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ABSTRACT: Rates of oxygen uptake, denitrification, nitrate reduction to ammonia, and sulfate 
reduction were measured in a Danish estuary over 1.5 yr. In sediments near the sea entrance, O2 and 
SO?,- reduction dominated and the relative contributions of the 4 processes were 65, 3. 5 and 27 %. 
respectively, of the total electron flow. In sediments near the river outlet, sulfate became limiting while 
nitrate was more abundant. This shifted the relative contributions towards nitrate reduction: 44. 4, 33 
and 19%, respectively. At low salinities, depth of the sulfate reduction zone (4 to 10 cm), but not 
maximum reduction rate, was limited by low sulfate concentrations in the overlying water. The nitrate 
zone varied from 0.5 to 5 cm depth over the year. Oxygen uptake and sulfate reduction varied 
seasonally in accordance with temperature. Reduction of nitrate to N, and to NH:, as well as emission 
of N,O the atmosphere, showed a short maximum in spring and were relatively constant throughout the 
rest of the year. The spring maximum coincided with a rapid water-temperature increase and a high 
influx of nitrate from the main river. Annual emission of N 2 0  corresponded to only 1 to 5 % of the 
measured denitrification. Annual loss of combined nitrogen by denitrification in sediments corres- 
ponded to 5 % of nitrate influx from the river. 

INTRODUCTION 

Estuaries play an important role in regulating the 
flow of nitrogen, phosphorus and other elements from 
rivers into the sea (e.g. Wollast 1983). Due to the 
generally high productivity and shallow water depth of 
estuaries, a large part of the mineralization of the 
organic material takes place within the sediments. The 
exchange of nutrients between sediment and water 
can therefore significantly affect primary production 
within the estuary as well as lateral transport of the 
elements out to coastal waters. 

Availability of combined nitrogen seems to be a 
main limiting factor for algal growth in coastal marine 
ecosystems (e.g. Boynton et al. 1982). Available nitro- 
gen is lost through reduction of NO; to NZ by denitrify- 
ing bacteria or via formation and emission of N,O. 
Nitrous oxide may appear as an intermediate product 
of both nitrification and denitrification, and these proc- 
esses are primarily bound to the sediments. This leads 
to a mutual regulation of nutrient cycling in the 
estuarine sediment and water. Nitrogen-limited pri- 
mary production in the water column is usually the 
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main source of organic flux to the sediment. This 
organic flux will in turn determine regeneration and 
transport of nutrients from the sediment to the water. 

There does not seem to be a simple relation between 
the flux of organic nitrogen to the estuarine sediment, 
and the partitioning between regenerated combined 
nitrogen and gaseous nitrogen, NZ and N20.  Parame- 
ters such as temperature, chemical zonations in the 
sediment, bioturbation, and regulation by other 
mineralization processes may all play a significant 
role. Comparative studies of O,, NO;, and SO4- respi- 
ration in Danish fjord sediments have previously 
shown that nitrate had little quantitative effect on the 
overall mineralization of organic matter (Fenchel & 
Blackburn 1979, Ssreqsen et al. 1979). This, however, 
did not preclude a large influence of nitrate reduction 
on the nitrogen balance. 

The purpose of the present field study was to analyze 
the relative contributions of O,, NO;, and S a -  reduc- 
tion to the mineralization of organic matter in 
estuarine sediments and to show how these contribu- 
tions changed from the river outlet to the sea. Another 
purpose was to estimate the role of nitrogen loss by 
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Table 1. Sediment characteristics of 5 investigated sites. Porosity is stated as % volume of porewater, organic content as % dry 
weight 

Station Description Porosity % dry org. 
0 to 1 cm 9 to 10 cm 0 to 1 cm 9 to 10 cm 

1. 'Marine', fine and medium sand 40 % 39 % 1.2 1.1 
2. 'Marine', silt, sheltered bay 84 % 58 % 8.9 3.3 
3. 'Marine', s ~ l t  and sand, exposed 69 % 46 % 2 6 1.7 
4. 'Fresh', silt, near reed swamp 82 % 66 % 10.2 4.8 
5. 'Fresh', silt, near river outlet 84 % 48 % 12.1 4.0 

denitrification in relation to the riverine influx of NO; 
to the estuary. Concurrent measurements of N,O emis- 
sion were made for comparison with the NZ losses by 
denitrification. Due to the strong seasonality of the 
processes, their rates were measured at  regular inter- 
vals over 1.5 yr. 

MATERIALS AND METHODS 

The study was carried out in Norsminde Fjord, a 
shallow estuary of 1.9 km2 situated on the east coast of 
Jutland, Denmark. Mean water depth is only 1 m. The 
estuary is connected to the sea through a narrow <n- 
trance to the east and receives freshwater mostly from 
Odder River to the west. The catchment area of the 
river is 101 km2. It receives drainage water mostly from 
agricultural areas as well as sewage from the town of 
Odder. Salinities in the eastern ('marine') part of Nors- 
minde Fjord varied from 8 to 23 Yw and in the western 
('fresh') part from 0.5 to 8 %o. The tidal amplitude is 10 
to 25 cm. Extreme high waters are prevented by sluices 
at the sea-entrance. The estuary is surrounded by farm- 
land and is moderately eutrophic with an annual pri- 
mary productivity of plankton of 200 g C m-2. 

A general description of Norsminde Fjord, its hydro- 
graphy and ecology is given by Muus (1967). Different 
aspects of the C, N, and S cycles in sediments of the 
estuary have been published previously (e.g. Ssrensen 
1978, 1984, Ssrensen et al. 1979, Hansen et al. 1981, 
Iversen & Blackburn 1981, Troelsen & Jsrgensen 1982, 
Howarth & Jsrgensen 1984). (In some of these papers 
the estuary was called 'Kysing Fjord' which, however, 
comprises only the southeastern part). 

Five localities were studied at 1 to 2 mo intervals 
from January 1983 to June 1984. Three of these, Sta- 
tions 1 to 3, were situated in the high-salinity part and 
2, Sta. 4 and 5, in the low-salinity part of the estuary. 
The 5 localities and their sediments are characterized 
i n  Table 1. 

Process rates. The whole seasonal study comprised 
500 measurements of oxygen uptake rates, 100 meas- 
urements of denitrification and total nitrate reduction, 
and 600 measurements of sulfate reduction in undis- 

turbed sediment cores. Measurements of oxygen 
uptake and sulfate reduction were done at all 5 stations 
while measurements of nitrate reduction, denitrifica- 
tion and N 2 0  emission were done at Sta. 1 and 4 only. 
All rate measurements were done on sediment cores 
collected by hand in Plexiglas tubes and brought back 
to the laboratory. The cores were submerged in aerated 
and circulating water from the sampling locality in 
order to maintain the natural distribution and turnover 
of the electron acceptors. The cores were kept in the 
dark at in situ temperature until analysis within 1 to 2 
d. No detectable changes in the 02, NO; or S o -  
distributions took place during this pre-incubation. 
Rate measurements were done also in the dark at in 
situ temperature. 

Oxygen uptake rates were measured in four 5 cm 
wide cores both with and without magnetic stirring as 
described previously (Jsrgensen 1977). Each uptake 
rate was calculated as the mean of these 8 measure- 
ments. Sulfate reduction rates were measured with 35S 
tracer by the core injection technique (Jsrgensen 
1978). Three parallel cores were injected at 1 cm inter- 
vals down to 10 cm and incubated for 4 h. Sediment 
segments from the same depths in the 3 cores were 
pooled before analysis of radioactivity in free and acid 
volatile sulfide. The radioactivity of other reduced sul- 
fur pools was not analyzed here but was included in an 
earlier study (Howarth & Jsrgensen 1984). 

Denitrification rates were measured by the acetylene 
inhibition technique of Ssrensen (1978) as modified by 
Andersen et al. (1984). Twelve parallel sediment cores 
per station were sampled in 4 cm wide tubes and 
stoppered with 50 m1 of seawater and 30 m1 of air 
space above the sediment. Continuous magnetic stir- 
ring of the water provided a natural flux of oxygen and 
nitrate across the sediment-water interface. In 6 of the 
cores, multiple injections of C2H2-saturated dist. water 
were made to obtain a final 10 % C2H2 saturation in 
both sediment and water. A parallel series of 6 cores 
was injected with NZ-purged water for control. The 
accretion of N,O in the cores was assayed after 1 to 5 h 
of incubation. 

N20  was analyzed in 1 cm segments of sediment as 
well as in the overlying water and headspace. Sedi- 
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ment and water samples were transferred to 60 m1 vials 
with 5 m1 of 1M KC1 and equilibrated with the gas 
phase by shaking. Gas san~ples  of 0.3 m1 were injected 
into a gas chromatograph (Packard 427) equipped with 
a 63Ni Electron Capture Detector. Gases were sepa- 
rated on a 2 m X 3.2 mm Porapak Q column at 60 "C. 

Measurement of total nitrate reduction rates was 
based on the recent observation that acetylene is also 
an inhibitor of nitrification (Walter et al. 1979). Thus, in 
the C,H2-injected cores there was no NH: oxidation 
and the rates of NO, and NO; depletion were there- 
fore a measure of their rate of consumption. Due to the 
high ammonium concentration in the sediments, 
assimilatory nitrate reduction is expectedly inhibited 
(cf. Payne 1973), and nitrate and nitrite are reduced 
partly by denitrification to N2 and partly by dissimila- 
tory reduction to NH;. Nitrate and nitrite were there- 
fore assayed in the same samples that were used for 
N 2 0  determination. After N,O analysis, the samples 
were centrifuged at 2000x g and the supernatant 
assayed colorimetrically on an autoanalyzer (Chem- 
lab) after the method of Armstrong et al. (1967). The 
difference between the total rate of NO? + NO; disap- 
pearance and the rate of denitrification was taken as a 
measure of the rate of NO; reduction to NH:. 

Other determinations. Water samples of 120 m1 were 
collected in the fjord at Sta. 1 and 4 for N 2 0  analysis. 
Twenty m1 was replaced by pure N2 and, after shaking 
and temperature equilibration in the laboratory, N 2 0  
was analyzed in gas samples of the headspace. Other 
water samples were taken for determination of NO, 
and NO, as described above as well as for sulfate and 
salinity. Sulfate was measured gravimetrically or 
photometrically after barium precipitation (Amer. 
Publ. Health Ass. 1971, Tabatabai 1974). 

Porewater samples for the measurement of sulfate 
were obtained by pressure filtration under N2 through 
0.45 pm filters. The filtrate was collected directly in 
10% Zn-acetate to trap the sulfide. Sulfate analysis 
was done as in water samples. Other porewater sam- 
ples were obtained for the analysis of nitrate and 
nitrite. Sediment porosity and dry organic matter were 
measured by drying known volumes of sediment to 
constant weight at  105 "C and igniting at 450 "C for 
12 h, respectively. 

Emission rates of N 2 0  across the water-air interface 
were estimated from N 2 0  concentrations in the fjord 
water by use of the stagnant film model (Broecker & 
Peng 1974): 

where F = flux from water to atmosphere; D = 

molecular diffusion coefficient of N 2 0  in the water; CS 
and Ca = concentrations of N 2 0  in water and atmos- 
phere; u = Bunsen solubility coefficient for N20 ;  z = 

thickness of stagnant film. Values of D and a were 
obtained from Broecker & Peng (1974) and Weiss & 

Price (1980), respectively; they were corrected to the in 
situ salinity and temperature. The atmospheric N 2 0  
concentration, about 0.3 ppm, was measured in air 
samples from the field. A stagnant film thickness, z, of 
300 pm was chosen to be representative of the average 
field conditions wlth moderate wind speeds in the 
sheltered estuary (cf. Broecker & Peng 1974, Emerson 
1975, Jerrgensen & Okholm-Hansen in press). 

Emission rates of N 2 0  from the sediment were mea- 
sured directly on cores as described by Jensen et al. 
(1984). Water and air volumes of 25 m1 each were 
maintained over the sediment and the water was stir- 
red to facilitate a natural gas exchange. N 2 0  was 
analyzed at intervals in both water and headspace and 
from the linear increase the emission rate was calcu- 
lated. 

RESULTS 

0, uptake and S@,- reduction 

Sulfate reduction rates followed seasonal tempera- 
ture variations at  all stations. At the eastern stations, 1 
to 3,  in the marine part of Norsminde Fjord, the sulfate 
reduction zone extended far below 10 cm depth in the 
sediment during the whole year. At the 2 western 
stations, 4 and 5,  near the freshwater outlet, low sulfate 
concentration in the water limited depth of sulfate 
reduction zone (Fig. 1). The salinity in the water varied 
from 0.5 to 8 %o and the sulfate concentrations varied 
accordingly from 0.4 to 6 mm01 1 - l .  The highest con- 
centrations were found during summer when run-off 
was minimal, and the lowest were found in winter and 
spring. In spite of the lower concentration, sulfate 
penetrated deeper into the sediment during winter due 
to low sulfate reduction activity. The sulfate zone was 8 
to l 0  cm deep from October to April. From May 
through September the higher temperature stimulated 
sulfate reduction and sulfate was depleted already at  4 
to 5 cm depth. Within the sulfate zone, however, the 
lower concentrations did not seem to limit reduction 
rates strongly. The maximum rates of 600 to 800 nmol 
SO,- cmp3 d-I at Sta. 5 were as high as the maximum 
rates at the marine stations. 

Comparison of the oxygen uptake rates and the rates 
of sulfate reduction calculated for 1 m2 of sediment 
showed that they both varied in proportion to tempera- 
ture with a maximum in July-August and a minimum 
in January-February (Fig. 2) .  Temperature extremes 
were 20 "C in summer and 2 "C in winter. The tempera- 
ture coefficient (Q,, = the factor of rate increase per 
10 C" temperature increase) was 2.7 for oxygen uptake 
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Station 5 

Fig. 1. Seasonal variation of sulfate re- 
duction rates in sediments of Sta. 5. Bro- 
ken line: lower boundary of sulfate zone 
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Fig. 2. Mean rates of oxygen uptake and 
- 10 *p sulfate reduction per unit area at 5 sta- 

3, tions in Norsminde Fjord. Sulfate reduc- ,., 
.S tion was integrated down to 10 cm depth. 

Process rates follow temperature varia- 
tions in the overlying water 

and 2.1 for sulfate reduction. The lower temperature 
effect for sulfate reduction was probably due to the 
narrow reduction zone during summer which limited 
the area1 reduction rates. 

Nitrate reduction 

Seasonal variations in total nitrate reduction and 
denitrification were regulated by nitrate availability as 
well as by temperature. The influx of nitrate to the 
estuary from the main freshwater source, Odder River, 
was high during winter and spring, but low during 
summer (Fig. 3, top). The nitrate level in the river 
water fluctuated between 310 and 1130 pm01 1-I with 
no clear seasonal trend. The freshwater discharge 
reached a maximum of 15 to 30 X 104 m3 d-l in winter 
and spring and was only 2 to 8 X 104 m3 d-I during 
summer (unpubl. data from Det Danske Hedeselskab 
and Aarhus Amts Vandvaesen). There was a signifi- 
cant difference in nitrate influx between the 2 yr. The 

spring of 1983 had an unusually high rainfall, espe- 
cially during May, which resulted in an extensive 
leaching of nutrients from the surrounding agricultural 
areas. High nitrate influx as well as low biological 
activity during winter resulted in high nitrate levels in 
the estuary and a relatively deep penetration of nitrate 
into the sediment (Fig. 3). 

At Sta. 1, the gradients showed that nitrate in winter 
was taken up by sediments from the overlying water. 
As daylight intensity and water temperature increased 
during spring, nitrate uptake of both phytoplankton 
and sediments was enhanced and the water concentra- 
tion fell below 10.pmol1-l. During summer, the nitrate 
zone was only about 1 cm thick and a slight maximum 
of nitrate indicated that nitrate was produced by nitrifi- 
cation in the sediment and was now released to the 
water. The sudden pulse of nitrate influx to the estuary 
in May 1983 had a dramatic effect in the sediment 
where a nitrate penetration to 5 cm would otherwise 
not occur late in spring. 

At Sta. 4 near the river outlet, nitrate in the water 
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Fig. 3.  Top: monthly influx of nitrate 
and nitrite from Odder River to Nors- 
mlnde Fjord. Middle and bottom: iso- 
pleths of nitrate d~stribution in the 
sedirnents at Sta. 1 and 4.  Numbers 
on the isopleths indicate pm01 nitrate 
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varied from 600 to 900 pm01 1-I in winter and 100 to 
250 in summer (Fig. 3). Thus, nitrate was present 
throughout the year at relatively high concentration 
and the level in the uppermost cm of the sediment was 
mostly >50 pm01 I-', even during summer. The nitrate 
gradient indicated uptake from water to sediment at all 
seasons. 

Rates of denitrification and of total nitrate reduction 
at the 2 stations, 1 and 4 ,  are shown in Fig. 4 together 
with rates of oxygen uptake and sulfate reduction. The 
seasonal pattern of activities shows that while oxygen 
and sulfate consumption followed temperature, nitrate 
consumption was relatively constant throughout the 
year with sudden peaks during spring. It is especially 
the result of the nitrate pulse in May 1983 which is 

4 - 
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5 
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notable. There was a large difference in the rates of 
total nitrate reduction at the 2 stations. Reduction rates 
were 10-fold higher near the river outlet than near the 
sea entrance due to the high nitrate levels. At Sta. 1 the 
lowest reduction rates were found during summer 
when nitrate availability was highly limiting. Deni- 
trification was <50 % of the total nitrate reduction at 
both stations. 

c 10 

N,O emission 

r 250 

Station 1 
- 

250 
> 100 

Measurements of N,O concentrations in the estuary 
showed that the water was always supersaturated with 
N,O relative to the atmosphere. N,O concentrations in 
the western part of the estuary near the river outlet 

10 
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Fig  4 S t a  1 und 4: seasonal variation in 
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reduction in the sediment 

varied from 0.03 to 0.49 pm01 1 - I  (mean 0.142) over the water-air interface showed the strong effect of the 
year with highest values during spring. In the eastern nitrate pulse in spring 1983 and the maxima in nitrate 
part, N20 concentrations varied from 0.01 to 0.05 pm01 reduction (Fig. 5). Emission rates from sediments to 
1-l (mean 0.031). Calculated emission rates across the water were similar to or less than the water-air flux. 

E 
0 Station L 

400 - 
- 
E 

300 - 

200 - 

100 - 
D 

0 
0 

0 , '  , 8 "  , 
J F M A M J J A S O N D J F M A M J  

Fig. 5. Flux of N20 across the water-air 
interface (open circles) and across the 
sediment-water interface (filled circles) 

at Sta. 1 and 4 
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The lower sediment flux may indicate that a part of the 
N 2 0  comes from the river water or it may reflect differ- 
ences and uncertainties in the 2 approaches used. N 2 0  
emission rates from the western part of the estuary at 
Sta. 4 were 10-fold higher than from the eastern, more 
marine part at Sta. 1. 

DISCUSSION 

Zonation of the 3 processes studied -oxygen, nitrate 
and sulfate reduction - was determined by the 
dynamic balance between their consumption rate in 
the sediment and the diffusional flux from the overly- 
ing water. Depths of the 3 zones during summer were: 
O2 = 0.5 to 1.5 mm, NOT = 0.5 to 1 cm, and S q -  = 4 
to >l00 cm (0, data from Howarth & Jsrgensen 1984, 
Jerrgensen & Okholm-Hansen in press). The depth of 
the sulfate zone depended mostly on salinity. We 
believe that the salinity gradient and thus the trend in 
mineralization processes between the stations in Nors- 
minde Fjord are characteristic also of other estuaries 
where the main source of nitrate is from rivers and of 
sulfate is from the ocean. 

The variations of the 3 processes were highly differ- 
ent in their seasonal pattern (Fig. 2 & 4). Oxygen and 
sulfate followed the temperature: nitrate did not. This 
shows the importance of detailed, seasonal studies, 
especially for nitrate reduction, before calculations are 
made of annual budgets. 

Our seasonal studies of oxygen, nitrate, and sulfate 
reduction at low and high salinity in Norsminde Fjord 
can further be used to compare the contribution of the 3 
electron acceptors to mineralization of organic matter 
in the sediments. For this purpose, rate measurements 
have been recalculated as weighted, yearly averages 
for each station and presented as  daily rates per m2. 

0, uptake and S@- reduction 

Data for oxygen uptake and sulfate reduction are 
summarized in Table 2. Oxygen uptake rates showed 
little variation between the 5 localities investigated in 
spite of the very different sediment types. The more 
exposed localities of Sta. 1 and 3 had sandy sediments 
with an organic content 5 to 10-fold lower than the 
more sheltered, silty sediments. Calculated turnover of 
the total organic matter in sand was thus faster than in 
the more fine-grained sediments. A similar trend was 
found in another Danish fjord, Limfjorden (Jsrgensen 
1977). 

Results for sulfate reduction were quite comparable 
to data from other coastal marine environments. Thus, 

a sulfate reduction equivalent to about 50% of the 
oxygen uptake was also found in other organic-rich 
sediments and marshes (Jsrgensen 1982, Howes et al. 
1984, Howarth 1984). Because of extensive reoxidation 
of produced sulfide by oxygen in such sediments, close 
to half of the measured oxygen uptake may be diverted 
to this process (Jsrgensen 1977). A recent study in 
Norsminde Fjord near Sta. 2 has shown that the present 
sulfate reduction rates may even be  underestimated by 

Table 2. Rates of sediment oxygen uptake and sulfate reduc- 
tion in mm01 m-2 d- '  of 5 investigated sites. Mean values 

over 1 year 

Process 

Oxygenuptake 36.6 39.5 40.9 43.0 40.6 40.1 
Sulfate reduction 7.5 23.9 19.8 9.1 10.6 14.2 

20 to 30 % because the tracer measurements did not 
include the label incorporated into pyrite and elemen- 
tal sulfur (Howarth & Jsrgensen 1984). 

Sulfate reduction varied 3-fold between stations, 
with lowest values in the sand of Sta. 1 and in the 
sediments near the river mouth. The lower sulfate 
reduction at Sta. 1 was possibly due to the less reduc- 
ing conditions in this sediment where dense popula- 
tions of polychaete worms and crustaceans ventilated 
their burrows. At Sta. 4 and 5, the low salinity and 
sulfate concentration in the water limited the depth of 
the sulfate reduction zone to 4 to 10 cm. Especially 
during summer a significant part of the anaerobic 
metabolism would therefore be  expected to take place 
below the sulfate zone. The terminal process in this 
metabolism is methanogenesis which was not analy- 
zed. In the eastern, marine, part of the estuary methane 
formation was not important in the upper 10 to 15 cm of 
the sediment due to the high sulfate levels (Iversen & 
Blackburn 1981). 

Such gradual transition from sulfate reduction to 
methanogenesis with depth in marine sediments has 
been observed also in  other coastal environments (e.g. 
Crill & Martens 1983, Iversen & Jsrgensen in press). 
Although there are indications that sulfate may 
become limiting for the reduction rate already a t  mmo- 
lar concentrations (Westrich 1983), our recent results 
indicate a much lower half-saturation level of 
a100  FM (Ingvorsen & Jsrgensen 1982, Jerrgensen & 
Ingvorsen in prep.). We therefore conclude that area1 
reduction rates were limited by total flux of sulfate into 
sediment which in combination with the low sulfate 
concentration in the water determined the depth of the 
sulfate reduction zone. 
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NO; reduction 

In Table 3 we have compared the data for nitrate 
reduction with those for oxygen and sulfate reduction 
at  Sta. 1 (high salinity) and at Sta. 4 (low salinity). The 
mean process rates over 1 yr have been recalculated to 
the equivalent amount of organic carbon (mm01 CH,O) 
which would be oxidized by the process. In this way 
their contributions to the electron flow in the sedi- 
ments become directly comparable (cf. Jargensen 
1980). The conversion factors are given in Table 3 
together with the percentage contribution of each pro- 
cess to the total electron acceptor reduction. It should 
be noted that diurnal variations in the distribution and 
reduction of oxygen and nitrate may be significant in 
estuarine sediments (Andersen et al. 1984). As our 
measurements were made only in the dark, this may 
have biased the comparison of the electron acceptors 
somewhat. 

There was a significant difference between the sedi- 
ments at  high and at  low salinity. At the higher salin- 
ity, oxygen uptake accounted for =/3  of the total reduc- 
tion rate while sulfate was l / , .  Nitrate reduction was 
only 8 % of which ' / 3  was due to denitrification and 2/3 

to a dissimilatory reduction to NH:. The most impor- 
tant difference to the sediment at lower salinity was a 
10-fold higher nitrate reduction, mostly due to a high 
rate of reduction to NH;. 

The very high rates of nitrate reduction to NH; at 
Sta. 4 make nitrate comparable to both sulfate and 
oxygen as an electron acceptor. The dissimilatory 
reduction of nitrate to ammonia is, however, not 
always a respiratory process, since the nitrate may also 
function as an electron sink in bacterial fermentations. 
For example in clostridia, this process may be a 
mechanism for the removal of excess reducing power 
(Hasan & Hall 1975). In other cases, however, the 
pathway seems to be a true respiration. This has now 
been demonstrated in several strains of Desulfovibrio, 
which may start to reduce nitrate when sulfate is 
depleted (Steenkamp & Peck 1981). An assimilatory 

Table 3. Proce:.. rates in meq m-2  d-'  (see text) in sediments 
of Norsminde Fjord. Mean values over 1 yr for a seawater 
dominated (Sta. 1) and a freshwater dominated (Sta. 4) site. 
The relative contribution of each electron acceptor is shown 
in parentheses. The applied conversion factors for nmol to 

mequivalent recalculation are also shown 

Process meqlmmol Sta. 1 Sta. 4 

O2 uptake 1/1 36.6 (65 %) 43.0 (44 %,) 
NO5 reduction 4.7 (8%) 35.5 (37%) 

NO, N, 5/4 1.5 (3 %) 4.3 (4 %) 
NO, NH, 2/1 3.2 (5 %) 31.2 (33 %) 

SO:- reduction 2/1 15.0 (27 %) 18.2 (19 %) 

Total - 56.3 (100%) 96.7 (100%) 

reduction of nitrate is not expected to be significant, as 
the process in bacteria is generally inhibited by 
ammonium. There is a high concentration and net 
release of ammonium from coastal sediments due to 
the relatively high N/C ratio of the organic matter near 
the sediment surface (Blackburn & Henriksen 1983). 
There is still not enough data available to evaluate 
whether the high stimulation of nitrate reduction to 
ammonium, which we have observed, is a general 
phenomenon in the transition from seawater to fresh- 
water in estuaries. 

For both stations, measured rates of denitrification 
were found to be mostly a function of nitrate availabil- 
ity when calculated per unit area. The source of nitrate 
to the sediment seemed to be mostly from the overlying 
water during winter and early spring according to the 
gradients. During summer, the slight nitrate maximum 
at 0 to 1 cm depth at Sta. 1 indicated that nitrification 
would now be the main source and that nitrate was 
released to the water rather than taken up. 

The rather insignificant role of denitrification in 
mineralization of organic matter was also observed 
previously in this fjord (Ssrensen et  al. 1979) as well as 
in Limfjorden and Kattegat between the Baltic and the 
North Sea (Blackbum & Henriksen 1983). The 
observed denitrification rate is of similar magnitude as 
that found in other coastal sediments from which rates 
of about 0.5 to 2 mm01 rnp2 d-I have been reported 
(Billen 1978, Seitzinger et  al. 1984, Jenkins & Kemp 
1984). 

Due to the low nitrate concentration in the sediments 
during summer, however, rates may have been under- 
estimated in this period. Since acetylene blocks nitrifi- 
cation as well as denitrification (Walter et  al. 1979, 
Blackmer et al. 1980) the small pool of nitrate may be 
depleted during incubation. Furthermore, there is 
recent evidence that the acetylene blockage of denitri- 
fication may become less efficient at low nitrate con- 
centrations (Kaspar et al. 1981, Oremland et al. 1984). 

Denitrification and N,O emission 

Formation of N2 by denitrification and of N20  by 
denitrification or nitrification result in a loss of com- 
bined nitrogen from the estuarine ecosystem. The estu- 
ary may thereby play a role as a buffer against the 
discharge of nutrients from the river into the sea. The 
coastal waters from the Baltic to the North Sea are 
susceptible to eutrophication due to excessive nutrient 
discharge and have in recent years shown increasing 
symptoms of anoxia in bottom water. 

Mean rates of N 2 0  emission over 1 yr from water 
surface to atmosphere were 0.014 and 0.150 mm01 m-2 
d-I at  Sta. 1 and 4, respectively. These are insignific- 
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ant nitrogen loses compared to the measured rates of 
Nz formation of 1.2 and 3.4 mm01 m-2 d-l .  Mean 
nitrogen influx to the fjord can be calculated on the 
basis of data in Fig. 3 and a total fjord area of 1.9 km2. 
The influx is equivalent to 35 mm01 m-? d-l ,  i.e. 10 to 
30 times higher than denitrification. The maximum 
influx correlates seasonally with the maximum rate of 
denitrification. Thus, only about 5 % of nitrate from the 
main river is lost within the estuary by denitrification 
in the sediment. We do not have sufficient data to 
evaluate the sink of the main part of the nitrate, but it is 
likely that most is taken up by plankton algae. The 
annual mean nitrate concentration in the water was 
reduced 5-fold from 540 to 105 pM between the west- 
ern (fresh) and the eastern (marine) ends of the estuary. 
A part of the assimilated nitrogen is trapped in the 
estuary, which presently has very high sedimentation 
rates, and much of the organic nitrogen may also leave 
the estuary as plankton or suspended detritus. 

Emission rates of N,O showed that the inner part of 
the estuary was the most important source with rates 
10-fold higher than the outer part. Although N 2 0  for- 
mation seems insignificant for the overall nitrogen 
budget, both in Norsminde Fjord and in other estuaries 
(e.g. Seitzinger et al. 1983), its natural release may be 
important for the tropospheric nitrogen cycle (McElroy 
& McConnell 1971, Hahn & Crutzen 1982). Our data 
are equal to or higher than other rates of N 2 0  emission 
from sediments or water in estuaries (McElroy et  al. 
1978, Seitzinger et  al. 1983, Jenkins & Kemp 1984, 
Jensen et al. 1984). The high rates may be due to the 
relatively high influx of nitrate from the river and to 
the shallow water which facilitates gas transfer from 
the sediments to the atmosphere. 

Acknowledgements. The extensive field sampling and analy- 
tical work by Else Bundgaard Frentz and Preben G. Ssrensen 
is gratefully acknowledged. We thank Det Danske Hedesels- 
kab and Aarhus Amts Vandvaesen for permission to use their 
nitrate and river discharge data. This study was supported by 
the EEC Environmental Program (Contract no. ENV-588-DK) 
and by the Danish Natural Science Research Council (Project 
no. 11-4785). 

LITERATURE CITED 

American Public Health Association (1971). Standard 
methods for the examination of water and wastewater, 
13th ed. Washington, D. C. 

Andersen, T. K., Jensen, M. H., Ssrensen, J. (1984). Diurnal 
variation of nitrogen cycling in coastal, marine sediments. 
I. Denitrification. Mar. Biol. 83: 171-176 

Armstrong, F. A. J., Steams, C .  R., Strickland, J.  D. H. (1967). 
The measurement of upwelling and subsequent biological 
processes by means of the Technicon Autoanalyzer and 
associated equipment. Deep Sea Res. 14: 381-389 

Billen, G. (1978). A budget of nitrogen recycling in North Sea 
sediments off the Belgian coast. Estuar. coast. mar. Sci. 7: 
127-146 

Blackburn, T. H., Henrlksen, K. (1983). Nitrogen cycling in 
different types of sediments from Danish waters. Limnol. 
Oceanogr. 28: 4 7 7 4 9 3  

Blackmer, A. M., Bremner, J.  M,, Schmldt, E. L. (1980). Pro- 
duction of nitrous oxide by ammonia-oxidizing chemo- 
autotrophic microorganisms in soil. Appl. environ. Mic- 
robiol. 40: 1060-1066 

Boynton, W. R.. Kemp, W. M., Keefe, C. W. (1982). A compara- 
tive analysis of nutrients and other factors influencing 
estuarine phytoplankton production. In: Kennedy, V. S. 
(ed.) Estuarine comparisons. Academic, New York, p. 
69-90 

Broecker, W. S.. Peng. T. H. (1974). Gas exchange rates 
between air and sea. Tellus 26: 21-35 

Crill, P. M,, Martens, C. S. (1983). Spatial and temporal 
fluctuations of methane production in anoxic, coastal 
marine basin. Geochim. cosmochim. Acta 47: 1791-1804 

Emerson, S. (1975). Gas exchange rates in small Canadian 
Shield lakes. Limnol. Oceanogr. 20: 754-761 

Fenchel, T., Blackburn, T. H. (1979). Bacteria and mineral 
cycling. Academic Press, New York 

Hahn, J . ,  Crutzen, P. J.  (1982). The role of fixed nitrogen in 
atmospheric photochemistry. Phil. Trans. R. Soc. B 296: 
521-541 

Hansen, J .  I . ,  Henriksen, K., Blackburn, T. H. (1981). Seasonal 
distribution of nitrifying bacteria and rates of nitrification 
in coastal marine sediments. Microb. Ecol. 7:  297-304 

Hasan, S. M,, Hall, J. B. (1975). The physiological function of 
nitrate reduction in Clostridiurn perfringens. J.  gen. Mi- 
crobiol. 87: 120-128 

Howarth, R. W. (1984). The ecological significance of sulfur in 
the energy dynamics of salt marsh and coastal marine 
sediments. Biogeochem. 1: 5-27 

Howarth, R. W., Jsrgensen, B. B. (1984). Formation of 35S- 
labelled elemental sulfur and pyrite in coastal marine 
sediments (Limfjorden and Kysing Fjord, Denmark) dur- 
ing short-term 35S@--reduction measurements. Geochim. 
cosmochim. Acta 48: 1807-1818 

Howes, B, L., Dacey, J .  W. H.,  King, G.  M. (1984). Carbon flow 
through oxygen and sulfate reduction pathways in salt 
marsh sediments. Limnol. Oceanogr. 29: 1037-1051 

Ingvorsen, K., Jsrgensen, B. B. (1982). Seasonal variation in 
H2S emission to the atmosphere from intertidal sediments 
in Denmark. Atm. Environ. 16: 855-865 

Iversen, N., Jsrgensen, B. B. (in press). Anaerobic methane 
oxidation rates at the sulfate-methane transition in marine 
sediments from Kattegat and Skagerrak (Denmark). Lim- 
nol. Oceanogr. 

Iversen, N., Blackburn, T. H. (1981). Seasonal rates of 
methane oxidation in anoxic marine sediments. Appl. 
environ. Microbiol. 41: 1295-1300 

Jenkins, M. C., Kemp, W. M. (1984). The coupling of nitrifica- 
tion and denitrification in two estuarine sediments. Lim- 
nol. Oceanogr. 29: 609419  

Jensen, H. B., Jsrgensen, K. S., Ssrensen, J. (1984). Diurnal 
variation of nitrogen cycling in coastal, marine sediment. 
11. Nitrous oxide emission. Mar. Biol. 83: 177-183 

Jsrgensen, B. B. (1977). The sulfur cycle of a coastal marine 
sediment (Limfjorden, Denmark). Limnol. Oceanogr. 22: 
814-832 

Jsrgensen, B. B. (1978). A comparison of methods for the 
quantification of bacterial sulfate reduction in coastal 
marine sediments. 1. Measurements with radio-tracer 
techniques. Geomicrobiol. J .  1: 11-27 

Jsrgensen, B. B. (1980). Mineralization and bacterial cycling 
of carbon, nitrogen and sulphur in marine sediments. In: 



Mar. Ecol. Prog. Ser 24: 65-74, 1985 

Ellwood, D. C. et al. (ed.) Contemporary microbial ecol- 
ogy. Academic, New York, p. 239-251 

Jsrgensen, B. B. (1982). Mineralization of organic matter in 
the sea bed - the role of sulphate reduction. Nature, Lond. 
296: 643-645 

Jsrgensen, B.  B., Okholm-Hansen, B. (in press). Emission of 
biogenic sulfur gases from a Danish estuary. Atm. En- 
viron. 

Kaspar, K. F., Tiedje, J. M., Firestone, R. B. (1981). Denitrifica- 
tion and dissimilatory nitrate reduction to ammonium by 
digested sludge. Can. J. Microbiol. 27: 878-885 

McElroy, M. B., Elkins, J. W.. Wofsy, S. C.. Kolb, C. E., Duran, 
A. P., Kaplan, W. A. (1978). Production and release of N,O 
from the Potomac Estuary. Limnol. Oceanogr. 23: 
1168-1182 

McElroy, M. B.. McConnell. J. C. (1971). Nitrous oxide: A 
natural source of stratospheric NO. J. Atmos Sci. 28: 
1095-1 098 

Muus, B. J. (1967). The fauna of Danish estuaries and lagoons. 
Meddr Danm. Fisk.-og Havunders. 5: 1-316 

Oremland. R. S., Umberger. C., Culbertson, C .  W., Smith, R. L. 
(1984). Denitrification in San Francisco Bay intertidal sed- 
i m e n t ~ .  Appl. environ. Microbiol. 47: 1106-1 112 

Payne, W. J .  (1973). Reduction of nitrogenous oxides by mi- 
croorganisms. Bact. Rev. 37: 409-451 

Seitzinger, S. P., Nixon, S. W., Pilson, M. E. Q. (1984). Deni- 
trification and nitrous oxide production in a coastal 
marine ecosystem. Limnol. Oceanogr. 29: 73-83 

Seitzinger, S. P., Pilson, M. E., Nixon, S. W. (1983). N 2 0  
production in near-shore marine sediments. Science 222: 
1244-1246 

Ssrensen, J .  (1978). Denitrification rates in marine sediments 

as measured by the acetylene inhibition technique. Appl. 
environ. Microbiol. 36: 139-143 

Ssrensen, J. (1978). Occurrence of nitric and nitrous oxides in 
a coastal marine sediment. Appl, environ. Microbiol. 36: 
809-813 

Ssrensen, J. (1984). Seasonal variation and control of oxygen, 
nitrate, and sulfate respiration in coastal marine sedi- 
m e n t ~ .  In: Klug, M. J., Reddy, C. A. (ed.) Current perspec- 
tives in microbial ecology. Am. Soc. Microbiol., Wash. D. 
C., p. 447453 

Ssrensen, J.,  Jsrgensen, B. B., Revsbech, N. P. (1979). A 
comparison of oxygen, nitrate, and sulfate respiration in 
coastal marine sediments. Microb. Ecol. 5: 105-115 

Steenkamp, D. J., Peck, H. D., Jr. (1981). Proton translocation 
associated with nitrite respiration in Desulfovibrio desul- 
furicans. J. biol. Chem. 256: 5450-5458 

Tabatabai, M. A. (1974). A rapid method for determination of 
sulfate in water samples. Environ. Lett. 7: 237-243 

Troelsen, H., Jsrgensen, B. B. (1982). Seasonal dynamics of 
elemental sulfur in two coastal sediments. Estuar. coast. 
Shelf Sci. 15: 255-266 

Walter. H. M,, Keeney, D. R., Fillery, I. R. (1979). Inhibitionof 
nitrification by acetylene. Soil Sci. Soc. Am. J .  43: 195-196 

Weiss, R. F., Price, B. A. (1980). Nitrous oxide solubility in 
water and seawater. Mar. Chem. 8: 347-359 

Westrich, J. T. (1983). The consequences and controls of 
bacterial sulfate reduction in marine sediments. Ph. D. 
thesis, Yale University, New Haven, Conn. 

Wollast, R. (1983). Interactions in estuaries and coastal 
waters. In: Bolin, B., Cook, R. B. (ed.) The major 
biogeochemical cycles and their interactions. SCOPE, 
Stockholm, p. 385-407 

This paper was submitted to the editor; it was accepted for printing on April 15, 1985 




