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Denitrification in the Central Baltic: evidence for
H,S-oxidation as motor of denitrification at the

ABSTRACT: Denitrification was investigated in August 1986 and July 1987 in the water column of the
Gotland Deep, an anoxic basin in the Baltic Proper. Denitrification rates were determined by means of
the acetylene blockage method in the whole water column with emphasis on the low-oxygen water
above the H;S-containing deep water. Denitrification was restricted to a layer of about 10 m at the oxic-
anoxic interface {130 m depth), where NO3;~ and H,S coexisted. Rates in 1986 and 1987 were 110 and
44 nmol N 17! d7! respectively. Samples from above the interface never showed denitrification, even
after incubation periods of up to 12 d, obviously due to the combined effect of too high oxygen and too
low carbon concentrations. Addition of nitrate to all samples enhanced denitrification only for H,S-
containing water samples from the anoxic deep water. The coincidence of electron donor availability
and H,S-concentration substantiated the hypothesis that reduced sulfur compounds could be valuable
electron donors for denitrification by the bacterial community at the oxic-anoxic interface. Addition of
sulfide or thiosulfate to water samples from just below the interface resulted in immediate denitrification
of the added nitrate, with concomitant growth of the bacterial community. This indicates that denitrifi-
cation in the oxic-anoxic interface could be efficiently driven by oxidation of reduced sulfur compounds
provided by the anoxic deep water. Conceivable ecological implications of these findings are uncoup-
ling of denitrification from carbon flux derived from phytoplankton primary production and strong
dependence on mixing processes at the oxic-anoxic interface.

INTRODUCTION

Denitrification can play an important role in the ni-
trogen budget of marine environments. Deficiency in
biologically utilizable nitrogen is the major limiting
factor of primary production in the Central Baltic as
well as in most marine environments (Wulff & Rahm
1988, Graneli et al. 1990). The Gotland Deep is a basin
in the eastern part of the Baltic Proper, which repre-
sents the largest part of the Baltic Sea. The Baltic Sea as
a whole can be considered as a large estuary (372000
km?), strongly influenced by anthropogenic activity
concerning phosphorus and nitrogen loads (Larsson et
al. 1985). The Baltic Proper is characterized by a halo-
cline at 60 to 90 m depth that inhibits vertical mixing.
Below 70 m, water exchange relies on horizontal pro-
cesses which are discontinuous and, especially for the
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water masses below 130 m, rare events (Stigebrandt
1987). With prolonged stagnation periods the deep
water displays oxygen deficiency and H,S may accumu-
late from the sediment (Stigebrandt & Wulff 1987).
Before our investigation there had been no major deep
water exchange for 9 yr in the Gotland Deep.

The occurrence of denitrification in the low-oxygen
and oxygen-deficient deep water was first suggested
by Sen Gupta (1973) and measured by Rénner &
Sorensson (1985). Their investigations in late spring
showed a strong nitrate-limited denitrification in
almost the whole water column below the halocline.
Denitrification was considered not to have been limited
by the availability of electron donors. In this case, as
is generally accepted, organic carbon derived from
phytoplankton primary production seemed to be the
electron donor (Hattori 1983, Liu & Kaplan 1984). In
this paper we report denitrification in a water column
with H,S-containing deep water where denitrification
was restricted to a thin layer of the oxic-anoxic inter-
face. The possible role of H,S as an important electron
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donor for denitrification was investigated and will be
discussed.

MATERIAL AND METHODS

Sampling and field measurements. Samples were
taken in the Gotland Deep aboard RV 'Poseidon’ from
15 to 17 August 1986, and aboard RV "Aranda’ from 29
to 31 July 1987. The position of the samplng station
(57°20.0' N, 20°03.0'E) 1in the central Baltic Sea 1s
shown 1n Fig. 1. Water was collected in 5, 10 and 301
Niskin PVC bottles. Salinity and temperature were
determined by a CTD probe. Oxygen was measured by
the Winkler method as described by Grasshoff (1983).
Ammonium was determined by the indophenol blue
method as modified by Koroleff (1983). Nitrate was
reduced by a copper cadmium column to nitrite and

determined as nitrite as outlined by Grasshoff (1983).
H,S was determined photometrically by the methylene
blue method as modified by Fonselius (1983). The
above-mentioned methods are specified in Grasshoff et
al. (1983). Parameters were analysed by the scientific
crew of the ships directly after sampling.

Thiosulfate was determined titrimetrically as outlined
by Grasshoff (1983). The method was rendered more
sensitive by a factor of 10 by diluting the thiosulfate
solution 10 times (final conc. 0.002 mol 17}!) and starting
the titration after addition of only 1 ml of iodate standard
instead of 10 ml. H,S was precipitated by zinc acetate.
The detection limit of the method was 7 umol 17}, the
standard deviation 1 umol 17'. The method is rather
unspecific and can give positive results not only in the
presence of S,042~ but also due to other iodine-oxidiz-
able matenal. Therefore, it was used to demonstrate the
absence of thiosulfate in the case of zero values, while
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positive values will be interpreted carefully as thiosul-
fate and/or other iodine-oxidizable material.

Denitrification rate. Rates of denitrification were
determined by the acetylene blockage method (Balder-
ston et al. 1976, Yoshinari & Knowles 1976). The
method used was a modification of those described by
Ronner & Sorensson (1985) and Andersen et al. (1984).
Samples were filled in 120 ml glass serum bottles
directly after sampling, with overflowing to reduce
oxygen contamination. Bottles were closed immedi-
ately with a teflon-coated butyl-rubber septum (3 mm)
in an aluminium cap and crimped. This allowed a gas-
bubble-free and air-tight containment of the sample.
To create space for introduction of acetylene to the
sample, 10 ml of water were replaced by the same
volume of nitrogen [N;, 5.0 (= >99.999 % purity)].
Then 18 ml of acetylene [C;H; 2.6 (= >99.6 % purity}]
from cylinder, purified and checked for PH; < 5 ppm
by the manufacturer (Messer-Griesheim, Duisburg),
was added to each sample. Samples were incubated at
4.8°C + 0.5°Cinthedarkfor2, 4, 6 and 12 d. Addition
of substrates (NO3;~, Na,;S, Na,S$;03, Na-acetate) was
always done before introduction of gases to the sample.
For comparison, parallels were always run without
acetylene addition.

Denitrification with substrate addition. To estimate
the limiting effect of the available nitrate, nitrate was
added to the water samples parallel to measurements
of in situ denitrification. Additions were 50 umol 17! of
NO;™ to water samples from the oxic and the interface
layer, and 100 umol 17! to samples from the anoxic deep
water. Incubation was continued for up to 12 d in 1986,
and up to 4 d in 1987.

To test the utility of reduced sulfur compounds as
electron donors for denitrification by the interface bac-
terial assemblage, water samples (1987) from 5 to 10 m
below the oxic-anoxic interface were spiked with NO;~
(final conc. 100 umol 17%) and different electron donors.
As reduced sulfur compounds, Na,S and NaS,0; (final
conc. 50 umol 17'") were added. As a control, Na,S and
NO;~ were added to autoclaved water samples that
were subsequently incubated and analyzed in the
same way as the reqular samples. To compare the use
of reduced sulfur compounds with that of organic
material as electron donor, parallels with acetate (final
conc. 100 umol 17!) and a mixture of acetate (50 umol
171 and Na,S (25 umol 17!) were run. Samples were
preincubated for 1 to 2 d. Incubation was continued for
4 more days after substrate addition. Controls were run
without any addition and with only nitrate and no
electron donor addition.

For this experiment 2 samples were taken within half
an hour from about 140 m depth, corresponding to a
distance of 5 to 10 m below the oxic-anoxic interface.
At sampling time both samples contained similar

amounts of H,S (10 to 12 umol 171, no nitrate or nitrite,
2.0 to 2.5umol of NH;* and no detectable oxygen.
Since the chemical parameters were very similar, it was
assumed that the samples had the same origin and
were comparable.

For comparison, the same experiment with electron
donor and nitrate addition was repeated with a sample
taken from the sulfide-rich deep water (180 m). At
sampling time this sample contained 61 umol 17! H,S,
22 umol 17" NH,*, and no nitrate, nitrite or N,O.

In these experiments, denitrification rates, concen-
trations of NO3~, NO,~, NH,*, H,S, S,05%" and bac-
terial numbers during preincubation and for a 4 d incu-
bation period after substrate addition were followed.

N;O measurement. For N,O measurements gas
samples were withdrawn from the head space by a
gastight lockable syringe after equilibrating the sample
for 15 min at 20 °C in a shaking water bath. Samples
were immediately frozen after this procedure and
stored for later analysis, e.g. NO;~, NO,~, NH,*. Gas
samples were either directly injected in a gas
chromatograph, or stored for later analysis in evacu-
ated vials (4 ml, Becton Dickinson). N,O concentrations
were quantified on a gas chromatograph (model 438A,
Packard Instr. Co., Inc., Rockville, MD, USA) with an
electron capture detector (10 mCi ®3Ni) operated at
320 °C. The separation was done by injecting 1 ml of
the gas sample on a stainless steel Poropak Q (80/100
mesh) column (3 m, 1/8") at 60 °C and a gas flow of
18 ml min~!. The carrier gas was an Ar/CH, (95:5, vol./
vol.) mixture. The accuracy of the method for N,O
determinations after storage of the samples in evacu-
ated vials improved with increasing concentrations: the
standard deviation for concentrations above 30 nmol
17! was better than 2 %, above 10 nmol 17! better than
5 % and above 5 nmol better than 9 %. The detection
limit was 3 nmol 17!, The N,O measurements were
calibrated against standard N,O-mixtures provided by
Messer-Griesheim (Duisburg, Germany) and Alltech
Europe (Brussels, Belgium). These gases were com-
pared to standards provided by the Fraunhofer Institut
fir Atmosphéarische Umweltchemie (H. Scheel, Gar-
misch-Partenkirchen, Germany). The N,O concen-
trations in the water was calculated according to Weiss
& Price (1980). For calculating the saturation value in
the water samples a value of 300 ppbv N,O as mean air
value was used according to the mean air concen-
tration close to the Baltic sea surface as determined by
Ronner (1983}.

Subsampling. Subsampling of incubated samples for
determination of H,S or S,03~ was always performed
by first adding an overpressure of nitrogen gas and
sampling with an N,-flushed syringe.

Bacteria. Total counts of bacteria were made under
an epifluorescence microscope after staining with
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acridine orange according to Zimmermann et al
(1978). All samples were fixed in 2 % formaldehyde.
Saprophytes were grown on yeast extract-peptone agar
medium (ZoBell 2216E; Oppenheimer & ZoBell 1952)
prepared with aged natural seawater diluted to a final
salinity of 8 %.. This standard medium was used so as to
have a bacterial background parameter that allows
comparison with other investigations.

0, [mi-1]s [ T[°C]
o 3 6 9 12 15

RESULTS
In situ measurements

The depth profiles of physical and chemical parame-
ters in the water column are summarized in Figs. 2 & 3.
Profiles obtained in both years show pronounced
similarities and are representative for the summer situ-
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Fig. 2. Profiles in the water column
of the Gotland Deep in summer
1986. (a) Temperature, salinity, oxy-
gen and hydrogen sulfide; (b} verti-
cal distribution of NO;~, NO,;7,
NH, ", dissolved norganic nitrogen
(= DIN = sum of NO;~, NO, ,
NH,7): (c) observed N,O concen-
tration (N,O,ps) and calculated sat-
uration level (N;Og.); (d) distribu-
tion of bacteria [total counts of bac-
teria (TC) under epifluorescence
microscope| and saprophytes grown
on yeast extract peptone-agar
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of the Gotland Deep in summer
1987. For legend see Fig. 2

ation in the Gotland Deep (Rheinheimer et al. 1989).
The Gotland Deep shows a salinity gradient increasing
with depth. The steepest gradient is generally
observed between 60 and 90 m; i.e. the halocline.
Oxygen was close to saturation level (> 80 %) in the
water column above the halocline. O, decreased
strongly within the halocline. Oxygen deficiency was
only met in water samples containing H,S. Lowest O,
levels in water samples without H,S were > 0.35 ml17%,

N,O [nmol N 171]

120 150 0 1000 2000 3000
Saprophytes CFU mi™!

H->S concentrations increased towards the sediment; in
1987 this increase was almost linear. Thiosulfate was
measured only in summer 1987. It was undetectable in
the oxic water column down to the oxic-anoxic inter-
face. In the anoxic water column, the values showed an
almost linear increase from the interface (130 m;
10 umol 17! to the sediment-near water (238 m;
340 pmol 17'). Due to the unspecifity of the titration
method, these values cannot be ascribed with confi-
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dence to thiosulfate. Therefore, only the fact that there
was no accumulation of thiosulfate at the oxic-anoxic
interface is deduced.

Nitrate was depleted in the upper 10 m and showed
only small concentrations above the halocline. Within
and below the halocline maximum nitrate concen-
trations up to 11 umol 17! were registered. Typically, a
pronounced peak was observed above the oxic-anoxic
interface followed by a strong decline in the interface
layer. Nitrite was present only in low concentrations.
Maximum values up to 0.2 umol 17! were reached in
the halocline and the oxic-anoxic interface. The
ammonium concentrations were usually very low in the
oxic part of the water column. Higher concentrations
occasionally showed up below the euphotic zone and in
the halocline. High concentrations occurred in the
anoxic part of the water column, where NH;* showed
an increase towards the sediment.

A more detailed view of the concentrations of NO3;™,
NO,~, NH,*, O, and H,S in the vicinity of the interface
is provided by Fig. 4.

The sum of NO;~, NO,~ and NH,*, representing the
major fraction of dissolved inorganic nitrogen (DINj,
showed 2 minima: one in the surface layer, and one in
the layer of the oxic-anoxic interface. Highest concen-
trations always occurred close to the sediment (see
Figs. 2 & 3).

Nitrous oxide concentrations were close to the atmos-
pheric saturation value in the water column above the
halocline. Supersaturation was always found in the
layer between the halocline and the oxic-anoxic inter-
face. Maximum values of the nitrous oxide saturation

135 1/

145 -

were 450 % at 100 m depth in 1987, and 330 % at 90 m
depthin 1986. Nitrous oxide was reduced to 43 and 70 %
of saturation in the oxic-anoxic interface, and depleted
in the anoxic deep water (Figs. 2c & 3c¢). Bacterial
numbers reached highest values in the euphotic zone
with up to 4.4 x 10° cells ml™'. Less pronounced peaks
were in the oxic-anoxic interface (about 1.6 x 10° cells
ml~') and in the sediment-near water layer (about 1.8 X
10° cells ml™?!) (Figs. 2d & 3d). The aerobically grown
saprophytes showed a pronounced maximum in the
euphotic zone. Saprophyte numbers were always lowest
in the anoxic part of the water column.

In situ denitrification

In situ denitrification as measured by the acetylene
inhibition method was followed in 1986 in the whole
water column with emphasis on the low oxygen water
below the halocline. Denitrification could only be
detected in samples from the oxic-anoxic interface with
coexistence of H,S and NO3;™. These findings could be
confirmed in 1987 (Fig. 5a, b). Rates of denitrification
expressed as N,O production were 110 nmol N 17! 4!
(SD = 65 nmol N17'd™") in 1986 and 44 nmol N 17! d~*
{SD =8 nmol N17! d~!)in 1987. Rates were linear up to
4 d with an increasing standard deviation with pro-
longed incubation time. In low oxygen samples from
above the oxic-anoxic interface (10 m and 20 m above,
with oxygen ranging from 0.4 to 1.3 ml 17! at sampling
time) denitrification could never be detected, even
after incubation periods of up to 12 d.

j Fig. 4. Concentrations of NO;~, NO,7,
. “ NH4*, O, and H,S in vicinity of the
12 16 20

0 4 oxic-anoxic interface (detailed view
1 4 of Figs. 2 & 3) in summer (a) 1986 and
H,S, 0, [umol '] H,S, 0, [umol I7'] (b) 1987
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Denitrification after NO;~ addition

Nitrate addition neither increased the denitrification
rates of the interface samples (Fig. 6), nor had it any
effect on the water samples from above the interface.
Even by incubating 11 samples from above the inter-
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Fig. 6. Denitrification with and without nitrate addition after
an incubation time of 4 d. Data shown are from the Gotland
Deep 1987. (a, &) Measured denitrification rates (connected to
the y-axis by bars). (a) With nitrate; (A) without nitrate (X 100)

face for 100 d, no denitrification could be detected. As
only nitrate but no acetylene was added to these long-
term incubations, changes in nitrogenous compounds
were watched carefully. However neither decrease of
nitrate nor increase of nitrite concentration was
detected, that could have provided a hint of denitrifica-
tion.

By contrast, water samples from the anoxic H,S-
containing deep water showed denitrification after
addition of NO3;™. This could be shown for water sam-
ples from 140 and 180 m in 1987 (see hatched bars in
Fig. 6). The amount of denitrified nitrogen after 4 d of
incubation increased with increasing H,S-concen-
trations. Denitrification after addition of nitrate was
also observed in samples from 230 m taken in 1986
(data not shown).

These results indicate that there was no limitation of
denitrification by nitrate in the low oxygen and the
interface layer, in contrast to the anoxic water layer.
These findings substantiated the hypothesis that re-
duced sulfur compounds provided by the anoxic water
could be valuable electron donors for denitrification.

Denitrification after addition of diiferent electron
donors

In this experiment, the utility of reduced sulfur com-
pounds (H,S, S,03%7) as electron donors for denitrifying
bacteria of the oxic-anoxic interface (samples from 5 to
10 m below the interface) was observed. For compari-
son, acetate and a mixture of acetate plus H,S were
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provided. All samples were spiked with nitrate. De-
nitrification rates, and changes of nitrogenous com-
pounds and of bacterial numbers were followed during
a 4 d incubation period after substrate addition (Figs. 7
& 8).

The used water samples contained, immediately
after sampling, small amounts of H,S (about 10 pmol
1“1), no nitrate or nitrite, small amounts of NH,* (about
2 umol 17!} and no detectable oxygen. To avoid the risk
of the presence of undetectable oxygen, we preincu-
bated the samples for 1 to 2 d. After this period H,S had
decreased to 0 to 0.5umol 17! and oxygen was not
detectable.

Samples from below the interface were preferred to
interface samples, to make sure that there was no
oxygen left that could interfere with the experiments,
especially by oxidation of the added electron donors.
We assumed that the bacterial community from that
layer was still very well adapted to interface conditions.

After addition of nitrate alone about 3 umol 17! of N
were denitrified. Denitrification was strongly enhanced
by the addition of Na,S and even more by the addition
of NaS,0;. H,S as well as S,0;%2” were consumed
within the first 2 d of incubation, while NO3;~ was
denitrified. Denitrification was also enhanced by addi-

The response to the addition of the latter compounds
was a little slower. $,03%2~ was never detected as an
oxidation product of added H,S. NH,* had an initial
concentration of 1.8 umol 17! and decreased during the
4 d incubation period by 1 to 1.5umol 171 NO,~
showed usually low concentrations, below 1.5 pmol 171,
with the exception of the assays with acetate addition.
The autoclaved water samples did not show any
change of the added H,S and NO;™ concentration du-
ring incubation under the same conditions.

The consumption of the reduced sulfur compounds
as electron donors for denitrification was paralleled by
growth of the bacterial assemblage (Fig. 8). Denitrifica-
tion with S;03;~ or with H,S resulted in an increase of
bacterial numbers. The increase was lowest after ace-
tate addition. These data refer to experiments without
acetylene addition to avoid any influence of acetylene
on bacterial growth. Denitrification in samples without
acetylene was assumed to be similar to samples with
acetylene, as indicated by the same changes concern-
ing NO;~, NO,~, NH,*, H,S and S,03%" (results not
shown}.

Similar results for denitrification and growth of the
bacterial assemblage were obtained with water sam-
ples from 180 m with higher endogenous H,S concen-

tions of Na,S and acetate mixture, and of acetate alone. trations (61 umol 17 '). The major differences compared
+ NO. H.S + NO; H_S/acetate + NO_
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Fig. 7. Denitrification after addition of NO5;~ (100 umol 1™ ') and different electron donors to water samples from interface vicinity (5

to 10 m below). Denitrification was measured as N,O production in presence of acetylene (bars indicate standard deviation for

triplicates). Arrows indicate addition of 100 pmol 17" NO3~ plus electron donors indicated above panels. Added concentrations

of electron donors: H,S, $,05%7: 50 umol 17}; H,S/acetate: 25 umol 17! H,S + 50 umol 17! acetate; acetate: 100 umol 17! Consump-

tion of NO3~ (—NO37), and production of NO,~ and N,O are given in umol N 17! NH,* always showed decrease by about
1 to 1.5 umol 17! and is not shown. Consumption of initially present and added H,S and $,04%” is given in wmol 17}
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Fig. 8. Increase of bacterial numbers after addition of different

electron donors and nitrate to water samples from interface

vicinity. Arrows indicate addition of 100 umol 17! NO3~ plus

the electron donor indicated. Sample origin and treatment

was identical to samples shown in Fig. 7, except no acetylene
was added

to the interface water samples were that (1) the
response of the 180 m samples after addition of the
respective electron donors and nitrate was slower, and
(2) the added S,0;72 was not used, as far as could be
determined by the titration method (for details see
Brettar 1991). During all incubations with and with-
out nitrate addition, an increase of NH,* was never
observed.

Comparison of changes of NO3~, NO,~, NH,*, H,S
and S,04%~ concentrations showed no significant differ-
ences between samples with and without acetylene
addition for the interface samples. Acetylene had a
retarding effect in the samples from 180 m. There was
no evidence for utilization of acetylene during incuba-
tion periods up to 12 d.

In the presence of acetylene, a major fraction of the
nitrate consumed was detected as N,O. Without acety-
lene addition, only samples where both Na,S and ace-
tate were present displayed higher N,O concentrations.
For the assays with samples from the interface vicinity,
in the presence of acetylene up to 84 % of the nitrate
consumed could be detected as N,O and NO,~, with
NO,~ being of very minor importance. For sulfide and
thiosulfate as electron donors, on average 74 and 78 %,
respectively, of the nitrate consumed were detected as
N,O and NO, ™. Addition of acetate had alower recovery

rate (recovery rate = NO;~ consumed detectable as
NO,™ plus N,O) of 49 % after 2 d, butreached 72 % after
4 d. Lowest recovery rates were observed with acetate
plus Na,S addition: after 2d 44 % and after 4d 54 %
were detected as N,O and NO, ™. In all cases, recovery
rates were higher between the 2nd and 4th incubation
day than during the first 2 days: between 84 and 124 %
compared to the nitrate consumed between the 2nd and
4th day was detected as N,O.

DISCUSSION

Relevance of reduced sulfur compounds as electron
donors for denitrification

Denitrification could be shown to be restricted to the
layer of the oxic-anoxic interface. Only water samples
from this layer with the concomitant presence of H,S
and NO,;~ showed detectable in situ denitrification.
This layer showed a pronounced decrease of the con-
centration of dissolved inorganic nitrogen. Nehring
(1987) attributed this decrease, usually observed at the
oxic-anoxic interfaces of the Baltic proper, to denitrifi-
cation.

It could be shown that H,S and S,03%~ were valuable
electron donors for the denitrifying bacterial commun-
ity at the oxic-anoxic interface. Since denitrification
and growth of this bacterial community with the
reduced sulfur compounds occurred, it is likely that
chemolithoautotrophic bacteria played a dominant role
for the denitrification process at the oxic-anoxic inter-
face. The finding that the availability of electron donors
for denitrification followed the concentration of H,S
along the water column could be interpreted as sug-
gesting the significance of reduced sulfur compounds
as electron donors for denitrification.

According to Kuenen & Bos (1987) chemolithoauto-
trophic thiobacilli are likely to be competitive at oxic-
anoxic interfaces. Since the ability to use both oxygen
and nitrate as electron acceptors should be advanta-
geous in this environment, an organism with similar
physiological features to Thiobacillus denitrificans
could be expected. It is conceivable that such an organ-
ism is mainly responsible for denitrification at the oxic-
anoxic interface.

The presence of a highly active autotrophic micro-
flora at the oxic-anoxic interface was shown by Gocke
(1989) for the same day in August 1986 as that when
denitrification was investigated. For that day Gocke
reported a maximum CO, dark uptake rate of 55 ug C
17! d~! In summer 1988 lower values, with a maximum
of 15ug C 17! d7', were measured. In both years, the
maxima were located in the layer of the oxic-anoxic
interface and were much higher than values in the low-
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oxygen water above (< 0.2 ug C 17! d7!). Maxima of
CO, dark uptake have been reported for oxic-anoxic
interfaces of comparable ecosystems: for the Cariaco
Trench, Tuttle & Jannasch (1979) reported a maximum
of 3ug C 17! d7; for the Black Sea, Sorokin (1972)
measured around 6 ug C17! d7}; for Saanich Inlet (B.C.,
Canadaj}, Juniper & Brinkhurst (1986} found rates up to
24 g C 171 d™ %

Another indication for a strong impact of bacterial
autotrophic production on the carbon budget of the
interface is the pronounced decrease of the C:N ratio of
particulate material. The C:N ratio (mol C/mol N}
decreased from its maximum of 9.1 in the lower part of
the halocline (80 m) to the smallest value recorded of
6.8 in the denitrifying interface layer (130 m) (for data
from the whole water column see Brettar 1991).
According to Nagata (1986), planktonic bacteria show
a low C:N ratio, on average around 5.0. It is therefore
conceivable that the observed high chemosynthetic
bacterial production lowered the C:N ratio. This would
be due to increased bacterial biomass in the interface
layer along with proliferation of organisms grazing on
bacteria. A pronounced increase in the number of
flagellates in this layer was observed (H. Galvao pers.
comm.). Since flagellates also display a low C:N ratio
(around 5.0, according to Newell & Linley 1984j, their
presence will contribute to a low C:N ratio of the
particulate material.

Nevertheless, an additional role of organic carbon as
electron donor for denitrification should not be
excluded. The importance of organic carbon may vary
according to the changing supply during the seasons
due to changing sedimentation rates. In late spring and
early summer, after the sedimentation of the spring
bloom, when the water column shows the highest con-
centrations of organic carbon (Stigebrandt & Wulff
1987), the contribution of organic carbon may be
enhanced. For a water column with stagnant anoxic
deep water throughout the year, as is the case for the
Gotland Deep, reduced sulfur compounds are likely to
have a higher availability than organic carbon for most
of the year Thus, H;S-driven denitrification should be
the predominant mechanism over the course of a year.
The impact of organic carbon on denitrification is prob-
ably only of relevance during periods of high sedimen-
tation rates.

Denitrification with reduced sulfur compounds as
electron donors should play a role as soon as H,S/NO;~
interfaces occur These interfaces may occur when car-
bon-poor environments are supplied with H,S. Thus,
NO;~ becomes available to autotrophic denitrifiers,
and is not reduced beforehand by heterotrophic organ-
isms. In sediments that are usually rich in organic
carbon compared to the water column, H,S-NO;™ inter-
faces are very rare (Jorgensen 1988). By contrast, when

H,S enters the water column H,S/NO3;™ interfaces are
often reported (Hashimoto et al. 1983, Sorokin 1964).
Sorokin (1964) even demonstrated the potential of CO,
dark uptake after addition of NO5;~ and S?~ to interface
water samples from the Black Sea, the first suggestion
of possible occurrence of autotrophic denitrification at
oxic-anoxic interfaces in the water column.

Comparison of ‘H,S-denitrification’ with reported
rates in sediments and water column

A major problem in estimating the amount of nitro-
gen finally removed by 'H,S-denitrification’ is to judge
how representative the measured rates are for denitrifi-
cation at the oxic-anoxic interface. Since the measured
rates were in the same order of magnitude in both
years, for the following calculations it will be assumed
that this order of magnitude can be taken as represen-
tative for the year. Due to variations in the strength of
mixing at the interface the rate may show a very strong
variability. It could be assumed that the bacterial
assemblage present at the interface is very quickly able
to consume new substrate supplied by mixing pro-
cesses. This could be estimated from the experiments
with H,S and S,03~ additions.

Another consideration is that the true denitrification
rate may have been underestimated due to alleviation
of the acetylene blockage in the presence of H,S. For
strains of heterotrophic bacteria, soils and marine sedi-
ments, alleviation in presence of H,S was reported
(Tam & Knowles 1979, Adkins & Knowles 1986, Sgren-
sen et al. 1980). It is difficult to elucidate the path of the
nitrogen during in situ denitrification in interface
samples, because of the difficulty in following and
interpreting changes of very low concentrations of
nitrogenous compounds. Therefore, the experiments
with addition of nitrate and different electron donors
are here evaluated for possible alleviation. The
recovery rate of the nitrate consumed after addition of
electron donors ranged on average from 54 to 78 % if
we consider the whole incubation period of 4 d. The
recovery rate was always lower for the first 2 d (44 to
70 %) than for the following 2 d (84 to 124 %) com-
pared to the nitrate consumed in the same time period.
The highest recovery rate was shown by the assay with
thiosulfate, followed by the assay with sulfide addition.
The lowest and most variable results were obtained
from the assay with acetate plus sulfide addition.

The difference between the nitrate consumed and
recovered may be caused mainly by 3 different pro-
cesses: assimilation, NO production and N, production
due to alleviation of acetylene blockage. The higher
recovery rate of the nitrate consumed during the sec-
ond 2 d compared to the first 2 d may be accounted for
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in each process as follows: (1) assimilation is higher
during the first phase, (2) intermediates at the oxidation
state of NO are formed in the first phase and consumed
during the second one, (3) the acetylene blockage is
more effective in the second than in the first phase. The
quantitative importance of each of these effects is dif-
ficult to estimate. For nitrate assimilation an upper
estimate can be provided by calculating the biomass
that may be produced by oxidation of the added
thiosulfate. According to Justin & Kelly (1978},
Thiobacillus denitrificans is able to fix 22.5 umol C 17!
by oxidising 50 umol1~! S,03%~ to SO, ~ under denitrify-
ing conditions, with the incorporation of 5.2 umol N 17}
[calculated from a C:N ratio of 4.3 (mol/mol)}]. As the
microflora at the interface is likely to consist of different
bacteria as well as grazing protozoa, N assimilation
may differ from this calculated value. For the produc-
tion of NO, no estimate can be given, because it was
not measured during the experiments. Formation of
NO as an intermediate in denitrification is not unlikely
to occur since it was often reported especially in the
presence of H,S (Serensen 1978).

We feel that N assimilation contributed to some
extent to nitrate consumption. As estimated above,
total usage should not exceed 5 umol N 17!, of which a
maximum of 4 umol NO5;~ 17! should be used for assimi-
lation; about 1 umol N 17! was already used from the
NH, " pool. Occurrence of NO is not unlikely and could
account for the non-recovered nitrate. The third possi-
bility is alleviation of the acetylene blockage. This may
be of minor importance for autotrophic denitrification
with $,05%~ or H,S, as the recovery rate was higher for
these assays, concomitant with a stronger increase of
bacterial numbers. A higher rate of alleviation of the
acetylene blockage is conceivable for denitrification in
the presence of both acetate and sulfide.

Our suggestion is that autotrophic denitrification was
not sensitive to alleviation of the acetylene blockage in
the presence of H,S, but heterotrophic denitrification
was. This is consistent with the findings in the literature
(Tam & Knowles 1979, Serensen et al. 1980, Adkins &
Knowles 1986), as only for heterotrophic bacteria and
ecosystems with high availability of organic carbon
was alleviation of the acetylene blockage reported.
Tam & Knowles (1979) even mentioned that Thiobacil-
lus denitrificans was not able to reduce N,O in the
presence of both sulfide and acetylene. The partial
alleviation that cannot be excluded in samples spiked
with $,04%~ or H,S could also be attributed to a hetero-
trophic microflora living on the carbon liberated by
flagellates from the autotrophic denitrifiers or excreted
by the latter.

With these considerations in mind, it cannot be ruled
out that the measured rates underestimate the true in
situ rates. However, this underestimation is thought not

to be a major source of error (probably not exceeding
30 % of the measured rate), and is assumed to be of
minor importance compared to the influence of the
variability of mixing processes and the resulting de-
nitrification activities.

There are only a few measurements available on
denitrification in the water column of the Baltic Proper,
made by Ronner & Sorensson (1985) in late spring 1980
in the western part of the Baltic proper. They reported a
mean rate per liter of 200 nmol N 17! d~!, and thus at
least twice the rates we measured at the oxic-anoxic
interface. Since the water layer showing denitrification
extends much further than the interface, the total
amount of nitrogen removed would have been consid-
erably more. Shaffer & Roénner (1984) calculated the
removal of nitrogen from sediment and water column
based on a model of Baltic salt profiles. The calculated
rates for the water column were only about 1/5
(36 nmol 17! d~') of the measured ones. For the sedi-
ment they calculated a mean rate of 1.79 mmolm™2d ™!,
If we calculate N removal by denitrification at the oxic-
anoxic interface assuming that the denitrification layer
was 10 m thick and the denitrification rate ranged from
half that measured in 1987 to double the higher rate
observed in 1986, between 0.22 and 2.20 mmol N m~?2
d™' would be removed. According to these assump-
tions. denitrification at the oxic-anoxic interface could
perform about as much N removal as sediment denitri-
fication, although tending to be less. Denitrification in
extended anoxic and low oxygen water layers as
reported by Rénner & Sorensson (1985) has a much
greater influence on the nitrogen bugdet. According to
their results, about 3 and 90 mmol N m™? d~! were
removed in the nitrate-limited water column of their 2
investigated stations respectively.

As a rough estimate, H,S-driven denitrification
should vield a lower N removal per m? than sediment
denitrification in the Baltic Proper as calculated by
Shaffer & Ronner (1984). The highest efficacy for nitro-
gen removal seems to be favoured by a low-oxygen,
and carbon- and nitrate-rich water column. A situation
of good carbon supply in the water column, in turn, is
more likely in late spring and early summer than for the
rest of the year.

Description of carbon flux and electron donor trans-
port in a system with interface-denitrification

In a simplified way the coupling of carbon flux and
denitrification in the water column of the Gotland Deep
could be described by the following model (see Fig. 9):

While surface water and sediment-near water repre-
sent a carbon-rich environment, the water column in
between is for most of the year relatively poor in utiliz-
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Fig. 9. Model of N-transformations at the oxic-anoxic interface
in the water column of the Gotland Deep related to the overall
particle flux. Solid arrows: transformation by organisms; hol-
low arrows: diffusive transport pathways. Arrows have only
qualitative and no quantitative meaning

able organic carbon. At the sediment, organic material
mineralized by sulfate reducers releases H,S to the
water column. At the oxic-anoxic interface H,S is used
as electron donor for denitrification of the NO;~ and
NO,~ available here. Thus H,S serves as a vector of
electrons originally derived from the sedimented
organic carbon. The accumulated H,S represents an
electron donor buffer, that is provided to the denitrifiers
by exchange processes at the oxic-anoxic interface.
Hashimoto et al. (1983) and Anderson (1984) assumed
that the NH, ™" for nitrification is also mainly provided
by the anoxic deep water. Thus exchange processes at
the oxic-anoxic interface enhance denitrification not
only by mixing NO;~ and H,S, but also by supporting
the ammonium supply to nitrifiers.

Ecological implications of ‘'H,S-denitrification” and
significance for the Baltic Proper

Denitrification at the oxic-anoxic interface in ecosys-
tems with permanent anoxic deep water occurs without
direct coupling to the flux of organic matter derived
from phytoplankton primary production. We assume
that the strongest influence on the denitrification rate
will be provided by mixing processes at the oxic-anoxic
interface. H,S-driven denitrification at permanent
interfaces should therefore be a process that occurs at

the same order of magnitude throughout year without
showing a pronounced seasonality.

The relevance of this mechanism for the Baltic Proper
should increase with the spread of H,S-containing bot-
tom water in the periods between deep water renewal
(Stigebrandt & Wulff 1987). As the tendency towards
decreasing oxygen concentrations in the Baltic Proper
deep water since the beginning of the century is still
continuing, it is likely that spreading of H,S in the
bottom water will be even more pronounced in the
future (Andersin et al. 1979, Matthdus 1979), providing
more extended oxic-anoxic interfaces in the water
column.

Permanent interfaces for H,S-denitrification will be
provided at the top of the anoxic water layer. In case of
deep water renewal, additional interfaces would be
created within the anoxic layer. Occasional inter-
leaving of O,-rich water layers in the anoxic deep
water should result in strong N-removal as indicated by
denitrification after nitrate addition by interface sam-
ples as well as by samples from the anoxic deep water.
Since interleaving provides large interface areas and
enhanced mixing, denitrification should be very effi-
cient in this case. A strong enhancement of denitrifica-
tion due to deep water renewal and following mixing of
oxic and anoxic water masses was already suggested
by Nehring (1987).
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