samples) to ascertain there was no instrument
drift. Oxygen, nutrients, and N2O concentrations
were measured in the BOD bottles containing
bottom water collected at the beginning of the
chamber deployment. These samples were used to
correct for water column processes occurring in
chambers. Fluxes of oxygen, nutrients, and N2O
were calculated by linear regression as the changes
in dissolved concentrations through time. Changes
in the concentrations of oxygen and nutrients were
generally linear over 24 h. On few occasions the
change in dissolved oxygen was non-linear, de-
creasing more over night than during the day. For
these events, separate regression equations were
used to calculate sediment oxygen consumption
during the night and during the day. Gross
primary production was estimated as the differ-
ence between dark and light sediment oxygen
consumption. Nitrification was estimated as the
sum of denitrification (measured via N2 flux) and
nitrate flux, where a positive nitrate flux indicated
efflux from sediments.

Chlorophyll was extracted from triplicate sedi-
ment samples (o1 g dry weight per sample) in
20ml buffered acetone. Chlorophyll a was quanti-
fied by the method of Lorenzen (1967), measuring
absorbance at 665 and 750 nm and correcting for

absorbance by phaeopigments (Perkin–Elmer, Inc.
Lambda 12 UV/VIS spectrophotometer). Organic
content of sediments was determined by percent
loss on ignition of triplicate samples (o1 g dry
weight per sample) baked at 5001C for 4 h.

3. Results

Between May and late November, bottom water
temperatures generally varied by 101C or less
(Table 1). Organic carbon content of sediments (%
loss on ignition) was similar at the two sandy sites,
9 and C (0.3–1.0%), and was higher at site 32 with
finer grained sediments (1.2–2.1%) (average values
from three samples per station by sampling date).
While organic carbon content was not measured at
site C2, it is a sandy site and most likely had an
organic content similar to sites 9 and C.

Over the course of all in situ incubations, N2

concentration in the chambers increased while O2

decreased (Fig. 2, represented by chambers at
station 9, November, 1998). Concentrations of
NO3

�, NH4
+, and PO4

3� generally increased (posi-
tive flux out of sediments), although at times there
was a flux into the sediments (Table 1).

Denitrification rates did not show a strong
seasonal trend (Fig. 3a). At stations C and 9,
maximum rates occurred in July, 1997 (2.10 and
2.61mmolNm�2 d�1, respectively; average values
from three chambers per station by sampling date)
(Table 1). At station 32, maximum denitrification
occurred in September, 1998
(2.65mmolNm�2 d�1). Denitrification was lowest
at stations 9, C, and 32 in June, 1998 (0.64, 0.42,
and 0.15mmolNm�2 d�1 for stations 32, C, and 9,
respectively). Denitrification at station C2 was
only measured in October, 1996 when the highest
mean rate for LEO-15 was recorded
(5.44mmolNm�2 d�1). Denitrification was not
corrected for N2O flux as N2O represented a small
fraction of total N2+N2O flux from sediments and
the N2O could have been a product of either
nitrification or denitrification. No station consis-
tently had the highest rate of denitrification, and
average denitrification rates (May–November)
were similar among sites (1.69, 1.45, and

A.E. Laursen, S.P. Seitzinger / Continental Shelf Research 22 (2002) 1397–1416 1401



Table 1

Flux rates of dissolved gases and nutrients from LEO-15 sediments

Denitrification

(mmolNm�2 d�1)

Net O2

consumption

(mmolO2m
�2 d�1)

Gross primary

production

(mmolO2m
�2 d�1)

PO4
3� flux

(mmol Pm�2 d�1)

NO3
� flux

(mmolNm�2 d�1)

NH4
+ flux

(mmolNm�2 d�1)

Station 32

August, 1996 2.2970a �18.8671.46 0 0.5570.19 0.1470.05 2.4370.48

July, 1997 1.2670.71 �12.3375.12 0 0.0370.03 0.0270.05 1.2470.83

June, 1998 0.6470.32 �4.8470.93 0 0.0770.07 0.0170.03 0.5270.15

September, 1998 2.6570.90 �35.84716.38 0 0.1670.04 �0.0170.05 1.3770.72

November, 1998 1.2070.41 �12.2076.56 0 0.0370.02 0.1070.08 1.1470.56

May, 1999 1.9871.53 �15.0574.22 0 0.0770.07 0.0670.03 1.5570.23

August, 1999 1.8171.73 �23.7474.94 0 0.1670.01 �0.0470.03 0.6270.20

Station C

August, 1996 1.8370.70 �20.15713.08 0 1.2670.26 �0.1070.13 2.9971.06

July, 1997 2.1070.10 �24.0970.87 0 0.2070.08 0.1670.16 1.8070.41

June, 1998 0.4270.16 �13.21710.08 0 0.0370.02 0.3570.05 0.6070.57

September, 1998 0.8670.56 �31.9076.94 0 0.0270.05 0.0170.06 2.1971.38

November, 1998 1.4070.17 �6.8970.31 0 0.0170.04 0.2370.15 �0.1570.13

May, 1999 2.0670.67 �15.8870.17 0 0.0370.04 0.0870.06 1.3470.45

Station 9

July, 1997 2.6170.36 �16.7271.28 0 0.0570.01 0.2170.06 0.2070.04

June, 1998 0.1570.04 �11.0776.11 0 0.0370.01 0.2370.01 0.3970.18

September, 1998 1.2270.56 �24.6573.59 4.1373.07 0.0170.08 �0.0170.06 1.7671.56

November, 1998 1.8670.34 �16.8073.73 0 0.0670.04 0.4270.15 0.8870.31

May, 1999 1.9570.59 �8.0571.17 3.3876.94 0.0270.01 0.0870.02 0.0970.10

August, 1999 2.2270.73 �5.7471.51 0 0.0170.09 �0.1970.08 �0.0870.42

Station C2

October, 1996 5.4472.87 �67.65733.62 0 0.3370.33 �0.6670.65 3.2973.16

LEO-15 average

August, 1996 2.0670.33 �19.5170.91 0 0.9170.50 0.1270.03 2.7170.40

July, 1997 1.99 70.68 �17.7175.94 0 0.0970.09 0.1370.10 1.0870.81

June, 1998 0.4070.25 �9.7174.35 0 0.047 0.02 0.2070.17 0.5070.11

September, 1998 1.5870.95 �30.8075.68 1.3872.38 0.0670.08 �0.0170.01 1.7770.41

November, 1998 1.4970.34 �11.9674.96 0 0.0370.03 0.2570.16 0.6270.68

May, 1999 2.0070.06 �12.9974.30 1.1372.95 0.0470.03 0.0770.01 0.9970.79

August, 1999 2.0270.29 �14.74712.73 0 0.0970.11 �0.1270.11 0.2770.49

Overall average 1.6570.59 �16.7777.03 0.3670.62 0.1870.32 0.0970.12 1.1370.85

Nitrification

(mmolNm�2 d�1)

Bottom water

[NO3
�] (mM)

% Contribution

of water column

NO3
�to total

denitrification

% Organic

carbon

Chl a (mg g�1) Temperature

(1C)

Station 32

August, 1996 2.4370b 1.6 0 — — 16

July, 1997 1.28 70.72 o0.1 0 1.4 1.6 17

June, 1998 0.6570.33 0.1 0 1.2 2.9 16

September, 1998 2.6470.90 0.4 0.4 — — 18.5

November, 1998 1.3070.44 0.4 0 1.3 4.6 12.5
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1.67mmolN2m
�2 d�1 for stations 32, C, and 9,

respectively).
Oxygen uptake by sediments followed no

discernible seasonal pattern (Fig. 3b), although
uptake was highest in September, 1998 for stations
9, C, and 32. Station 9 had the lowest sediment
oxygen demand overall with O2 uptake ranging
between 5.74mmol O2 m�2 d�1 in August, 1999
and 24.65mmol O2 m�2 d�1 in September, 1998
(average values from three chambers per sampling

date) (Table 1). Oxygen uptake at station C ranged
between 6.89mmol O2m

�2 d�1 in November, 1998
and 31.90mmol O2m

�2 d�1 in September, 1998.
Oxygen uptake at station 32 ranged between
4.84mmol O2m

�2 d�1 in June, 1998 and
35.84mmol O2m

�2 d�1 in September, 1998. Sedi-
ment oxygen uptake at station C2 was 67.65mmol
O2m

�2 d�1 in October, 1996. Sediment oxygen
uptake was correlated with sediment chlorophyll a

content (r ¼ 0:538; p ¼ 0:047) and not to sediment

Table 1 (continued)

Denitrification

(mmolNm�2 d�1)

Net O2

consumption

(mmolO2m
�2 d�1)

Gross primary

production

(mmolO2m
�2 d�1)

PO4
3� flux

(mmol Pm�2 d�1)

NO3
� flux

(mmolNm�2 d�1)

NH4
+ flux

(mmolNm�2 d�1)

May, 1999 2.0471.58 0.2 0 1.8 8.3 12.8

August, 1999 1.7771.69 1.2 2 2.1 22 14.4

Station C

August, 1996 1.9370.74 1.2 0 — — 16

July, 1997 2.2670.11 0.2 0 0.7 3.2 17

June, 1998 0.7770.29 0.2 0 0.8 0.8 16

September, 1998 0.8770.57 0.3 0 — — 21.5

November, 1998 1.6370.20 o0.01 0 0.8 1.7 12.5

May, 1999 2.1470.70 0.2 0 0.4 4.6 11.6

Station 9

July, 1997 2.8270.39 0.1 0 0.4 0.6 17

June, 1998 0.3870.10 0.2 0 0.3 0. 8 16

September, 1998 1.2170.56 0.3 1 — — 22

November, 1998 2.2870.42 0.1 0 1.0 1.8 12.5

May, 1999 2.0370.61 0.3 0 0.2 1.7 11.6

August, 1999 2.0370.67 1.3 9 0.3 1.5 14.4

Station C2

October, 1996 6.1073.22 6.3 0 — — 16

LEO-15 average

August, 1996 2.1870.35 1.4 0 — — 16

July, 1997 2.1270.78 0.1 0 0.8 1.8 17

June, 1998 0.6070.20 0.2 0 0.8 1.5 16

September, 1998 1.5770.94 0.3 1 — — 20.7

November, 1998 1.7470.50 0.2 0 1.1 2.5 12.5

May, 1999 2.0770.06 0.2 0 0.8 4.9 12.2

August, 1999 1.9070.18 1.3 6 1.2 12 14.4

Overall average 1.7470.55 0.5370.56 1 0.9 4.5 15.5

an ¼ 1:
bn ¼ 1:
—Values not measured.

Positive values indicate efflux from sediments and negative values indicate uptake by sediments. Values listed are mean7standard

deviation for 3 chambers.

A.E. Laursen, S.P. Seitzinger / Continental Shelf Research 22 (2002) 1397–1416 1403



11 15 19 23 03 07

N
2 

co
nc

en
tr

at
io

n 
(µ

M
)

488

490

492

494

496

498

500

11 15 19 23 03 07

N
O

3-  +
 N

O
2-  c

on
ce

nt
ra

tio
n 

(µ
M

)

-1

0

1

2

3

4

5

11:00:00 15:00:00 19:00:00 23:00:00 3:00:00 7:00:00
160

180

200

220

240

260

280

11 15 19 23 03 07
0

2

4

6

8

10

11 15 19 23 03 07

P
O

43-
 c

on
ce

nt
ra

tio
n 

(µ
M

)

0.2

0.4

0.6

0.8

1.0

1.2

Chamber A Chamber B Chamber C Control

11:00:00 15:00:00 19:00:00 23:00:00 3:00:00 7:00:00

O
2 

co
nc

en
tr

at
io

n 
(µ

M
)

N
H

4+
 c

on
ce

nt
ra

tio
n 

(µ
M

)
N

2O
 c

on
ce

nt
ra

tio
n 

(µ
M

)

4

6

8

10

12

14

16

(a) (b)

(c) (d)

(f)(e)

Fig. 2. Changes in the dissolved gas and nutrient concentrations in benthic chamber water over time: (a) N2, (b) O2, (c) NO3
�+NO2

�,

(d) NH4
+, (e) PO4
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Fig. 3. Benthic flux from LEO-15 sediments: (a) N2, (b) O2, (c) NO3
�+NO2

�, (d) NH4
+. Values are mean7standard deviation for three

chambers.
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organic carbon content or temperature. However,
samples were not collected for chlorophyll a and
organic carbon analyses at all sites and on all
dates.

Gross benthic primary production (GPP) was
measurable only at station 9 on two dates. Benthic
GPP was 4.13mmol O2m

�2 d�1 in September,
1998 and 3.38mmol O2m

�2 d�1 in May, 1999
(average values from three chambers). Benthic
GPP was not measurable at stations 32, C or C2
on any of the sampling dates (Table 1).

Nitrate flux was out of the sediments on most
dates, indicating that denitrification did not
consume all nitrate produced within the sediments.
There was no discernable seasonal pattern for
nitrate flux (Fig. 3c). Nitrate flux was generally
greater at the two sandy sediment stations (C and
9) than at the finer grained sediment station (32).
Nitrate flux at station 32 was �0.04 to
0.14mmolNm�2 d�1 (average values from three
chambers per sampling date, negative values
denote flux into sediments). On average net flux
was directed out of sediments at all times except
September, 1998 and August, 1999. However, in
both June, 1998 and July, 1997 net flux was into
sediments in one of the three chambers. At station
C, nitrate flux was 0.01–0.35mmolNm�2 d�1.
Although average flux was out of sediments on
all dates, net flux was into sediments in one of the
three chambers in August, 1996 and September,
1998. At station 9, nitrate flux was �0.19–
0.42mmolNm�2 d�1. On average, sediments were
a sink for nitrate in September, 1998 and August,
1999, although net flux was out of sediments in
two of the three chambers in September, 1998.

Ammonium constituted a greater fraction of
total inorganic nitrogen flux than nitrate. Ammo-
nium flux was generally out of the sediments with
no clear seasonal pattern (Fig. 3d). Ammonium
flux at station 32 was 0.52–2.43mmolNm�2 d�1

(average values from three chambers per sampling
date). At station C ammonium flux was �0.15–
2.99mmolNm�2 d�1. Net flux was into sediments
only on one date (November, 1998), corres-
ponding with a low oxygen uptake rate
(6.89mmolO2m

�2 d�1). Station 9 typically had
the lowest ammonium fluxes ranging between –
0.08 and 1.76mmolNm�2 d�1. Average net flux

was into sediments on only one date (August,
1999), with flux directed out of sediments in one of
the three chambers. Net flux was into sediments in
one of the three chambers in July, 1997.

Net phosphate flux averaged by station was
always out of sediments, although direction of flux
was highly variable among chambers within a
station. At station 32 phosphate flux was 0.03–
0.55mmol Pm�2 d�1 (average values from three
chambers per sampling date), with the three
highest values being during August (1996 and
1999) and September, 1998. At station C phos-
phate flux was 0.01–1.26mmol Pm�2 d�1, with
fluxes being higher during July, 1997 and August,
1996 than during the other months. At station 9
phosphate flux was relatively small, 0.01–
0.06mmol Pm�2 d�1.

Nitrous oxide flux was highly variable, both in
magnitude and direction of flux (Fig. 4). Nitrous
oxide flux ranged from �3.65 to
4.06 mmolNm�2 d�1 at station 32, from �3.02 to
2.62 mmolNm�2 d�1 at station C and from �0.70
to 0.74 mmolNm�2 d�1 at station 9 (average values
from three chambers per station by sampling date,
negative value indicates flux into sediments).

4. Discussion

4.1. Nitrogen flux

The average denitrification rate measured in
LEO-15 sediments (1.770.6mmolNm�2 d�1

averaged over all stations and all dates) is similar
to rates measured via N2 flux in sediments of the
North Pacific shelf off the Washington coast
(Devol and Christensen, 1993) and Western Arctic
shelf (Devol et al., 1997), and is similar to
estimated denitrification rates in sediments of
Long Island Sound (calculated from Mackin and
Swider, 1989), the Georgia Bight (calculated from
Hopkinson et al., 1991), and the Gulf of Mexico
(Gardner et al., 1993) based on stoichiometric
approaches (Table 2). However, denitrification
rates in continental shelf sediments are highly
variable, both temporally as indicated in this
study, and spatially as indicated by denitrification
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rates estimated in various continental shelf loca-
tions (Table 2).

Denitrification at LEO-15 could have contrib-
uted to local nitrogen limitation of phytoplankton
production by removing mineralized nitrogen
rather than returning it to the water column as
dissolved inorganic nitrogen (DIN, used here to
refer to combined NH4

+, NO3
�, and NO2

�), as
nitrogen appears to limit marine phytoplankton
production in the modern ocean (Ryther and
Dunstan, 1971; Perry and Eppley, 1981). If we
extrapolate our average denitrification rate at
LEO-15 (1.7mmolNm�2 d�1) to an annual rate
(although no measurements were made between
December and April), nitrogen removal by deni-
trification would have been 621mmolNm�2 yr�1.
If this mineralized nitrogen were returned to the
water column as DIN rather than lost as N2, it
could have supported an additional 4.1mol
Cm�2 yr�1 of phytoplankton production (assum-
ing a C:N ratio of 6.625:1), increasing production
at LEO-15 by 7% based on an annual primary
production estimate of 60molCm�2 yr�1 at LEO-
15 (MacDonald, 1983). However, given that a
nitrogen molecule can be recycled between the
water column and sediments numerous times, the
amount of nitrogen removed by denitrification if

instead released to the water column as DIN,
could translate into an even greater amount of
gross primary production.

Although denitrification in LEO-15 sediments
removed a quantity of mineralized nitrogen similar
to that removed in Washington and Western
Arctic shelf sediments, the efficiency of nitrogen
removal was lower in LEO-15 sediments than at
these other locations. Averaged over all stations
and sampling dates, 57% of the total nitrogen
mineralized in LEO-15 sediments was lost as N2

(range 19–100%). A large fraction of minera-
lized nitrogen (37%) entered the water column
as NH4

+ (range 0–72%), while a small fraction
(6%) entered the water column as NO3

�+NO2
�

(range 0–30%). In comparison, 84% of total
nitrogen mineralized in Western Arctic shelf
sediments was lost as N2 (range 69–98%), while
9% entered the water column as NH4

+ (range
0–31%), and 7% entered the water column as
NO3

�+NO2
� (range 0–25%) (calculated from

Devol et al., 1997). In Washington shelf sedi-
ments, 89% of total nitrogen mineralized in
sediments was lost as N2 (range 70–100%) while
11% entered the water column as NH4

+ (range 0–
30%) (calculated from Devol and Christensen,
1993).
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Coastal marine sediments can be an important
source of combined nitrogen to the overlying
water, releasing ammonium and nitrate following
organic matter mineralization. The release of

combined nitrogen from coastal sediments can
supply a substantial fraction of the nitrogen
demand by phytoplankton in overlying water
(Flint and Kamykowski, 1984; Enoksson et al.,

Table 2

Denitrification rates in continental shelf sediments from various regions estimated by a variety of techniques

Location Denitrification

(mmolNm�2 d�1)

Method References

Mid-Atlantic Bight

(LEO-15) 1.7 In situ N2 flux This paper

Washington Shelf 3.2 In situ N2 flux Devol and Christensen (1993)

Arctic Shelf 1.3 In situ N2 flux Devol et al. (1997)

Massachusetts Bay 1.3 N2 flux in core incubations Nowicki et al. (1997)

East China Sea 0.3 Pore water NO3
� profiles Aller et al. (1985)

North Sea 0.7 Pore water NO3
� profiles Billen (1978)

Equatorial Africa 0.3 Pore water NO3
� profiles Bender et al. (1977)

Mexican Shelf 0.1 Pore water NO3
� profiles Christensen et al. (1987a)

Gulf of Maine 0.1 Pore water NO3
� profiles Christensen et al. (1987a)

Washington Shelf 0.5 Pore water NO3
� profiles Christensen et al. (1987b)

North Sea 0.2 Pore water NO3
� profiles Raaphorst et al. (1990)

Long Island Sound 3.0 Stoichiometric estimate based on DIN

deficit, in situ incubations

Calculated from Mackin and Swider

(1989)

Georgia Bight 3.2 Stoichiometric estimate based on DIN

deficit, in situ incubations

Calculated from Hopkinson et al.

(1991)

E. Kattegata 1.0 Stoichiometric estimate based on DIN

deficit, in situ incubations

Enoksson et al. (1990)

New York Bight 0.9 Stoichiometric estimate based on DIN

deficit, in situ incubations

Calculated from Florek and Rowe

(1983)

Gulf of Mexico 1.9 Stoichiometric estimate based on DIN

deficit, in situ incubations

Gardner et al. (1993)

Gulf of Mexico 9.9 Stoichiometric estimate based on DIN

deficit, in situ incubations

Calculated from Flint and

Kamykowski (1984)

Baltic Properb p1.8 Modeled estimate based on natural

coordinate conservation of nitrogen

approach

Shaffer and R .onner (1984)

Baltic Seab 0.5 Whole system nitrogen mass balance

model

Wulff (1989)

Gulf of Finlandb 0.2 Whole system nitrogen mass balance

model

Perttil.a et al. (1995)

Young Sound 0.2 Isotope pairing Rysgaard et al. (1998)

Baltic Seaa 0.3 Isotope pairing Tuominen et al. (1998)

Svalbard 0.3 Isotope pairing Kostka et al. (1999)

North Atlantic Shelf 0.7 Model estimate based on relationship

between coupled denitrification and

pelagic production

Seitzinger and Giblin (1996)

aDenitrification in sediments from the Baltic region included as the physical environments in these study sites were similar to those of

continental shelves.
bEstimates based on whole ecosystems include sediment and water column denitrification.
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1990). However, sediments were a net sink for
combined inorganic nitrogen on the Washington
shelf (Christensen et al., 1987b; Devol and
Christensen, 1993), the Jordan Basin in the Gulf
of Maine (calculated from Christensen et al.,
1987a), and the Santa Monica Basin in the
California Borderlands (Jahnke, 1990) with nitrate
flux into sediments exceeding efflux of ammonium.
At LEO-15, sediments generally served as a source
of recycled combined DIN, releasing both ammo-
nium and nitrate to the water column. Net DIN
flux from LEO-15 sediments was 0.53–
2.91mmolNm�2 d�1 at station 32, 0.07–
3.09mmolNm�2 d�1 at station C, and �0.27–
1.75mmolNm�2 d�1 at station 9. Flux of DIN
from sediments averaged across all stations and all
dates was 0.27mmolNm�2 d�1. If we extrapolate
our daily DIN flux to an annual flux (although no
measurements were made between December and
April), net flux would be 99mmolNm�2 yr�1. This
net DIN flux could support production of
0.7molCm�2 yr�1 (assuming a C:N ratio of
6.625:1). Given the estimate of primary production
at LEO-15 (60mol Cm�2 yr�1, MacDonald, 1983),
the DIN flux from sediments might support B1%
of annual production. Therefore, benthic DIN flux
is not a major source of nitrogen for phytoplank-
ton production. Pelagic nutrient regeneration or
advection of ‘‘new’’ nitrogen at LEO-15 are likely
to be more important sources.

4.2. Coupling of nitrification and denitrification

Denitrification can be supported by nitrate
supplied either by diffusion from overlying water
(direct denitrification) or by nitrification in the
sediments (coupled denitrification; Seitzinger,
1988; Christensen and Rowe, 1984; Risgaard-
Petersen et al., 1994). Nitrification is the micro-
bially mediated oxidation of ammonium to nitrite
and nitrate. In coastal marine systems, the
magnitude of coupled denitrification can be great-
er than the magnitude of direct denitrification,
accounting for 60–100% of total denitrification in
a variety of sediment types in continental shelf
sediments (calculated from Devol and Christensen,
1993; Devol et al., 1997; Rysgaard et al., 1998).
Nitrification rates in LEO-15 sediments were

estimated as the sum of N2 and NO3
�+NO2

�

efflux (as mmolNm�2 d�1). Denitrification was
primarily coupled to nitrification and sediments at
LEO-15 rarely consumed nitrate from overlying
water. Direct denitrification did not contribute to
total denitrification at stations C and C2, and
contributed a maximum of 2% and 9% at stations
32 and 9, respectively (Table 1).

4.3. Nitrous oxide flux

Nitrous oxide is a greenhouse gas (Wang et al.,
1976) which is also involved in stratospheric ozone
depletion (Crutzen, 1970; Hahn and Crutzen,
1982). Most of the atmospheric nitrous oxide is
of biogenic origin, and is produced during
nitrification and denitrification (Bouwman et al.,
1995). Continental shelf regions may be an
important source in the global nitrous oxide
budget. Support for this comes from both super-
saturated nitrous oxide concentrations in the water
column in a number of continental shelf regions
(reviewed in Bange et al., 1996) and from models
(Seitzinger and Kroeze, 1998). However, there are
few measurements of nitrous oxide production
rates in either sediments or the water column in
shelf regions. Nitrous oxide flux in LEO-15
sediments was highly variable and always a small
component of the total N flux from the sediments.
During summer months at LEO-15 bottom water
was supersaturated with N2O, probably as a result
of pelagic nitrification during summer stratifica-
tion (Fig. 5). During these months, the net flux of
N2O was into the sediments. In November and
May the water column was well mixed, as
evidenced by temperature and dissolved oxygen
profiles (data not shown) and bottom water was
not supersaturated with N2O. As the N2O
concentration increased in the bottom water, flux
from sediments decreased or was directed into
sediments according to: N2O flux
(mmolNm�2 d�1)=�0.12*N2O concentration
(nM)+1.99; r ¼ 0:76; po0:001: Supersaturation
of bottom water with N2O due to pelagic
nitrification, combined with a consumption of
N2O in the sediments by denitrification, may have
driven this net flux of N2O into sediments during
summer stratification.
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4.4. Role of denitrification in carbon mineralization

Sediment nitrification is not only a major source
of nitrate for denitrification, but is often an
important component of oxygen consumption,
accounting for as much as 30% of oxygen demand
in estuarine and coastal marine sediments (Seit-
zinger et al., 1984; Seitzinger and Nixon, 1985;
Christensen and Rowe, 1994). On average nitrifi-
cation accounted for 33% of sediment oxygen
demand in Washington shelf sediments (calculated
from Devol and Christensen, 1993) and 27% of
sediment oxygen demand in Western Arctic sedi-
ments (calculated from Devol et al., 1997). At
LEO-15 nitrification accounted for 21% of sedi-
ment oxygen demand averaged over all stations
and dates (range 5 to �71%, Table 3). In addition
to nitrification, other sediment processes create an
oxygen demand. Principle among these are aerobic
respiration, sulfide oxidation, and oxidation of
various other reduced chemical species such as
Fe2+ and Mn2+. Oxidized iron, sulfur, and
manganese are used as electron acceptors in
alternate carbon metabolic pathways. Oxygen

consumption by sediments (by aerobic respiration
and oxidation of reduced iron, manganese, and
sulfur) can be used to approximate total carbon
mineralization, as indicated by Rysgaard et al.
(1998) in Arctic Shelf sediments (O2:CO2 flux ratio
ranged between 0.9 and 1.3 over an annual cycle)
and by Giblin et al. (1997) in Boston Harbor
sediments (O2:CO2 flux ratio ranged between 0.5
and 1.3, averaging close to 1 for the year). Oxygen
demand due to nitrification was subtracted from
total oxygen demand for LEO-15 sediments. The
remaining oxygen demand was assumed to ap-
proximate carbon mineralization via all other
metabolic pathways, assuming 1 O2:1 C. Carbon
oxidation by denitrification was estimated assum-
ing 106 C:84.8 N according to the equation:
(CH2O)106+84.8 HNO3-106 CO2+42.4
N2+148.4 H2O (Richards, 1965). The contribu-
tion of denitrification to total carbon mineraliza-
tion ranged from 10% to 18% at station 32, 3–
33% at station C, and 2–62% at station 9 (Table
3). Overall, calculated carbon mineralization
averaged 15.35mmolCm�2 d�1 with denitrifica-
tion accounting for 13% of this total. While
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carbon mineralization via denitrification may be
insignificant in some continental shelf sediments
(Rysgaard et al., 1998; Kostka et al., 1999,
calculated from Christensen et al., 1987b), deni-
trification appeared to play a significant role in
carbon mineralization at LEO-15. However, the

relative contribution of denitrification to total
carbon mineralization was highly variable among
stations and sampling dates. The reasons for this
variability are not yet known. Chamber measure-
ments provide snapshots in time rather than a
dynamic view of processes occurring in marine

Table 3

Relative potential contribution of denitrification and oxygen respiration to carbon oxidation. Carbon oxidation calculated from

denitrification rate and sediment oxygen consumption (corrected for nitrification) as described in text

O2 consumption due

to nitrification

% O2 consumption due to

nitrification

Total C

oxidation(mmolCm�2 d�1)

% of C oxidation by

denitrification

(mmolO2m
�2 d�1)

Station 32

August, 1996 4.86 26 16.86 17

July, 1997 2.56 21 11.35 14

June, 1998 1.30 27 4.34 18

September, 1998 5.28 15 33.87 10

November, 1998 2.60 21 11.10 14

May, 1999 4.08 27 13.45 18

August, 1999 3.54 15 22.46 10

Station C

August, 1996 3.86 19 18.58 12

July, 1997 4.52 19 22.20 12

June, 1998 1.54 12 12.20 4

September, 1998 1.74 5 31.24 3

November, 1998 3.26 47 5.38 33

May, 1999 4.28 27 14.18 18

Station 9

July, 1997 5.64 34 14.34 23

June, 1998 0.76 7 10.50 2

September, 1998 2.42 10 23.76 6

November, 1998 4.56 27 14.57 16

May, 1999 4.06 50 6.43 38

August, 1999 4.06 71 4.46 62

Station C2

October, 1996 12.20 18 62.25 11

LEO-15 average

August, 1996 4.36 22 17.73 15

October, 1996 12.20 18 62.25 11

July, 1997 4.24 24 15.96 16

June, 1998 1.20 12 9.01 6

September, 1998 3.14 10 29.64 7

November, 1998 3.48 29 10.34 18

May, 1999 4.14 32 11.35 22

August, 1999z 3.80 26 13.47 19

Overall 3.48 21 15.35 13
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sediments. The dynamics of denitrification and
carbon mineralization need to be studied in greater
detail for this variability in the importance of
denitrification to be understood.

4.5. Relating denitrification to sediment oxygen

consumption

While denitrification in continental shelf sedi-
ments can have an important local effect on
phytoplankton production by reducing nitrogen
availability, shelf denitrification can also contri-
bute to the broader pattern of nitrogen limitation
in the open ocean as denitrification is a major sink
in the global nitrogen budget (Hattori, 1983;
Christensen et al., 1987a; Seitzinger and Giblin,
1996). Estimated denitrification in North Atlantic
shelf sediments (Seitzinger and Giblin, 1996)
exceeds known nitrogen inputs to shelf sediments
including export from estuaries and large rivers
(Nixon et al., 1996), biological N2 fixation (Nixon
et al., 1996), and atmospheric deposition (Nixon
et al., 1996 based on Prospero et al., 1996).
Onwelling of nitrate-rich slope water likely sup-
plies 50% or more of the nitrogen required by
estimated denitrification in North Atlantic Shelf
sediments (Seitzinger and Giblin, 1996). Hence
denitrification in shelf sediments of the North
Atlantic (and presumably other regions) reduces
the oceanic nitrogen inventory, despite the tem-
poral and spatial disconnection from the open
ocean. To quantify the importance of denitrifica-
tion in shelf sediments as a sink in the global ocean
nitrogen budget, it is necessary to obtain an
accurate global estimate of denitrification in
continental shelf sediments. Denitrification in shelf
sediments has been measured in few locations,
primarily in various regions of the North Atlantic
(Table 2), and denitrification in continental shelf
sediments is highly variable making estimates
specific to place and time. It would be impractical
to measure denitrification with the temporal and
spatial coverage necessary for extrapolation to the
global shelf area. A more efficient approach will be
development of robust relationships between
denitrification and variables more easily measured
with extensive spatial coverage.

Currently, the only spatially explicit model for
estimating denitrification in shelf sediments is one
developed and applied to the North Atlantic shelf
(Seitzinger and Giblin, 1996). Nitrifying bacteria
consume oxygen and use the ammonium regener-
ated by organic matter decomposition as a
substrate, oxidizing it to nitrite and nitrate. In
these 2 ways sediment oxygen consumption is
related to nitrification, and therefore to coupled
denitrification. Coupled denitrification was related
to sediment oxygen consumption averaged over
numerous locations in continental shelf sediments
(Seitzinger and Giblin, 1996; coupled denitrifica-
tion (mmolNm�2 d�1)=0.116*sediment oxygen
consumption (mmolO2m

�2 d�1); r ¼ 0:80).
Although denitrification coupled with nitrification
was not related to sediment oxygen consumption
in LEO-15 sediments (r ¼ 0:286; p ¼ 0:236;
n ¼ 20), the data values from LEO-15 are similar
to previous studies, plotting within the same
cluster of data points (Fig. 6). We have added
data from LEO-15 (averages from all stations) as
well as from the North Arctic shelf (Devol et al.,
1997) and recalculated the regression statistics.
Data were corrected for nitrate flux into sediments
(i.e. direct denitrification). The inclusion of these
data substantially increases the number of data
points in this relationship that are based on N2 flux
measurements. They do not significantly alter the
relationship, although they do increase the scatter
somewhat (Fig. 6; coupled denitrification
(mmolNm�2 d�1)=0.105*sediment oxygen con-
sumption (mmolO2m

�2 d�1); r ¼ 0:76). The in-
clusion of Arctic shelf data (Devol et al., 1997) and
LEO-15 data gives greater geographical coverage
of continental shelf regions, extending from the
Arctic to the sub-tropics (Gulf of Mexico), and
supports the application of this model to estimate
denitrification rates from sediment oxygen con-
sumption in geographically diverse shelf regions.
However, including additional factors may help
strengthen the prediction of denitrification.

4.6. Estimating denitrification in various

continental shelf regions

In the model of Seitzinger and Giblin (1996)
primary production in continental shelf waters of
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the North Atlantic was used to estimate sediment
denitrification, assuming that E16% of phyto-
plankton production is mineralized in sediments
and that coupled denitrification is related to
sediment oxygen demand according to the
following equation: coupled denitrification
(mmolNm�2 d�1)=0.019*phytoplankton produc-
tion (mmol Cm�2 d�1) (based on the synthesis of
available literature). Estimated denitrification for
the shelf region between Nova Scotia and Cape
Hatteras is 1.4mmolNm�2 d�1 (Seitzinger and
Giblin, 1996) based on an average primary
production rate of B 26molCm�2 yr�1 (O’Reilly
and Busch, 1984). This is an average estimate for
the entire shelf area to the shelf break, and agrees
fairly well with the average denitrification rate at
LEO-15 (1.7mmolNm�2 d�1).

Given the poor distribution in spatial coverage
for current denitrification estimates relative to the
global shelf area, it is not possible to test the
performance of the Seitzinger and Giblin (1996)
model in most continental shelf locations. How-
ever, the model represents a sensible approach to
estimating denitrification in large areas of con-
tinental shelf sediments, as primary production

can be estimated with extensive spatial coverage,
particularly using satellite imagery. Future
efforts toward estimating denitrification in con-
tinental shelf sediments globally will require
further development of this or similar models
for estimating denitrification, and improved tem-
poral and spatial coverage of denitrification
measurements for model testing. Toward im-
proving coverage of denitrification measurements,
the use of benthic chambers in situ may offer
the most realistic estimates of biogeochemical
processes in continental shelf sediments. However,
the use of chambers does have recognized
limitations. Pore water advection driven by current
flow over rough sediment surfaces (Huettel and
Gust, 1992; Huettel et al., 1996; Marinelli et al.,
1998) and turbulent mixing of surficial sediments
(Gehlen et al., 1995; Lohse et al., 1996) can
affect solute mass transfer leading to an
underestimate of actual solute mass transfer in
benthic chambers. Consideration of this and
other potential methodological constraints should
guide how we proceed with improving coverage
of site-specific denitrification rates in conti-
nental shelf sediments and in how we develop
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Fig. 6. Denitrification coupled with nitrification versus sediment oxygen consumption. Adapted from Seitzinger and Giblin (1996).

Open symbols represent indirect estimates of denitrification (stoichiometric approaches), and closed symbols represent direct

measurements of denitrification (N2 production). LEO-15 data are plotted for each sampling period as the average for all three

stations.
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and test models for estimating denitrification in
shelf sediments.
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