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Denitrification in the water column of the central Baltic Sea
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Abstract

Removal of fixed nitrogen in the water column of the eastern Gotland Basin, central Baltic Sea, was studied during two
cruises in September 2008 and August 2010. The water column was stratified with anoxic sulfidic bottom water meeting oxic
nitrate containing water at the oxic–anoxic interface. Anammox was never detected whereas denitrification was found in all
incubations from anoxic depths and occurred immediately below the oxic–anoxic interface. Sulfide (H2S + HS� + S2�) was in
most cases the only electron donor for denitrification but, in contrast to previous findings, denitrification was in some situ-
ations driven by organic matter alone. Nitrous oxide (N2O) became an increasingly important product of denitrification with
increasing sulfide concentration and was >80% of the total N gas formation at 10 lM sulfide. The potential rates of denitri-
fication measured in incubations at elevated NO�3 or sulfide concentrations were converted to in situ rates using the measured
water column concentrations of NO�3 and sulfide and the actual measured relations between NO�3 and sulfide concentrations
and denitrification rates. In situ denitrification ranged from 0.24 to 15.9 nM N2 h�1. Assuming that these rates were valid
throughout the anoxic NO�3 containing zone, depth integrated in situ denitrification rates of 0.06–2.11 mmol N m�2 d�1 were
estimated. The thickness of this zone was generally 3–6 m, which is probably what can be maintained through regular turbu-
lent mixing induced by internal waves at the oxic–anoxic interface. However, layers of up to 55 m thickness with low O2 water
(<10 lM) were observed which was probably the result of larger scale mixing. In such a layer nitrification may produce NO�3
and once the O2 has been depleted denitrification will follow resulting in enormous rates per unit area. Even with an active
denitrification layer of 3–6 m thickness the pelagic denitrification per unit area clearly exceeded sediment denitrification rates
elsewhere in the Baltic Sea. When extrapolated to the entire Baltic Proper (BP) denitrification in the water column was in the
range of 132–547 kton N yr�1 and was thus at least as important as sediment denitrification which has recently been estimated
to 191 kton N yr�1. With a total external N-input of 773 kton N yr�1 it is clear that denitrification plays a significant role in
the N-budget of the BP.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The Baltic Sea is a large brackish sea with limited ex-
change of water through the straits between Denmark
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and Sweden (Reissmann et al., 2009). The average depth
is 52 m (Hietanen et al., 2012) but a number of significantly
deeper basins exist and one of these is the eastern Gotland
Basin (EGB) with a maximum depth of ca. 250 m, where
this study was carried out. With irregular intervals of sev-
eral years major inflow events take place and saline water
from the North Sea flows over the sills and fills up the dee-
per basins and the last major inflow event was in January
2003 (Matthäus et al., 2008). During stagnation periods be-
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tween major inflow events the deeper basins are anoxic and
sulfidic from the sediment up to the pycnocline. When ma-
jor inflow events occur, however, this water is replaced with
oxygenated water. This oxygenated and more saline water
is separated from the surface waters by a pycnocline
through which only little transport occurs (Reissmann
et al., 2009), and the basins below the pycnocline gradually
return to the anoxic state through oxygen consumption in
water column and sediment. After anoxia is established
there will be a period of time before sulfide accumulates
to high concentrations, as observed after the 2003 inflow
(Hannig et al., 2007).

The limited water exchange and the relatively large wa-
tershed makes the Baltic Sea vulnerable to eutrophication
and increasing nutrient loads over several decades have in-
creased the area, volume and frequency of oxygen defi-
ciency not only in the deeper basins but also in the
coastal areas (Nausch et al., 1999; Conley et al., 2011; Voss
et al., 2011). The nitrogen part of the eutrophication is to
some degree counteracted by removal of fixed nitrogen in
the anoxic parts of sediments and water columns (Voss
et al., 2005). This removal is known to be mediated by deni-
trification and/or anammox, which occur only at very low
or zero oxygen concentrations (Hulth et al., 2005; Kuypers
et al., 2005; Jensen et al., 2008; Thamdrup and Dalsgaard,
2008). Both processes require NO�3 or NO�2 (hereafter col-
lectively called NO�x ) as substrate, which may be supplied
from either nitrification or from land and in either case
NO�x will be present in oxic waters. Denitrification and
anammox will thus occur if NO�x is transported from these
oxic waters into low oxygen environments or if NO�x con-
taining water or sediment becomes depleted of oxygen. This
may be the case at oxic–anoxic interfaces in sediments
(Risgaard-Petersen et al., 2005) or at the oxycline where an-
oxic bottom waters meet oxic surface waters (Brettar and
Rheinheimer, 1991; Jensen et al., 2009; Lam and Kuypers,
2011). Furthermore, the electron donor for anammox,
NHþ4 , is generally removed by nitrification in water col-
umns even at very low oxygen concentrations (Lam et al.,
2007) and will only reach measurable concentrations in
the absence of oxygen. Therefore, if anammox would be ac-
tive in the Baltic Sea water column it must occur in be the
uppermost part of the anoxic zone, where NO�x may be
mixed down from above, and NHþ4 is not being removed
by nitrifiers. However, if sulfide accumulates this may inhi-
bit anammox (Dalsgaard et al., 2003; Jensen et al., 2008).
The electron donor for denitrification in the Baltic Sea
water column has mainly been found to be sulfide (Brettar
and Rheinheimer, 1991; Hietanen et al., 2012) and only
once organic matter was suggested also to play a role (Rön-
ner and Sörensson, 1985). However, in that study the incu-
bation time was 1–4 weeks and the result may not represent
the in situ conditions.

In this study we focus on the removal of fixed nitrogen
around the oxycline in the EGB at the interface between
sulfidic anoxic bottom water and oxic surface waters. Deni-
trification has been repeatedly found here previously (Rön-
ner and Sörensson, 1985; Brettar and Rheinheimer, 1991;
Hannig et al., 2007; Hietanen et al., 2012), whereas the pres-
ence of anammox activity has only been reported once
(Hannig et al., 2007). It was argued that the anammox
activity was promoted by the development of an anoxic
NO�x containing sulfide free zone, during the transition
from oxic to anoxic and sulfidic conditions after a major in-
flow event. In the presence of sulfide, denitrification with
sulfide as electron donor is likely to be active and outcom-
pete anammox bacteria which may be inhibited by the pres-
ence of sulfide (Dalsgaard et al., 2003; Jensen et al., 2008).
Such sulfide free and NO�x containing zones may poten-
tially also develop after smaller mixing events but it is not
known whether this may lead to anammox activity. The
earlier studies were done before the discovery of anammox
and with the acetylene blockage technique (Rönner and
Sörensson, 1985; Brettar and Rheinheimer, 1991, 1992)
and, therefore, anammox was not investigated. Apart from
the Hannig et al. (2007) study only one study in the Baltic
Sea has applied the isotope technique that would reveal
anammox (Hietanen et al., 2012). However, neither anam-
mox nor denitrification was detected in the zone immedi-
ately below the oxic–anoxic interface. In the present study
we applied the isotope pairing technique for measuring
anammox and denitrification in a way that minimized the
potential errors of the technique, yielding more realistic
estimates of nitrogen removal. We specifically targeted the
zone right below the oxic–anoxic interface where these pro-
cesses may be expected to occur. As both anammox and
denitrification are known to be inhibited by oxygen, and be-
cause sulfide, which may be electron donor for denitrifica-
tion, will disappear if oxygen is present we applied this
technique in a way that would minimize the oxygen con-
tamination. This was not done in some of the previous Bal-
tic Sea studies and it is especially critical in the low sulfide
environment right below the oxic–anoxic interface, whereas
further down the higher sulfide concentrations may help re-
move oxygen contamination and facilitate the anaerobic
processes. Furthermore, we investigated the electron donor
for denitrification and the kinetics of NO�x - and sulfide up-
take by denitrification which allowed us to rescale potential
process rates into in situ rates.

2. MATERIALS AND METHODS

2.1. Sampling

Sampling was performed in the western part of the EGB
during two cruises with the University of Gothenburg’s RV
Skagerak in September 2008 and August 2010 (Fig. 1).
Water samples were retrieved using a rosette sampler with
12 Niskin bottles of 10 L each and a Sea-Bird CTD with
a SBE 43 oxygen sensor.

The interface between oxic and anoxic waters was iden-
tified as the depth where the signal of the oxygen sensor
started to increase when the sensor was pulled slowly up-
wards after a period of 10–20 min in the anoxic bottom
waters. During this stay in the anoxic waters the signal
for zero oxygen slowly decreased as the oxygen reservoir
in the plastic housing and electrolyte of the oxygen sensor
got depleted. Once the signal was stable it was easy to iden-
tify the rise in signal when oxygenated water was encoun-
tered. Water column profiles of NO�3 , NO�2 , NHþ4 , sulfide,
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Fig. 1. Locations of the sampling stations in the Eastern Gotland Basin in the Baltic Sea. Sampling year and bottom depth of each station are
indicated. Bathymetry shown as contours.
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and PO3�
4 were measured on 12 discrete samples from the

Niskin bottles at approximately 5 m intervals in 2008 and
1 m intervals in 2010 around the oxic–anoxic interface.
Water for incubations was sampled from three depths in
2008, which was approximately at the oxic–anoxic interface
and 5 and 10 m below, and from one depth in 2010, which
was 3–3.5 m below the interface.

2.2. Incubations

Water for incubations was taken from the Niskin bottles
immediately when the rosette was on deck and always be-
fore any other sampling from the same bottles. Water flo-
wed through a piece of Tygon tubing into the bottom of
a 500 ml glass bottle and was allowed to overflow for three
volume changes. The glass bottle was immediately closed
with a butyl rubber stopper with no bubbles or headspace,
and brought to the lab where it was kept within 1 �C of
in situ temperature. Time between sampling from the Ni-
skin bottles and start of the incubations was less than 3 h.

The incubations were designed to quantify and identify
the processes removing fixed nitrogen (anammox and deni-
trification) applying the 15N-tracer technique as described
earlier (Dalsgaard et al., 2003; Thamdrup et al., 2006).
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Briefly, the bottle of water was amended with 15N-tracer,
gassed with helium for 15 min and then dispensed into 10
glass vials with a butyl rubber septum (12 ml Labco Exe-
tainers). At all stations, years, and depths an incubation
with 15NHþ4 þ 14NO�3 (10 lM each) was performed to check
for anammox activity. The 15NO�3 incubations were carried
out differently in the two years. In 2008 two parallel incuba-
tions from each depth with 10 lM 15NO�3 (15N in NO�3 pool
was 67–98%) were performed, one with amendment of 2–
4 lM Na2S and one with no Na2S amendment. In 2010
the 15NO�3 incubations were performed as two concentra-
tion series at one depth at each station, varying the NO�3
concentration in one series and the sulfide concentration
in the other (15N in NO�3 pool was 17–99%). In the NO�3
concentration series the final concentrations of 15NO�3 were
1, 2, 5, and 10 lM. In the sulfide concentration series
15NO�3 was added to a final concentration of 1 lM in all
incubations and Na2S was added to increase the ambient
H2S concentration by 0, 1, 5, and 10 lM. It was assumed
that the effect of Na2S amendment on pH was negligible gi-
ven the total alkalinity of 1700–1800 lmol/kg (Ulfsbo et al.,
2011). In 2010 the empty Exetainers were filled with He
2 weeks before the cruise to lower the O2 content of the sep-
tum. Furthermore, incubations were done with a 2 ml he-
lium headspace in the Exetainers to lower the possible O2

contamination in the incubation even further (De Braban-
dere et al., 2012). This was created by withdrawing 2 ml
sample while simultaneously allowing helium to flow in
through a second needle, and after shaking the Exetainers
vigorously the headspace was flushed with helium and sha-
ken again before incubation. For both years the Exetainers
were sacrificed in pairs over the ca. 24 h incubation period
by replacing 5 ml of sample with helium, as described
above, and finally adding 100 ll of a 50% (w/v) ZnCl2 with
a needle through the septum to stop microbial activity. Part
of the withdrawn water sample was analyzed for NO�2
immediately, part was injected into a 20% zinc acetate solu-
tion for sulfide analysis and part was filtered (Whatman
GF/F) and frozen for later analysis of NO�3 . The Exetainer
was stored upside down for later analysis of the isotopic
composition of N2.

Part of the total sulfide was present as H2S, which may
be removed by gassing of the water before incubation and
may escape into the headspace of the Exetainers in the
2010 incubations. The loss of sulfide due to He gassing
was found in 14 incubations in 2008 never to exceed 10%
and was on average 2.5% of the initial sulfide concentra-
tion. The loss of sulfide to the headspace of Exetainers in
2010 was calculated according to Millero (1986). With an
assumed pH value of 7.1 (Ulfsbo et al., 2011), temperature
of 7 �C, and a salinity of 10 approximately 2.5% of the total
sulfide in the 12 ml Exetainer would be present as H2S in
the headspace. This loss of sulfide due to gassing or intro-
duction of a headspace was judged negligible and was not
corrected for.

2.3. Analytical

Nitrogen isotopes in N2 were analyzed by GC–IRMS
with a custom-made GC setup coupled to a Thermo Delta
V Plus mass spectrometer (Thermo, Bremen, Germany),
and the excess 14N15N and 15N15N was quantified as de-
scribed by Thamdrup and Dalsgaard (2000). The GC sys-
tem consisted of a manual injection port connected to, in
series, a combined ascarite/Mg(ClO4)2 trap for CO2 and
H2O, a Porapak R chromatographic column, a 600 �C re-
duced copper column removing O2, and a second
Mg(ClO4)2 trap. The GC system was coupled to the IRMS
via a Thermo ConFlo-III interface. 15N labeled N2O was
also quantified with the system after separation from N2

on the GC column and quantitative reduction to N2 on
the hot copper column. Due to the higher solubility of
N2O than N2 in water, and the fact that these gasses were
extracted from the sample with a headspace technique, a
lower fraction of the N2O than the N2 present in the sample
entered the mass spectrometer and total sensitivity for N2O
was about half that of N2. Nitrite was analyzed colorimet-
rically according to Grasshoff et al. (1983), NO�x
(NO�3 þNO�2 ) was quantified as NO after reduction in
hot VCl3 (Braman and Hendrix, 1989), and sulfide was
quantified according to Cline (1969) after trapping in a
20% (w/v) zinc acetate solution.
2.4. Calculations

Production rates of N2 from anammox in the 15NHþ4
incubations and from denitrification in the 15NO�3 incuba-
tions were calculated according to Eqs. (1) and (2), respec-
tively (Thamdrup and Dalsgaard, 2002):

N2 anammox ¼ 14N15Nxs=F ammonium ð1Þ

N2 denitrification ¼ 15N15Nxs=ðF nitrateÞ2 ð2Þ

where N2 anammox is the production of N2 by anammox in
the 15NHþ4 incubations, N2 denitrification is the production
of N2 by denitrification in the 15NO�3 incubations, Fammo-

nium is the mole fraction of 15N in the NHþ4 pool in the
15NHþ4 incubations, Fnitrate is the mole fraction of 15N in
the NO�3 pool in the 15NO�3 incubations, and 14N15Nxs

and 15N15Nxs are the production rates of excess 14N15N
and 15N15N over their natural abundance. Rates of
14N15Nxs and 15N15Nxs production were estimated as the
slope of the linear regression of their respective concentra-
tions versus time during the incubations. Denitrification
and anammox were considered significant if both 14N15N
and 15N15N production were significantly >0 (t-test,
p < 0.05). Nitrous oxide production in the 15NO�3 incuba-
tions was calculated similar to the N2 production by denitri-
fication above by substituting 15N15Nxs in Eq. (2) by
15N15NOxs.

The thickness of the water layers where denitrification
may occur was estimated as the distance from the oxic–
anoxic interface down to the layer where NO�x reached
zero. The average concentrations of NO�x and sulfide for
each sampling interval within this zone were estimated
and, together with the actual measured relations between
NO�x and sulfide concentrations and denitrification rates,
used to convert the denitrification rates measured at elevated
NO�x and sulfide concentrations to in situ denitrification
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rates. The eddy diffusion coefficient required to sustain the
measured rates of denitrification was calculated as:

Kz ¼ �F z=ðdC=dzÞ ð3Þ

where Fz is the NO�x flux needed to sustain the measured
denitrification rate, dC/dz is the NO�x concentration gradi-
ent and Kz is the vertical eddy diffusivity (Jensen et al.,
2009). The NO�x gradient was estimated from two discrete
measurements immediately above the oxic–anoxic interface
to represent the driving force of NO�x into the denitrifica-
tion zone.

3. RESULTS

3.1. 15N incubations

Production of 14N15N in the 15NHþ4 incubations was
never recorded, indicating that anammox was not active
at any depth or station in neither 2008 nor 2010. On the
other hand 15N15N production was recorded in the 15NO�3
incubations at many depths and stations in both years lead-
ing to significant rates of denitrification.

In 2008, when denitrification was quantified at three
depths at each station, rates at in situ sulfide concentrations
increased clearly with depth (Fig. 2). At the upper sampling
depth denitrification was not detectable at in situ sulfide
concentrations but measurable at station F when Na2S
was added. Deeper down additions of Na2S had a marked
positive effect only on denitrification rates at the middle
incubation depth at all stations. Nitrous oxide was in some
incubations a significant product of denitrification varying
from below detection to 44% of the total N2 + N2O gas
production (St. F, 131.5 m, +sulfide).

The effect of sulfide concentration on denitrification
rates was different between the stations in 2010 (Fig. 3).
At station D there was no effect of sulfide on denitrification
Fig. 2. Total denitrification rates (N2 + N2O production) and the N2O
concentration (in situ) and with sulfide amendment (+H2S). Dotted line
concentrations. Arrows indicate depths sampled for incubations. Data fro
error of the mean. Note differences in depth scales.
at all and the rates recorded at the different sulfide concen-
trations were not different. At the other two stations deni-
trification rates increased more or less linearly with sulfide
concentration. A linear regression, forced through origin
because no sulfide resulted in no denitrification, allowed
calculation of denitrification at St. F and Z in 2010 at
any given sulfide concentration as: denitrification = [sul-
fide] � slope, where slope was 9.65 (R2 = 0.95) and 22.69
(R2 = 1.00) for stations F and Z, respectively, and where
denitrification is in nM N h�1 and sulfide concentration is
in lM. This relation and the in situ sulfide concentrations
were used to calculate the in situ denitrification rates at
these two stations. The relative importance of N2O produc-
tion also increased with increased sulfide at these two sta-
tions from undetectable at the lowest sulfide
concentrations to 75% and 83% of the total N-gas produc-
tion at stations Z and F, respectively.

Also the effect of NO�x concentration was very different
between the stations in 2010 (Fig. 4). At St. D there was a
perfectly linear correlation between NO�x concentration and
rate of denitrification up to a concentration of 5 lM NO�3 ,
whereas the NO�3 concentration had no effect at the other
two stations. At St. D a linear regression, forced through
origin because no NO�x is expected to result in no denitrifi-
cation, allowed the calculation of in situ denitrification as:
denitrification ¼ ½NO�x � � 17:86 (R2 = 1.00), where units
are nM N h�1 for denitrification and lM for [NO�x ]
(Fig. 4). In 2008 denitrification rates were measured at
10 lM NO�x , and thus in the range where denitrification
was saturated with NO�x according to the 2010 experiments.
We assumed that the relative change in denitrification rate
as a function of NO�x concentration in 2008 was the same as
at St. D in 2010. Here denitrification was proportional to
the NO�x concentration in the 0–5 lM range, where the rate
increased by a value equal to 20.2% of the rate measured at
saturating NO�x concentrations for an increase of 1 lM
production in % of the total N-gas production at in situ sulfide
indicate the oxic–anoxic interface. Points and lines indicate sulfide
m 2008 for stations E–G as indicated. Error bars show the standard



Fig. 3. Total denitrification (N2 + N2O production) and the N2O production in % of total denitrification as a function of sulfide
concentrations. Data from 2010, stations D, F, and Z as indicated. For stations F and Z regression lines are shown (dashed lines, see text for
equations) for total denitrification as a function of sulfide concentration assuming no denitrification at no sulfide. Error bars show the
standard error of the mean. Note differences in y-axis scales.

Fig. 4. Total denitrification (N2 + N2O production) and the N2O production in % of total denitrification as a function of NO�x
concentrations. Data from 2010, stations D, F, and Z as indicated. For station D a regression line is shown for denitrification as a function of
NO�x assuming no denitrification at no NO�x (dashed line, see text for the equation). At stations F and Z rates were not significantly different
from zero (p = 0.05) except for the lowest NO�x concentration at station F. Error bars show the standard error of the mean. Note differences in
y-axis scales.
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NO�x . In situ denitrification in 2008 was thus calculated as:
denitrificationin situ ¼ denitrificationsaturated � ½NO�x � � 0:2019,
where denitrificationsaturated is the rate of denitrification
measured at 10 lM NO�x , units are nM N h�1 for denitrifi-
cation and lM for NO�x concentration. The in situ NO�x
concentrations in 2008 were 0.3–1.3 lM and thus in the
range where proportionality between NO�x concentration
and denitrification rate may be expected. Also the relative
N2O production increased with NO�x concentration reach-
ing 39% of the total N-gas production at the highest NO�x
concentration. At the other two stations in 2010 denitrifica-
tion was below detection without sulfide amendment except
for one very low but significant rate recorded at 5 lM NO�x
at station F. Nitrous oxide production was not detected at
these two stations (Fig. 4).

Concentrations of NO�3 generally decreased during the
incubations but because of the often relatively high concen-
trations and low consumption rates it was not possible to
estimate the actual NO�3 reduction rates. Concentrations
of NO�2 did not vary systematically during the incubations.
In some incubations NO�2 was consumed, in some it was
produced, and in some there was a transient accumulation
(not shown).

3.2. Water column profiles

The water column was stratified in both years with a
shallow thermocline at 15 m (2010) to 25 m (2008) depth
(Fig. 5). A second density stratification, mainly caused by
a salinity increase, was located deeper in the water column
but always above the oxic–anoxic interface. The oxic–
anoxic interface was located further down at a depth where
the density increased gently with depth and was never
associated with abrupt changes in density. Water chemistry
profiles generally showed strong changes around the oxic–
anoxic interface and example profiles from both 2008 and
2010 are shown in Fig. 6. Nitrate was generally present
above the interface but decreased to zero just below
whereas sulfide showed the opposite trend. It reached high
concentrations in the deep and declined rapidly towards the
interface but due to the relatively coarse depth resolution it
was not possible to see whether or not sulfide crossed the



Fig. 5. Depth profiles of O2, temperature, salinity, and density (shown as Sigma-t) for all four stations in both years as indicated. Dashed
horizontal line indicates the oxic–anoxic interface.

Fig. 6. Water chemistry depth profiles at station G in 2008 and F
in 2010. Left hand panels show the full profile, right hand panels
show details around the oxic–anoxic interface which is indicated by
the dotted line. Arrows indicate depths sampled for incubations.

Fig. 7. Water chemistry depth profiles at stations G in 2008
(upper) and E in 2010 (lower). Left hand panels show the full
profile, right hand panels show details for the depth intervals with
low O2 concentrations.
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oxic–anoxic interface. Ammonium followed almost the
same pattern with high concentrations in the deep and
was often present in the first couple of meters above the
oxic–anoxic interface. This was only visible in the 2010
samplings with sampling at 1 m intervals while with 5 m
intervals in 2008 NHþ4 was always below detection in the
first sample above the interface. Water column profiles also
showed interesting features on the larger scale and both in
2008 and 2010 there were extensive water layers where oxy-
gen was higher than zero and lower than approximately
10 lM (Fig. 7, Table 2). The thickness of these layers was
generally in the range 22–55 m with station D in 2008 and
Z in 2010 as exceptions with a thickness of only 4 m.

4. DISCUSSION

We visited several stations in the EGB in 2008 and 2010
and we found denitrification to be responsible for all re-
moval of fixed nitrogen and there was no indication of
anammox in any of the incubations. Overall this agrees very
well with earlier findings of denitrification in the EGB
(Brettar and Rheinheimer, 1991, 1992; Hannig et al.,
2007; Hietanen et al., 2012). Significant contribution of
anammox to total N2 production has only been found after
a major inflow event. During such an event the anoxic and
often sulfidic bottom water of the EGB is replaced with oxic
water and during the following stagnation period O2 gets
depleted and sulfide subsequently accumulates in the bot-
tom water (Hannig et al., 2007). During the period from
O2 depletion until sulfide accumulation, only anammox
and not denitrification could be detected (Hannig et al.,
2007). The relatively high concentrations of sulfide below
the oxic–anoxic interface during our cruises indicate that
a major inflow had not recently taken place and the absence
of anammox was thus expected. These results support the
conclusion of Jensen et al. (2009) based on studies in the
sulfidic Mariager Fjord (Denmark) that anammox will only
be important in anoxic sulfide free waters, whereas denitri-
fication will dominate when sulfide is available.

4.1. Denitrification and oxygen

In agreement with Brettar and Rheinheimer (1991),
Hannig et al. (2007), and Hietanen et al. (2012) we did
not find denitrification if O2 was detectable in situ. Denitri-
fication generally occurred closely below the oxic–anoxic
interface in 2008 and the single incubation of water sampled
above this interface did not show any denitrification (St. E,
116.5 m, Fig. 2). Denitrification was also found right below
(3–3.5 m) the oxic–anoxic interface in 2010. In agreement
with this, most earlier reports have found denitrification
to occur closely below this interface (Brettar and Rheinhei-
mer, 1991; Hannig et al., 2007; Jensen et al., 2009). One
exception from this is a study of the EGB and Landsort
Deep where denitrification was only found much deeper
into the anoxic zone and mostly at high sulfide concentra-
tions (Hietanen et al., 2012), but this may be explained as
a methodological issue. Water samplers made from PVC,
which were used in this and all the cited studies, contami-
nate anoxic samples with O2. Oxygen is soluble in PVC
and this is released to the water sample, similar to the
way O2 is released from rubber septa to the contents of a
vial (De Brabandere et al., 2012), and even if water sampled
at anoxic depth is transferred from the water sampler to
glass bottles with several times overflow it will not be
anoxic after this transfer. Therefore, our protocol involved
gassing of the sample with He and, in 2010, incubations
were additionally done with O2 depleted septa and a He
headspace to remove O2 contamination (De Brabandere
et al., 2012). In the previous studies of the Baltic Sea, re-
moval of O2 contamination was only done by Hannig
et al. (2007). Oxygen contamination in the incubation vials
may lead to underestimation of anammox and denitrifica-
tion depending on the incubation procedure. Brettar and
Rheinheimer (1991) incubated for 12 days and O2 con-
sumption in the incubated water was most likely sufficient
to make the sample anoxic early in the incubation and deni-
trification could thus take place. However, in short term
incubations (�32 h; Hietanen et al., 2012) this may not be
the case depending on the O2 consumption rate. Oxygen
consumption may be controlled by the availability of reduc-
ing equivalents and when sulfide concentrations were high,
O2 consumption may have created anoxia relatively fast
and denitrification may have been recorded. This mecha-
nism may explain why the quantitatively significant rates,
in that study, were found only relatively far below the
oxic–anoxic interface where sulfide concentrations were
high (11–62 lM). This may also explain why denitrification
was not seen at all by Hietanen et al. (2012) when sulfide
was below 5 lM even when O2 was not detectable in situ,
and why we and Brettar and Rheinheimer (1991) found
denitrification closely below the oxic–anoxic interface. We
thus propose that denitrification in such anoxic basins with
sulfidic bottom water generally occurs most intensively clo-
sely below the oxic–anoxic interface, where NO�x and sul-
fide are present and oxygen is absent.

4.2. Regulation of denitrification

The electron donor for denitrification in anoxic water
columns in anoxic basins has often been shown to be sul-
fide, coming from below, meeting with NO�3 , coming from
above, at the sulfide-NO�3 interface (Brettar and Rheinhei-
mer, 1991, 1992; Hannig et al., 2007; Jensen et al., 2009;
Hietanen et al., 2012). In most situations we also found sul-
fide to be an important electron donor for denitrification in
the EGB. In four of the incubations in 2008 denitrification
was stimulated by sulfide amendment (Fig. 2). The response
was immediate, as indicated by the linear increase of 15N-la-
beled N2 with time (not shown), suggesting that denitrifica-
tion with sulfide as electron donor was active in situ. In
2010 denitrification was proportional to sulfide concentra-
tions at St. F and Z, which indicates that sulfide was the
electron donor. The linearity between denitrification and
sulfide concentration continued to the highest concentra-
tions applied (ca. 10 lM, Fig. 3) and there was no sign of
saturation. Jensen et al. (2009) found similarly that NO�2
reduction rates increased linearly with sulfide concentra-
tions up to at least 40 lM in the anoxic water column of
the Mariager Fjord. At St. D, however, denitrification
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was independent of the sulfide concentration (Fig. 3). The
lowest sulfide concentration here was 0.16 lM and, given
the response of denitrification to sulfide amendments at
the other two stations, it is clear that sulfide did not play
a role in denitrification at St. D. Instead it was most likely
organic matter that was the electron donor for denitrifica-
tion here and we believe that this is the first clear demon-
stration of heterotrophic denitrification in anoxic water
columns of the Baltic Sea. However, it should be noted that
even though sulfide amendment stimulated denitrification
in 2008, sulfide may not be the only electron donor here
and organic matter may play a role as well. It is only in
the incubations from 2010, where denitrification required
sulfide, that denitrification can be concluded to be driven
by sulfide alone. The addition of glucose stimulated denitri-
fication (Rönner and Sörensson, 1985), but with incubation
times of 1–4 weeks this is not an indication of in situ deni-
trification being powered by organic matter.

The ratios of (N2 + N2O)–N production to sulfide con-
sumption may be used as an indicator of the stoichiometry
of the sulfide oxidation. If the reaction between sulfide and
NO�3 results in the formation of N2 and SO2�

4 this ratio will
be 1.6 but if instead the oxidation product is S0 the ratio
will be 0.4. In our experiments both sulfide and organic
matter might have been electron donors and N2 + N2O
production may not reflect only sulfide oxidation. Thus
the ratio of (N2 + N2O)–N production to sulfide consump-
tion may become overestimated. However, in the experi-
ments with the highest sulfide concentrations (stations F
and Z, 10 lM sulfide added, Fig. 3) we may assume that
sulfide is the by far most important electron donor and
the ratios here were 0.18 and 0.28 for stations F and Z,
respectively. This is somewhat lower than the theoretical
values, probably due to small analytical inaccuracies, but
overall indicates that S0 was the major oxidation product
just as it was in Mariager Fjord (Jensen et al., 2009).

Beside acting as electron donor for denitrification, sul-
fide is also known to inhibit the reduction of N2O to N2

in the denitrification pathway (Sørensen et al., 1980) and
the inhibition of the enzymes leading to the formation of
N2O is less than that of N2O reduction itself (Schönharting
et al., 1998). There was a clear inhibition in the 2010 incu-
bations where sulfide was utilized as electron donor (Fig. 3)
and the N2O fraction of the total denitrification
(N2 + N2O) increased almost linearly with sulfide concen-
tration and reached ca. 70% at 10 lM sulfide. It might be
expected that denitrifiers using sulfide as a substrate may
be less sensitive to the sulfide inhibition of N2O reduction,
however, the strong inhibition seen in the 2010 experiments
indicates that N2O reduction in such organisms is also
highly sensitive to sulfide. Production of N2O by denitrifica-
tion was also significant in 2008 even at in situ sulfide con-
centrations (Fig. 2). In situ denitrification with sulfide will
occur in the zone where NO�x and sulfide coexist. Given
the relation between sulfide and N2O production found
here it is likely that the highest N2O production will occur
deepest in this zone where sulfide concentrations are high-
est. If this N2O is transported downwards it is most likely
consumed by denitrification. However, if it is transported
upwards, and not reduced during its passage through the
denitrification zone, and reaches the oxic waters above, it
may contribute to the general N2O supersaturation of the
central Baltic Sea (Rönner, 1983; Brettar and Rheinheimer,
1991). However, it appears that denitrification is able to
consume most of the produced N2O during stable anoxic
periods and that large production of mainly occurs during
transition from oxic to anoxic conditions (Naqvi et al.,
2010). Surprisingly Hietanen et al. (2012) only found com-
plete denitrification to N2 and no accumulation of N2O.
Similarly, we did not find any N2O production in the pres-
ence of sulfide when sulfide was not the electron donor
(Fig. 3, St. D) even though the inhibition of N2O reduction
to N2 by sulfide has been shown to occur in heterotrophic
denitrification (Sørensen et al., 1980). An alternative expla-
nation for the accumulation of N2O in sulfide driven deni-
trification could be the enhancement of denitrification by
organisms lacking the N2O reductase as is the case for the
SUP05 type of organism known from anoxic water columns
(Walsh et al., 2009).

The concentration of NO�x played a critical role in the
regulation of denitrification rates (Fig. 4). Unfortunately
the NO�x concentration experiments at St. F and Z were
performed with only 0.14 and 0.17 lM sulfide, respectively,
which was not enough to drive denitrification. At St. D,
however, denitrification was proportional to the NO�x con-
centration from zero to 4.9 lM above which it became sat-
urated at a rate of ca. 90 nM N h�1 (Fig. 4 St. D). We
would have expected a Michaelis–Menten kind of relation-
ship as found for Mariager Fjord (Jensen et al., 2009), and
we cannot explain why this was not the case. We found a
maximal rate of denitrification of 250 nM N h�1 at 10 lM
sulfide which falls within the range of rates found by Hieta-
nen et al. (2012) who found a maximal rate of
390 nM N h�1 at 21 lM sulfide in the Gotland Deep. These
maximal rates are potential rates measured with concentra-
tions of NO�x and sulfide significantly above the in situ val-
ues. Mariager Fjord had maximal denitrification rates 3.7–
5.5 times higher than in the EGB, which may be caused by
the highly eutrophic state of this Danish fjord. In our NO�x
concentration experiment half-maximal denitrification was
reached at ca. 2.5 lM NO�x , which agrees very well with
the Michaelis–Menten half-saturation constant from Mari-
ager Fjord of 2.9 lM for NO�3 dependent denitrification
(Jensen et al., 2009).

4.3. In situ denitrification

In order to compare the potential rates presented above
to published rates and to estimate removal of bioavailable
nitrogen per unit area we must scale the potential rates to
the in situ concentrations of sulfide and NO�x . In 2008 incu-
bations were done with 10 lM 15NO�3 and in situ sulfide
concentrations and the measured rates were corrected to
in situ NO�x concentrations using the relationship of denitri-
fication to NO�x concentration found at St. D in 2010 (see
Section 3.1 for details) (Fig 4). The in situ rates were calcu-
lated using the average NO�x concentrations for the zone
from the oxic–anoxic interface down to where NO�x was
zero. Using the average is valid because the maximal
NO�x concentration found at any depth within this interval
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was 4.6 lM, which is within the range where denitrification
was proportional to NO�x concentration. The precision of
this estimate is limited by the rather coarse depth resolution
in 2008 where we sampled at 5 m intervals (Fig. 6). Incuba-
tions at St. D failed in 2008 (Table 1) so rate measurements
from the nearby St. G were used together with water col-
umn chemistry from St. D to estimate in situ denitrification
here. Correction of measured potential rates to in situ rates
at St. D in 2010 was done exactly as described above for the
2008 stations utilizing the proportionality of denitrification
to NO�x concentration. However, at St. F and Z in 2010
denitrification was proportional to the sulfide concentration
and in situ denitrification was, therefore, calculated from
the relation between denitrification and sulfide concentra-
tion at each of these stations (Fig. 3) using the average sul-
fide concentration in the anoxic NO�x containing zone. For
St. E only water column profiles were available and in situ
denitrification rates were estimated applying the relation-
ship between denitrification and sulfide concentration from
the nearby St. F.

The estimated in situ rates of denitrification per unit vol-
ume of water varied by two orders of magnitude and were
generally higher in 2010 than in 2008 (Table 2). There is no
obvious explanation for this although primary production,
and the following biogeochemical processes in the water
column, may have been smaller in 2008 than in 2010 be-
cause the former cruise was one month later in the year
Table 1
Overview of the sampling and incubations and station characteristics.

Stations Incubations Water col. profiles Dist. from Gotl

2008 2010 2008 2010

D X X X 25
E X X X 47
F X X X X 55
G X X 30
Z X X 17

a For stations samples in both 2008 and 2010, the depth of the oxic–an

Table 2
Thicknesses of the layers with O2 concentrations below detection and d
denitrification in the anoxic NO�x containing layer, and the eddy diffusion
zone sustaining the measured denitrification.

Station Year Thickness of layers (m)

Anoxic NO�x containing O2 = 0–10 lM

D 2008 15.0 4.5
E 2008 6.0 34.6
F 2008 5.5 22.0
G 2008 4.0 32.6

D 2010 3.2 30.4
E 2010 3.6 35.4
F 2010 4.3 55.1
Z 2010 4.9 4.0

Average 2008 – –
Average 2010 – –
than the latter. Also the fact that the average NO�x concen-
trations in the anoxic zone were ca. 3 times higher in 2010
than in 2008 (1.9 versus 0.7 lM) may have contributed to
this difference. Nevertheless, the range of in situ denitrifica-
tion rates (0.24–15.9 nM N2 h�1) compare really well to the
rates of Hietanen et al. (2012) from the Gotland Deep
(0.03–16.8 nM N2 h�1). Those rates were measured in
March and September applying the 15N technique as in
the present study. Denitrification measured with the acety-
lene inhibition technique, measured in the EGB in July and
August, gave results in the lower range of what we find
(0.92–2.29 nM N2 h�1) (Brettar and Rheinheimer, 1991).
However, these rates may be somewhat underestimated be-
cause the acetylene blockage may be partly alleviated in the
presence of sulfide (Tam and Knowles, 1979; Dalsgaard
and Bak, 1992). Furthermore, acetylene may change the
oxidation product of sulfide from SO2�

4 in the absence of
acetylene to elemental sulfur in the presence of acetylene
(Dalsgaard and Bak, 1992). Thus each sulfide molecule do-
nates only two electrons when oxidized to sulfur instead of
eight when oxidized to SO2�

4 . In situations with sulfide lim-
ited denitrification, as St. F and Z in 2010 and the Brettar
and Rheinheimer (1991) measurements, this reduction in
electron availability may have reduced denitrification, pro-
vided that S0 was not already the oxidation product. In the
inner part of the Oslo Fjord, Norway, maximum rates of
31 nM N2 h�1 were found with a 15N amendment technique
and (km) Water depth (m) Oxic–anoxic interface depth (m)a

130 95
170 113
210 126
150 111
90 70

oxic interface is given as the average of the depth for each year.

etectable NO�x , and the layers with O2 between 0 and 10 lM, the
coefficient (Kz) required for a NO�x transport to the denitrification

In situ denitrification Required Kz

10�5 m2 s�1

nM N2 h�1 mmol N m�2 d�1

Rate ±SE Rate ±SE

2.41 0.07 1.74 0.05 4.8
1.95 0.05 0.56 0.01 1.9
0.24 0.00 0.06 0.00 0.1
3.60 0.10 0.69 0.02 1.5

11.32 1.78 2.06 0.32 1.2
15.91 2.50 1.80 0.32 1.5
10.30 1.85 2.11 0.38 1.2
5.32 1.29 0.36 0.09 2.2

2.05 0.70 0.76 0.35
10.72 2.17 1.58 0.41
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(Kristiansen and Schaanning, 2002), but these rates may be
explained by the very long incubation time of 20 days which
is known to give unrealistically high rates (Thamdrup et al.,
2006). Estimates of in situ sulfide fueled denitrification with
the 15N amendment technique in Mariager Fjord exceeded
our rates by an order of magnitude (246 nM N2 h�1) (Jen-
sen et al., 2009). Incubation times here were 30–50 h and
the high rates are probably realistic and due to the highly
eutrophic status of this fjord.

The above rates of denitrification per unit volume of
water can be converted into rates per unit area by multiply-
ing with the thickness of the denitrification zone. We esti-
mated this from the water chemistry (Fig. 6) and found
thicknesses of the anoxic NO�x containing layers between
3.1 and 15 m. We argue that this zone is equivalent to the
denitrification zone as the process occurred in all our incu-
bations from below the oxic–anoxic interface. See the dis-
cussion above as to why some earlier studies did not find
denitrification right below the oxic–anoxic interface. The
sampling interval of ca. 1 m in 2010 clearly gave a better
estimate of the dimensions of this zone than did the ca.
5 m intervals in 2008, when we may have overestimated
the thickness of the zone. However, if the thickness of the
zone was overestimated the calculated average NO�x con-
centration would be underestimated, and because of the
proportionality of NO�x concentrations and denitrification
rates this would still be a correct calculation of the denitri-
fication rate per unit area.

The estimates of in situ denitrification ranged from 0.06
to 2.11 mmol N m�2 d�1 with averages of 0.76 and
1.58 mmol N m�2 d�1 for 2008 and 2010, respectively (Ta-
ble 2), comparing well to previous estimates. Brettar and
Rheinheimer (1991) estimated denitrification in the EGB
to be between 0.22 and 2.2 mmol N m�2 d�1. Also in the
EGB Hietanen et al. (2012) estimated denitrification to be
21 mmol N m�2 d�1 which is about one order of magnitude
higher than our maximal rates. However, as discussed
above the rate per unit volume was very similar to our rates
and the discrepancy of rates per unit area is due to the fact
that denitrification was estimated to occur in a 50 m thick
layer, whereas our denitrifying layers were only a few me-
ters thick. The finding of NO�x down to at least 50 m below
the oxic–anoxic interface was argued to be a transient phe-
nomenon and NO�x at these depths will not be replenished
regularly (Hietanen et al., 2012).

4.4. Denitrification and mixing events

From the above discussion it is clear that denitrification
will occur whenever sulfide and NO�x coexist under anoxic
conditions and in some cases also in the absence of sulfide.
Sulfate reduction in the anoxic part of the basin produces
this sulfide whereas NO�x originates from nitrification in
the oxic part of the water column or, alternatively, may
be supplied by runoff from land. Coexistence of NO�x and
sulfide, therefore, requires mixing of waters across the
oxic–anoxic interface. Such mixing may occur via turbulent
motions induced by internal waves and mesoscale eddies
(Lass et al., 2003). We argue that this mixing transports
NO�x from above and sulfide from below into the
denitrification zone. The rate of transport depends on the
sulfide and NO�x concentration gradients and the eddy
diffusivity (Kz, Eq. (3)). Assuming that the only fate of
NO�x transported into this zone was denitrification the Kz

required to sustain the measured denitrification rate was
calculated from Eq. (3). Except for one very low estimate
of 0.1 � 10�5 m2 s�1 the values ranged between 1.2 � 10�5

and 4.8 � 10�5 m2 s�1 with a median of 1.5 � 10�5 m2 s�1

(Table 2). This agrees very well with the values from
0.2 � 10�5 to 4.2 � 10�5 m2 s�1, with medians of
0.8 � 10�5 and 2.4 � 10�5 m2 s�1 for summer and fall,
respectively, found at 150 m depth in the Gotland Deep
over a 30 year period (Axell, 1998) and the winter value
of 0.8 � 10�5 m2 s�1 below the halocline in the Gotland
Basin (Lass et al., 2003). Our estimates of denitrification
using short term bottle incubations thus appear to match
the rates that may be expected from the water chemistry
and hydrography. The same type of comparison is not pos-
sible for sulfide because at some stations part of the sulfide
passed through the denitrification zone and was recorded
above the oxic–anoxic interface. Furthermore, the vertical
resolution, especially in 2008, was too coarse to decide
whether or not all sulfide was consumed inside the denitri-
fication zone. The sulfide flux is, therefore, not necessarily a
measure of the rate of sulfide oxidation by denitrification.

The small scale vertical mixing due to turbulent motions
induced by internal waves requires less energy and will oc-
cur more frequently than large scale vertical mixing, which
may occur during severe wind events. We generally found
anoxic NO�x containing zones with a thickness of 3–6 m
with one exception (Table 2) and we suggest that this is
the thickness of the denitrification zone that can be main-
tained by small scale mixing. The average in situ volumetric
denitrification rates from 2010 (volumetric rates from 2008
may be underestimated, see above) was about 0.5 lM
N d�1 and given that the maximum NO�x concentration be-
low the oxic–anoxic interface was 4.6 lM the lifetime of
NO�x here would be in the order of 9 days and less at lower
NO�x concentrations. The fact that we find this overlap of
sulfide and NO�x so consistently indicates that mixing must
occur relatively frequently. Only once we observed an over-
lap of 15 m (St. D 2008, Table 2), which could indicate that
mixing events of this magnitude occur much less frequently.

More intense mixing may create thick layers with low O2

concentrations, which may exist for a period of time during
which nitrification produces NO�x until O2 is again de-
pleted. Once anoxia is established denitrification may con-
sume the produced NO�x . We observed such relatively
thick oxic layers with O2 concentrations below 10 lM
(Fig. 7) and in six out of eight stations these layers were be-
tween 22 and 55 m thick (Table 2). Within these layers NO�x
concentrations were up to 7 lM and may increase even fur-
ther before O2 is depleted, after which denitrification may
pick up. These zones would thus be 4–11 times thicker than
the anoxic NO�x containing zones discussed above. Assum-
ing that, after O2 has been depleted, the rate of denitrifica-
tion in these zones per unit volume is similar to what we
have measured in the present study, denitrification rates
of 21 mmol N m�2 d�1 (Hietanen et al., 2012) or even high-
er are certainly realistic. This mechanism may also explain



Table 3
Denitrification in the water column of the Baltic Proper calculated
from the rates measured in the present study in 2008 and 2010, and
different estimates of the area where this occurs: (A) area where the
water depth exceeds 105 m (B. Gustafsson, pers. comm.), (B) the
average of the hypoxic area estimated by the four models applied
by Eilola et al. (2011), (C) the minimum hypoxic area, and (D) the
maximum hypoxic area estimated by Conley et al. (2009).

Source of
area

Area
(km2)

Denitrification 2008
(kton N yr�1)

Denitrification 2010
(kton N yr�1)

A: Gustafsson 33,763 132 273
B: Eilola 55,000 214 444
C: Conley
(min.)

11,050 43 89

D: Conley
(max.)

67,700 264 547
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the extremely high rates of denitrification observed in the
Landsort Deep (Rönner and Sörensson, 1985). The authors
found maximal volumetric denitrification rates of ca.
10 nM N h�1, which is very similar to what we found, but
because of an anoxic NO�x containing layer with a thickness
of 350 m the overall denitrification rate was ca. 90 mmol
N m�2 d�1. Such high rates will only occur temporarily
and the approximately 3.1 lM NO�3 that was present below
200 m in the Landsort Deep would be depleted after
13 days provided that the estimated denitrification rate does
not change and that NO�3 is not resupplied.

The existence of denitrification in a few meter thick layer
right below the oxic–anoxic interface at all the stations
studied, indicates that this may occur more or less continu-
ously. However, there must be a seasonal variation, which
we are not able to resolve with measurements from the late
summer only. With this limitation in mind we wish to com-
pare the magnitude of denitrification in the water column to
that occurring in sediments. Sediment denitrification in the
Bothnian Sea and Bothnian Bay varied from 0 to
0.94 mmol N m�2 d�1 (Stockenberg and Johnstone, 1997),
in the Gulf of Finland from 0.1 to 0.65 mmol N m�2 d�1

(Tuominen et al., 1998) and 0.091 to 0.4 mmol N m�2 d�1

(Hietanen and Kuparinen, 2008), in the Northern Baltic
Proper from 0.014 to 0.3 mmol N m�2 d�1 (Tuominen
et al., 1998), and in the Southern Baltic Proper from
0.012 to 0.69 mmol N m�2 d�1 (Deutsch et al., 2010). The
average water column denitrification rates from the present
study, maintained by small scale mixing, thus in most cases
exceed the recorded sediment denitrification rates. We thus
suggest that water column denitrification generally exceeds
sediment denitrification per unit area. Although we are not
able to assess the quantitative contribution of episodic large
scale mixing events, as discussed above, it appears that dur-
ing such events water column denitrification may be orders
of magnitude higher than sediment denitrification.

4.5. Upscaling of denitrification to a basin-wide scale

Hypoxia is a more or less permanent feature of the Bal-
tic Proper (BP) with large inter annual variations in the
hypoxic area (Conley et al., 2009). Although our data are
limited to one season and all originate from the EGB, we
want to upscale these to the whole BP to assess the possible
role of water column denitrification in this part of the Baltic
Sea. The upscaling is done for both the average rates from
2008 and 2010 and the areas where water column denitrifi-
cation may occur have been estimated in different ways: All
waters deeper than the average oxygen depletion depth in
this study (105 m) (Table 3, A); the entire hypoxic area
estimated by state of the art models (Eilola et al., 2011)
(Table 3, B); the minimum (1993, Table 3, C) and maximum
(2006, Table 3, D) hypoxic areas estimated by Conley et al.
(2009). This approach resulted in denitrification rates be-
tween 43 and 547 kton N yr�1. However, the lower esti-
mate, which is based on the very low hypoxic area in
1993 right after a major inflow of oxygenated water, is
probably an underestimate. The present day situation,
where the hypoxic area of the BP is 3–6 times greater
(Table 3), is probably better represented by the range of
132–547 kton N yr�1. This fourfold variation reflects both
variations in denitrification rates and hypoxic areas. In a
recent nitrogen budget compiled by Deutsch et al. (2010)
the sum of nitrogen loads to the BP from rivers and coastal
point sources, atmospheric deposition, N2 fixation, and ex-
change with other basins was 773 kton N yr�1, and denitri-
fication in the water column, as estimated in the present
study, may actually remove a significant fraction of this.
In this budget sediment denitrification in the BP was
estimated to 191 kton N yr�1 (Deutsch et al., 2010) and it
thus appears that water column denitrification may be even
more important. This agrees well with a stable isotope
nitrogen budget in which total denitrification in the BP
amounted to 580–855 kton N yr�1 (Voss et al., 2005).
Assuming that sediment denitrification is 191 kton N yr�1

this leaves 389–664 kton N yr�1 to water column denitrifi-
cation which is very similar to the range found in the
present study (Table 3). However, it should be noted, that
we base our estimates on relatively few sites and only one
season, and to obtain a more robust estimate of basin-wide
water column denitrification in the BP measurements
should be performed on more locations and seasons.
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