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ABSTRACT: Denitrification rates in continental shelf sediments of the North Sea were measured by the
simultaneous application of the acetylene inhibition technique (AIT) and the isotope pairing method
(IPM). Nitrification was the predominant source of nitrate in these sediments. Both techniques were
able to detect coupled nitrification-denitrification activity. Denitrification rates measured by the AIT
were only measurable during the first 60 min of the incubation. Rates obtained by the AIT in this period
ranged between 5.4 and 7.3 pmol N m™ h™! Continued incubation of acetylene amended sediment
cores resulted in decreasing denitrification rates, suggesting that accumulated nitrous oxide was con-
sumed despite the presence of acetylene. Denitrification rates obtained by the application of the IPM
ranged between 9.8 and 13.2 pmol N m™ h™! Constant production of single-labelled (**N'°N) relative
to double-labelled (*'N'°N) dinitrogen indicated a homogeneous mixing of both isotopic nitrate species
through the denitrification zone. The present results suggest that previously published data severely
underestimated denitrification rates in North Sea continental shelf sediments. Concomitant measured
fluxes of nitrate and ammonium across the sediment-water interface reveal that in these sediments
most of the deposited nitrogen is returned to the water column as ammonium and nitrate.
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INTRODUCTION

Denitrification is the successive reduction of fixed
NO;™ and NO;™ to gaseous N,O and to N, and can be
considered as one of the key processes in global and
marine nitrogen cycles. The bacterially mediated
process occurs in the absence of oxygen, primarily
close to the anoxic-oxic interface as encountered in
e.g. coastal sediments. At such a site, denitrifying bac-
teria receive NO;~ by diffusion either from the over-
lying water or from the oxic sediment surface layer,
where ammonium is oxidised to nitrate. The latter
process, called nitrification, is considered as the pre-
dominating nitrate source for denitrification in most
coastal sediments (Seitzinger 1988).
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Numerous studies demonstrated the significance of
benthic denitrification in the nitrogen budget of estu-
arine, coastal and shelf sea areas (e.g. Nishio et al.
1983, Jensen et al. 1988, Devol & Christensen 1993). It
has been estimated that up to 80% of the external
nitrogen load to coastal areas can be removed by de-
nitrification (overview in Seitzinger 1990). Therefore,
this process not only plays an important role in coun-
teracting eutrophication effects (Ronner 1985), but it
may also affect pelagic production (Nixon 1981). In
order to measure denitrification rates quantitatively,
considerable efforts have been made to develop
sophisticated methods which permit their detection in
marine sediments under in situ conditions.

The most direct approach is to measure the evolution
of N, and N,O in the water or gas phase of enclosed
benthic chambers (Seitzinger et al. 1980). The major



170 Mar Ecol Prog Ser 132: 169-179, 1996

advantage of this method is that no inhibitors or artifi-
cial substrates are required and in principle the
method can be applied in situ with benthic landers
(Devol & Christensen 1993) Normally, the N, contain-
ing overlying water has to be replaced with He/O,
flushed water and the sediment cores have to be prein-
cubated for up to 10 d to lower the background N, con-
centrations in the porewater. During the preincuba-
tion, the heterotrophic denitrification activity may be
influenced by an exhaustion of the labile organic car-
bon pool. A recent modification diminished the pre-
incubation time to 3 or 4 d, but, due to incomplete
removal of N, from the porewater, this resulted in rela-
tive high background fluxes of N, which have to be
subtracted from the true denitrification rate (Nowicki
1994). In any case, this approach is sensitive to conta-
mination with atmospheric nitrogen gas. The present
detection limit of ~25 pmol N m~2 h™! (Seitzinger 1987)
excludes the application of this technique in aquatic
sediments with low activity.

The most frequently used method up until now has
been the acetylene inhibition technique (Sgrensen
1978). This method is based on the accumulation of
N-O due to the inhibition of the nitrous oxide reduc-
tase enzyme by acetylene (Yoshinari & Knowles 1976).
Although far more rapid and easier to apply than the
N. evolution technique, several methodological con-
straints must be taken into account. Particularly, the
co-inhibition of nitrification by acetylene may lead to
an exhaustion of the porewater nitrate pool which in
turn can lead to an underestimate of the true denitrifi-
cation rate. Additionally, studies with combined micro-
sensors for nitrous oxide and oxygen have shown that
N,O may be partly reduced to N, despite the presence
of acetylene (Christensen et al. 1989). Nevertheless,
this technique continues to be applied extensively in
marine sediments (Kemp et al. 1990, Law & Owens
1990, Blackburn et al. 1994, Thompson et al. 1995).

The applicability of stable isotopes in denitrification
studies was improved by the introduction of the iso-
tope pairing method (Nielsen 1992). This approach
facilitates the determination of the reduction of both
NO," diffusing downwards from the overlying water
and of NO;™ produced through nitrification. Basically,
"NO;™ added to the overlying water is allowed to dif-
fuse through the oxic sediment layer to the denitrifica-
tion zone. According to the stoichiometry of denitrifica-
tion, added '*NO; pairs with indigenous 'NO;”
originate either from nitrification or from the overlying
water Reduction of “NO;  and '"NO; results in the
formation of the isotopes ““N'N, NN, and "N""N
Crucial assumptions in this technique are that (1) the
rate of coupled nitrification-denitrification is not influ-
enced by the addition of labelled nitrate and (2) the
"'NO;  added to the overlying water mixes homoge-

neously with the *NO; pool down to the zone where
denitrification occurs. The latter prerequisite is most
easily met in sediments where the oxygenated layer is
restricted to a few millimetres.

Although the limitations of the methods have been
addressed in several denitrification studies, systematic
comparisons are rarely performed. Seitzinger et al.
(1993) carried out a comparative experiment incubat-
ing lake sediments under controlled conditions, in
which denitrification rates were measured with the N,
flux method, the acetylene inhibition technique, and a
>N tracer approach [Nishio et al. 1983). In that partic-
ular study, the N; flux technique consistently gave
highest rates, while rates obtained with the '°N tracer
technique were low and more variable. The acetylene
block technique, however, failed to detect any nitrous
oxide produced by coupled nitrification-denitrification
activity.

In this study, we compare results from an experiment
carried out on the continental shelf of the North Sea.
The acetylene inhibition technique and the isotope
pairing technique were used to determine in situ de-
nitrification rates in sediments overlain by a well-
oxygenated water column with low nitrate concentra-
tions. Our main objective was to compare the outcomes
of both techniques and to reexamine previous mea-
surements in this area based on the acetylene inhibi-
tion technique only. All experiments were conducted
during the STED expedition (Short Term Dynamics of
benthic microbial activities and nutrient fluxes related
to sedimentation and current velocities) in July 1994
aboard the RV 'Pelagia’

MATERIALS AND METHODS

Characterisation of the study site. Samples were col-
lected at the Oysterground mooring station (54° 25.46°
N, 4°02.16’ E) in the central part of the southern North
Sea. The water column was stratified by a thermocline
with surface and bottom water temperatures of 17 and
9°C, respectively. The salinity ranged around 34.5%.
throughout the water column. Bottom water oxygen
concentrations (~261 pmol "1} did not differ substan-
tially from saturation values. Nitrate and ammonium
concentrations in the bottom water did not exceed con-
centrations of 1 uM.

According to the Wentworth scale, the sediments
consisted of very fine sands, having an average poros-
ity of 0.55 (v/v) in the upper 5 mm. Previous investiga-
tions showed that the organic carbon and nitrogen
content (averaged over the first 5 mm) were 0.12 and
0.02 %, respectively (Lohse et al. 1993).

Sample collection. Sediment cores were obtained
by gently pushing acrylic liners into the sediment re-
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trieved on deck by a cylindrical boxcorer (for details,
see Lohse et al. 1993). Only boxcores without visible
disturbance of the sediment water interface were used
for subcoring. All processes reported in this study were
measured on 3 different days, denoted here as Expts A
(8 July), B (14 July), C (7 July) and E (17 July). The dis-
tance between the sample location was <200 m. The
experiments were carried out in a thermostated con-
tainer which was adjusted to in situ temperature
(£0.5°C).

Denitrification assays. Sediment cores were taken
with acrylic liners (23 c¢m length, 3.6 cm i.d.). The sed-
iment was adjusted in height so that the cores con-
tained approximately 5 cm of sediment column and
15 cm of overlying water. The uncapped sediment
cores were carefully immersed in an aquarium con-
taining bottom water from the sampling location. The
overlying water in the cores was stirred by a small
rotating magnet, located 2 c¢cm above the sediment-
water interface. The momentum of these magnets was
switched from clockwise to anticlockwise rotation
every 5 s in order to minimise the effect of pressure
gradients at the sediment water interface caused by
one-directional flow patterns. All cores were preincu-
bated for 2 to 3 h prior to further treatments.

Acetylene inhibition technique (AIT): The conven-
tional acetylene-block technique (Serensen 1978) was
modified according to Christensen et al. (1989). Com-
mercial grade acetylene gas (Hoekloos Ltd, Amster-
dam, The Netherlands) was purified by scrubbing the
gas In concentrated sulphuric acid and 5 M NaOH
(Hyman & Arp 1987). Four to 10 sediment cores were
amended with water saturated with purified acetylene
following the procedure previously described in Lohse
et al. (1993). The final concentration of acetylene in the
overlying water and in the porewater was 10 kPa. Two
additional sediment cores received no acetylene and
served as control. The cores were then capped and
incubated for between 20 and 120 min. Nitrous oxide
in the overlying water was analysed after transferring
a 10 ml sample into a 30 ml extraction vial. The vial
was shaken vigorously for 10 min to achieve equilib-
rium between headspace and water. A 3 ml sample of
the gas phase was transferred into an evacuated vacu-
tainer (Terumo, Belgium). After taking a second water
sample (20 ml) for dissolved nutrient analysis, the core
was capped again and the remaining overlying water,
along with the sediment, was shaken vigorously for 15
min. Again, a gas sample was drawn from the head-
space and transferred into an evacuated vacutainer.
Nitrous oxide in the vacutainers was analysed on a
Packard 438a gas chromatograph equipped with an
electron capture detector (for details, see Lohse et al.
1993). The concentration of N,O in water was calcu-
lated using the solubility coefficients of N,O in seawa-

ter (Weiss & Price 1980). The vacutainers contained an
elevated background concentration of nitrous oxide
(430 = 25 ppb) which was taken into account for all cal-
culations. The denitrification rate was calculated from
the total increase of nitrous oxide in the porewater and
overlying water of individual cores.

Isotope pairing method (IPM): Denitrification rates
were estimated in 6 to 10 sediment cores by adding
20 ml of a labelled 50 mM *NO; solution (98 atom%,
Sigma Ltd, UK} to the bulk water of the aquarium
(~19 1). This resulted in a final nitrate concentration
in the aquarium water of between 61 and 83 pM
BNO;~. The cores remained uncapped for another
30 min, to facilitate a homogeneous distribution of ni-
trate between the overlying water of the cores and the
surrounding aquarium water. Subsequently, all cores
were capped with rubber stoppers and incubated for
25 to 180 min. The formation of >N labelled dinitrogen
was analysed by terminating the incubation of single
cores in 20 to 45 min intervals. A subsample of 40 ml
was taken from the overlying water with a plastic
syringe. Part of this sample was carefully transferred
into two 12.6 ml exetainers (Labco Ltd, Bucks, UK)
which were closed by a screw cap equipped with a
gastight injection septum. The exetainer contained
250 pl of a 50 % (w/w) ZnCl, solution to prevent further
microbial activity. The water left in the syringe was
used for immediate analysis of nutrients. An additional
amount of 3 ml of the ZnCl, solution was added to the
remaining overlying water in the core, which was then
mixed gently with the whole sediment column to pro-
duce a slurry. Similar to the analysis of the water
phase, a subsample of this slurry was transferred into
2 additional exetainers which contained 250 pl of
ZnCl, solution.

In Expt E, designed to assess the potential effect of
labelled '"NO;5 on the first-order kinetics of denitrifi-
cation, 13 cores were enriched with varying concentra-
tions of ""NO;5". This was achieved by adding different
aliquots of a 5 mM '"NOj stock solution to the water
column of single cores, resulting in concentrations
between 15 and 180 uM '*NO;~ The incubation was
terminated after 150 min, according to the procedure
described above. All exetainers were stored at 4°C
until analysis, which took place within 5 wk after sam-
pling.

Dissolved labelled and unlabelled N, was extracted
from the water phase of the exetainer by replacing 4 ml
of water in the exetainer with helium gas. By vigorous
shaking for 5 min more than 98 % of N, from the water
phase was transferred into the headspace of the exe-
tainer (Weiss 1970). The first set of exetainers was
analysed at the National Environmental Research Cen-
tre (NERI) in Silkeborg, Denmark. Analysis was per-
formed with a Tracermass stable isotope mass spec-
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trometer (Europa Scientific, Crewe, UK) equipped with
a triple collector system. The complete sample head-
space was injected by an autosampler (RoboPrebG+)
equipped with a helium flushed needle system. The gas
was purified in a glass column packed with Drierite and
Carbosorb. Additionally, the gas flow was lead through
a heated copper reduction tube (600°C). The standard
error of repeated single injections was less than 1.6 %.
The denitrification rate was calculated from the in-
crease of labelled isotopes in individual cores.

To establish an intercomparison with data obtained
at NERI, we analysed a duplicate set of samples on the
stable isotope mass spectrometer (VG Isotech Fisons
Optima, Middlewich, UK) at the Netherlands Institute
for Sea Research (NIOZ). Both mass spectrometers had
essentially the same technical manifold, although at
the NIOZ, smaller subsamples (400 pl) of the head-
space gas were injected manually using a gas-tight
Hamilton syringe. The readings of both mass spec-
trometers showed excellent agreement (data not
shown).

Calculation of denitrification rates. Analysis of the
isotopic composition of the injected gases results in
currents of “NYN (mass 28), NN (mass 29), and
NN (mass 30). The sample ratios R1 and R2 are
obtained by dividing the 29 and the 30 current by the
sum of the 28, 29 and 30 current. The corresponding
reference ratios (obtained from exetainers containing
only seawater from the sampling station) are sub-
tracted from the sample ratios. The amount of NN
and NN isotopes (in nmol) was calculated by multi-
plying R1 and R2 with the total amount of N, present in
the headspace and the water of the exetainer. The
amount of N, extracted from the exetainer was deter-
mined from the distribution coefficient of N, between
water and atmosphere (Weiss 1970). Calibration for N,
took place by injecting 20, 40 and 60 pl of air into the
headspace of the exetainers.

Rates of denitrification were calculated from the pro-
duction of single-labelled “N'N relative to double-
labelled NN following the calculations of Nielsen
(1992). Homogenous mixing of both nitrate species
results in a binomial distribution of all dinitrogen spe-
cies formed, so that NN and "N'*N are produced
with the probability of 2 N¥N!> and 1 NN (Hauck et
al. 1958). The denitrification rate of labelled nitrate
(D,s) is calculated as the sum of all labelled N, species
formed:

Dis = (MNIN) + 2(PNBN). (1)

The denitrification rate based on unlabelled nitrate
(D4}, representing in situ denitrification, relies on the
assumed binomial distribution and is derived from:

Dy = (MNPN)/2(PNYN) x Dys. (2)

The rate of D4 is supported by nitrate diffusing into
the sediment from the overlying water (Dw) and by
nitrate that is produced by nitrification in the oxic layer
of the sediment (Dn). The former is calculated as:

Dw = (100 -el15)/e15x Dys (3)

where el5 is the percentage of "NO;~ enrichment of
the total nitrate pool in the overlying water. Denitrifi-
cation coupled to nitrification (Dn) is then simply cal-
culated from the difference:

Dn = D,, - Dw (4)

Oxygen microprofiles and nutrient fluxes. Three
sediment cores (25 cm length, 10 cm i.d.) were taken
for the determination of oxygen porewater profiles
and nutrient fluxes at each denitrification experiment.
The cores were preincubated for 2 h prior to measure-
ments. The water column was continuously stirred by
a small Teflon coated magnet, switching rotation
direction from clockwise to anticlockwise every 5 s.
Three to 6 oxygen profiles were made with Clark-
type microelectrodes (Diamond Corp., Ann Arbor,
USA; type 737) at different horizontal positions at the
sediment surface. The average tip diameter of the
electrodes was 85 um. Typical output at 100% O, sat-
uration at ambient conditions (9°C, 34.5%. S) was 250
to 300 pA, while the zero signal in anoxic sediments
ranged between 10 and 20 pA. Ninety percent of the
output signal was obtained in <3 s. The oxygen con-
centration in the bottom water was determined by an
automated Winkler titration in triplicate. The elec-
trodes were calibrated by assuming a linear relation-
ship between the oxygen concentration and the out-
put signal (Revsbech & Jergensen 1986). The
electrodes were inserted in steps of 100 um using a
motor-driven micromanipulator with computerised
depth control. The oxygen uptake of the sediment
was calculated by applying a zero-order consumption
model according to Bouldin (1968).

Nutrient fluxes were determined simultaneously in
these cores by taking 10 ml samples from the overlying
water at intervals of 20 min. Ammonium, nitrate and
nitrite were determined using standard methods for
nitrate (Strickland & Parsons 1972) and ammonium
(Helder & de Vries 1979) using a TRAACS-800 auto-
analyser. The analytical precision of these measure-
ments was 1% for nitrate and 2 % for ammonium.

Porewater profiles. Porewater profiles of dissolved
ammonium and nitrate were made by pushing the sed-
iment out of acrylic liners (30 cm length, 3.6 cm i.d.)
and sectioning it into intervals of 0-2.5, 2.5-5, 5-7.5,
7.5-10, 10-15, 15-20, 20-25, 25-30, 30-40, 40-50.
50-60 and 60-70 mm. Five to 10 slices were pooled
in a centrifuge tube and subsequently centrifuged for
10 min at 1770 x g (Saager et al. 1990).
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RESULTS
Porewater profiles and fluxes of oxygen and nutrients

Arepresentative oxygen profile is shown in Fig. 1. On
average, oxygen penetrated 2.8 = 0.5 mm into the sedi-
ment, indicative for intense mineralisation processes oc-
curring in this continental shelf sediment (Rasmussen &
Jergensen 1992). The diffusive oxygen flux, as calcu-
lated by the zero-order model of Bouldin (1968),
amounted to 234 + 20 in Expt A and 254 + 45 umol O, m™?
h~!in Expt B (Table 1). The molecular diffusion coeffi-
cient applied (7.2 x 10> m™? d"') was corrected for tem-
perature (Li & Gregory 1974) and porosity (Ullmann &
Aller 1982).

A representative nitrate porewater profile (Fig. 2A)
shows subsurface nitrate concentrations which were
higher than those in the bottom water (0.6 uM). The
maximum concentration was observed in the oxic sur-
face layer. In deeper, anoxic layers, nitrate concen-
trations declined sharply until a depth of ~6 mm. Below
that depth down to 70 mm, the nitrate gradient de-
creased more gradually. Nitrite was a minor compo-
nent of the NO, pool («8%) and was therefore ne-

Oxygen (pmol dm-3)
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Fig. 1 Representative oxygen profile. Markers indicate the
measured profile. Solid line represents the modelled zero-
order profile

Table 1 Fluxes (£SD) of oxygen, ammonium and nitrate
across the sediment-water interface during all experiments.
Negative values denote uptake by the sediment. nd = no data

Experiment O, flux NH " flux  NOj™ flux
(pmol O, m™2 h™Y) (umol Nm=2hl)
Expt A (D1) -234 20 14.7 £ 13.2 9.8+43
B (D2) -254 = 45 16.1£5.2 nd
C(D3) nd 19+1.8 114196
All -244 £ 35 109+104 10675
measurements (n=96) (n=9) (n=06)

nitrate (Lmol dm-3)
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e
E 20/
£
g 40
60
80
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Fig. 2. Representative nitrate {upper panel) and ammonium
(lower panel) profiles

glected. In agreement with the porewater profile, mea-
sured nitrate fluxes were always directed to the water
column (Table 1). Nitrate effluxes were consistent with
time, but showed large core-to-core variations.

The ammonium porewater concentrations increased
directly below the sediment-water interface and
revealed highest concentrations at ~8 mm (Fig. 2B).
Measured effluxes of ammonium across the sediment-
water interface were of a similar magnitude as the
nitrate fluxes (Table 1).

Denitrification rates
Acetylene inhibition technique (AIT)

Acetylene amended cores showed an elevated con-
tent of N,O compared to the control cores (Fig. 3). In all
experiments, the N,O concentrations in individual
cores increased from ~3 nmol at t = 0 to ~5-6 nmol per
core after 40 to 65 min. No further increase, but
instead, a slight decrease in N,O occurred after 65 min.
Consequently, the calculated denitrification rates may
depend on the period of their incubation (Fig. 4). The
rates were highest in shortly incubated sediment cores
ranging between 5.4 and 7.3 pmol N m~? h~! (Table 2).
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Fig. 4. Pooled denitrification rates in Expts A (4), B (O} and C
(©). Solid line indicates linear regression through all denitri-
fication rates

The negative correlation between denitrification rates
and incubation time (y = 6.9-0.4x, r* = 0.71) indicates
that, when applying the AIT, the calculated denitrifica-
tion rates become very low after incubations of longer
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Fig. 5. Development of nitrate fluxes in Expt A in individual
acetylene amended sediment cores during the incubation.
Open symbol at ¢ = 0 denotes the nitrate flux in control cores

than 150 min. Previous experiments showed that N,O
never accumulated in control cores incubated without
acetylene (Lohse et al. 1993).

Nitrate fluxes measured in the acetylene amended
cores were also dependent on the period of incubation.
Fig. 5 shows the nitrate fluxes in Expt A. The initial
nitrate efflux (13.0 umol N m ? h™!) was similar to the
flux measured in the cores without acetylene (Table 1).
Continued incubation of the cores revealed decreasing
effluxes turning to influxes after ~65 min. Similar
influxes were observed for Expts B and C after approx-
imately 1 h of incubation (data not shown).

Isotope pairing method (IPM)

Sediment cores incubated with a uniform concentra-
tion of either 61 (Expt A), 83 (B), or 62 uM ®NO; (C)
showed a regular accumulation of single-labelled
(*N°N) and double-labelled (!**N'°N) dinitrogen iso-
topes (Fig 6, upper panels). More than 75% of the la-

Table 2. ’NO, concentration (upmol 17!) and denitrification rates (all in pmol N m=2 h™!) based on labelled (D;;) and unlabelled

{D,4) nitrate (+ SD). Dn and Dw denote the denitrification rate depending on unlabelled nitrate provided from nitrification and

from the overlying water, respectively. Initial AIT denotes highest denitnfication rates obtained from acetylene-amended cores
analysed within the first 70 min after the start of the incubation

Experiment — - IPM —
["NO57] Dis Dy,

A 61 55836 12426

B 83 21.5+49 116 +2.0

C 62 370+ 98 132+44

E 15-180 - 9828

All measurements - 38.0£15.6 11.3+32

n=15 n=28

— — Initial AIT  Ratio D,/AIT
Dn Dw

11.6+2.8 0.8+0.3 55 2.2
11.3120 0.2+00 7.3 2.2

126 £ 4.2 0.8+0.2 5.4 2.4

94 +24 04+02

10.7 + 3.1 0502 6.1+1.1 23+0.1
n=28 n =28 n=3
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Fig. 6. Upper panels: development of excess of *N'"N {(closed symbols) and '"N'*N {open symbols) in Expts A, B and C in indi-
vidual sediment cores incubated with a uniform '"NO-~ concentration in the overlying water. Lower panels: ratio of "NN/PN'N
produced during the course of Expts A, B and C

belled isotopes produced were found in the sediment;
the rest was released to the water column. The slope of
the plotted ratios (*N'’N}/(**’N**N) during the course
of the incubation did not show significant differences
from zero (Student t-test, p = 0.1) (Fig. 6, lower panels),
indicating that both isotopic nitrate species were deni-
trified with the same frequency. The low ratios found
at the end of incubation B were caused by insufficient
ZnCl, addition, which permitted continued gas pro-
duction in the exetainers as was observed from the
swollen septas of the vacutainer. The denitrification
rate of labelled nitrate (D,s) was more variable than the
rate of unlabelled nitrate (Dy4) (Table 2). Almost 95%
of the denitrification rate based on unlabelled nitrate
(D,4) was supported by coupled nitrification-denitrifi-
cation (Dn). Consequently, the downward diffusion of
nitrate from the overlying water (Dw) to the anoxic
denitrification zone was of minor importance in these
particular North Sea sediments.

Denitrification rates obtained from the cores incu-
bated with different concentrations of NO; in the
overlying water (Expt E) are shown in Fig. 7. The D5
rates were correlated to the concentration of »NO;™ in
the overlying water. Coupled nitrification-denitrifica-
tion (Dn) was apparently independent of the *NO;”
concentration. Within the applied range of 15 to
180 uM "“NO; Dn was relatively constant around

70 -
—~ IPM |
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=
{\"E 50 Dyow
z
g 40 A Iy o
% A s a
= 20 Dn
-E »i 55, A A
3 10 A A4 A A4 A i
0+— . a 5
0 50 100 150 200

pumol dm3 15-niwate

Fig. 7. Demtrification rates in individual sediment cores ver-

sus '"NO;” concentration in the overlying water (Expt E). De-

nitrification of '>’NO3” coming from the overlying water (Dsw,
A) and produced by nitrification (Dn, A)

9.8 + 2.8 pmol N m™? h~! (Table 2). At all *'NO;” levels
applied, the contribution of unlabelled nitrate in the
overlying water (Dw) to the overall denitrification (D)
remained less than 5 %.

The in situ denitrification rate measured by the IPM,
represented by the D, rate in Table 2, exceeded the
initial in situ denitrification rate obtained with the AIT
by a factor of 2.2, 2.2 and 2.4 in Expts A, B and C,
respectively (Table 2).
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DISCUSSION

Our results indicate that in situ denitrification activ-
ity can be detected by both the isotope pairing method
and the acetylene inhibition technique. However, rates
computed from the AIT were always lower and more
sensitive to the incubation time than the D, rates mea-
sured with IPM. Based on the nitrous oxide accumula-
tion during the first 60 min, the AIT detected ~50% of
the D, rate measured by the IPM (Table 2). The non-
constant N,O accumulation with time indicates that
the net rate of N,O production in the sediment
changed within the first 2 h of incubation. The level-
ling off and successive decrease in the N,O in the sed-
iment cores implies that N,O was close to zero or was
even turned into a consumption after ~60 min.

The efficiency of the AIT in aquatic sediments
depends on the availability of nitrate (Oremland et al.
1984, Rudolph et al. 1991). If sedimentary nitrification
is the prevailing source of nitrate, a rapid exhaustion
of the nitrate porewater pool may lead to underesti-
mation of the true denitrification rate due to the co-
inhibition of nitrification by acetylene (Walter et al.
1979, Hyman & Arp 1985). High subsurface nitrate
concentrations in the porewater and the net effluxes
of nitrate across the sediment-water interface imply
that nitrification is the predominant nitrate source in
the present study. We found production of nitrous
oxide as long as the incubation time was shorter than
~60 min. Evidently, the pool of porewater nitrate was
not exhausted during this initial stage of the experi-
ment. This conclusion is supported by the simultane-
ously measured nitrate effluxes in the first hour of the
experiment, which were similar to nitrate effluxes
measured in control cores without acetylene (Fig. 5).
The maximum nitrate influxes measured after
~70 min were larger than the denitrification rates
measured during the initial stage of the experiment.
This suggests that the denitrification rate based on the
initial N,O was lower than the true denitrification
rate. Probably the inhibition of the N,O reductase was
also incomplete during the initial period of the experi-
ment. This is supported by studies with combined
N,O and O, sensors (Christensen et al. 1989, Nielsen
et al. 1990). These studies have demonstrated that up
to 40% of the accumulated N,O may be reduced in
deeper, anoxic layers, despite the presence of acety-
lene. Experiments with sediment slurries have shown
that nitrous oxide can be reduced in the presence of
acetylene as soon as the nitrate concentration
decreases below 5 to 10 uM (Slater & Capone 1989).
Since the nitrate porewater concentration in the deni-
trification zone of our sediments was in this range, we
conclude that the accumulation of N,O ceased after
50 to 70 min due to an exhaustion of the nitrate pore-

water pool. The presupposition for this conclusion is
that dissimilative nitrate reduction to ammonia does
not play a substantial role in these sediments. Dissim-
ilative nitrate reduction to ammonium normally does
not account for more than 5% of the total nitrate
uptake in estuarine sediments (Pelegri et al. 1994,
Risgaard-Petersen et al. 1994). The maximum nitrate
influx in the acetylene amended cores was close to
the denitrification rate measured with the IPM. As
denitrification is the only nitrate consuming process in
acetylene amended cores, the maximum nitrate influx
rather than the nitrous oxide accumulation may give a
fairly good estimate for the true denitrification rate.

The major challenge of the isotope pairing technique
is to apply an appropriate *’NOj;” concentration in the
sediment which on the one hand entraps all NO;”
molecules denitrified, but on the other hand does not
influence the uptake of *NO;~ by the denitrifying bac-
teria. Concentrations of 'NO;~ which are too low may
result in a deviation of the assumed binomial distribu-
tion of the N,, and thus in an underestimate of the Dn
rate due to a higher formation of unlabelled relative to
single- and double-labelled N,. The ratio between the
isotopic species (N!'*N/NN) should remain below
2, since this indicates that all produced NO;~ mole-
cules have paired with ®NO;". The ratio will further
decrease as the concentration of added NO;
increases. However, the 'SNO;~ concentration cannot
be infinitely high, since the first order kinetics of deni-
trifying bacteria with respect to NO;™ (Christensen et
al. 1990, Jensen et al. 1994) should be maintained to
guarantee that the uptake kinetics of *NO,™ are not
affected. The D,, rate was independent of the "NQ;~
concentration, whereas D;; responded according to
first-order kinetics (Fig. 7). This is in line with previous
studies using isotope pairing (Pelegri et al 1994, Rys-
gaard et al. 1994). From this, we conclude that the
major assumptions underlying the IPM were met, and
that within the constraints given for this technique
(Nielsen 1992), the IPM data (D,,) represent a reliable
estimate for the in situ denitrification rates.

Denitrification in North Sea sediments

Previously reported estimates of denitrification in
North Sea sediments were based either on the AIT or
on diagenetic modelling of porewater profiles. Investi-
gators using the former approach found rates between
0.6 and 12 (Law & Owens 1990), 1 and 23 (van
Raaphorst et al. 1992) and 0 to 8.2 ymol N m™® h~!
{Lohse et al. 1993). When only considering rates mea-
sured in summer in the direct vicinity of our study site,
both the AIT and the IPM/D,, in this study gave higher
values than those reported in the literature. Law &
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Owens (1990), van Raaphorst et al. (1992) and Lohse et
al. (1993) found rates of 0.6, 2.1 and 0.5 umol Nm™2h?,
respectively. The average of these estimates (1.1 =
0.7 pmol N m™2 h™?}) represents only 18% of our aver-
age AIT value. The percentage is as low as 9% when
comparing the literature data to the rates obtained
from the IPM. Although interannual and spatial vari-
ability have probably contributed to the discrepancies
among the AIT rates, it is obvious that the incubation
times used in previous investigations (up to 16 h) were
too long to match initial nitrous oxide accumulation. It
thus seems likely that previous data severely underes-
timated true denitrification rates. This conclusion is
confirmed by denitrification rates calculated from dia-
genetic porewater models, obtained in the same sea-
son close to our sampling site (van Raaphorst et al.
1990). Rates based on these diffusive porewater fluxes
ranged from 6.3 to 9.8 pmol N m™2 h™! and are consid-
erably higher than previous estimates based on the
AT, but differ only by a factor of 1.5 from the IPM val-
ues in the present study. These results and the ratio we
report between the IPM/D,, and the AIT (Table 2)
strongly suggest that the D, rates obtained from the
IPM represent more accurate values for denitrification
than do the AIT rates.

We have previously postulated that the steep diffu-
sive nitrate gradients across the sediment-water inter-
face may favour the release of nitrate to the overlying
water column instead of its denitrification in deeper
anoxic layers (Lohse et al. 1993). Our data confirm that
a substantial amount of nitrate produced by nitrification
diffuses to the nitrate-depleted water column. Assum-
ing that the nitrification rate is given by the sum of the
nitrate efflux plus the initial AIT denitrification rate, be-
tween 64 (Expt A) and 68 % (Expt B) of the nitrate pro-
duced diffuses to the overlying water. Using the IPM
Dn rates as a more accurate estimate, we obtain values
between 46 (Expt A) and 48 % (Expt C). These results
are in line with laboratory experiments (Sloth et. al.
1995) and modelling studies (Blackburn & Blackburn
1993, Ruardij & van Raaphorst 1995). It follows that ap-
proximately half of the nitrate produced in the sedi-
ment reaches the anoxic layers to be denitrified.

The inorganic nitrogen cycle in these continental shelf
sediments of the North Sea can be summarised by
assuming that nitrification equals the sum of the average
nitrate efflux (Table 1) and the Dn denitrification rate
(Table 2). Inferring the total N-mineralisation from the
sum of nitrification plus the ammonium efflux (Table 1),
we obtain a mineralisation rate of 32 umol N m™2 h-1.
About one third of the ammonium produced diffused
out of the sediment, while two thirds was nitrified to
NOj;™; about 50 % of the nitrate produced diffused out of
the sediment, while the other 50% was denitrified.
Hence, about 33% of the remineralised nitrogen left

the sediment in the form of ammonium, 32% left as
nitrate and 35 % as gaseous dinitrogen. This high per-
centage of denitrification points out the important role
this process plays in benthic N-cycling. A shift of the
anoxic-oxic interface deeper into the sediment due to
lower mineralisation activity in winter (as previously
observed in Lohse et al. 1995) may resultin a relatively
higher percentage of ammonium being nitrified and
subsequently denitrified, although the absolute rates
may be lower due to less intense nitrogen mineralisation.

The results obtained in this study confirm the impor-
tance of benthic denitrification but also show that the
shallow continental shelf sediments of the North Sea
return most of the deposited nitrogen compounds to
the water column as ammonium and nitrate. This situ-
ation generally holds for shallow sediments overlain by
a nitrogen-poor, well-oxygenated water column where
nitrification predominantly controls denitrification. In
contrast, shelf sediments overlain by water columns
with low oxygen and high nitrate concentrations may
act as a sink for nitrogen compounds, since here deni-
trification is also supported by nitrate originating from
the overlying water.
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