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ABSTRACT: Seasonal variation of sediment denitrif~cation and nitrification in darkness was measured 
by the nitrogen isotope pairing and the nitrate isotope dilution techniques in 3 different sediment types: 
coarse sand, fine sand and muddy sand (S, A and M, respectively) in intertidal Konigshafen, Island of 
Sylt, Germany. The temporal pattern of denitrification based on nitrate from the overlying water could 
be explained by variations in the nitrate concentration and oxygen penetration depth in all 3 sediment 
types. Highest rates (8 to 48 pm01 m-2 h-') were observed in April 1994 when nitrate concentration in 
the overlying water was 65 to 70 pM and the lowest (0.2 to 1.1 pm01 m-2 h-') in summer and fall when 
nitrate was depleted from the water phase. The annual mean dark denitrification, of which 69 to 15% 
was due to overlying water nitrate, increased in the sequence A, S and M in accord with increasing sed- 
iment oxygen uptake. AU 3 sediments types exhibited low nitrification in early winter. At S and M,  
maximum nitrification was measured in spring and late summer (8 to 17 and 27 to 28 pm01 m-"-', 
respectively), whereas nitrification was repressed in mid summer. Maximum dark nitrification here 
generally occurred at the time of the highest activity of the benthic microalgae (measured as oxygen- 
based dally gross primary production). At Stn A, maximum nitrification was measured in mid summer 
(26 pm01 m-2 h-'), when daily gross primary production was low. The 2 different seasonal patterns of 
nitrification can be explained by differences in oxygen and ammonium availability. In all sediment 
types, a low degree of coupling between nitrification and denitrification (in relation to total nitrification) 
was evident, especially during summer or autumn. Annual mean dark nitrification, of which 11 to 27 % 
was coupled to denitrification, was higher in the muddy sediment than in the 2 sandy sediments. 
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INTRODUCTION 

The increasing eutrophication of coastal areas has 
long been a matter of concern. However, it is not yet 
fully clear to what extent coastal marine sediments are 
capable of removing increased nitrogen loads. It is 
therefore necessary to obtain a better knowledge of 
key processes such as benthic nitrification and denitri- 
fication and especially the coupling between them, i.e. 
when the nitrate produced from nitrification is subse- 
quently denitrified. A new tool, the isotope pairing 
technique, has recently been introduced for measuring 

sediment denitrification (Nielsen 1992). By this tech- 
nique, total denitrification is separated into denitrifica- 
tion of nitrate originating from the water phase and 
denitrification coupled to nitrification. The applicabil- 
ity of this technique has been shown in several investi- 
gations (e.g. Rysgaard et al. 1993, 1995, Risgaard- 
Petersen et al. 1994, Lohse et al. 1996, Nielsen & Glud 
1996). The more traditional nitrate isotope dilution 
technique, on the other hand, provides a measure of 
the part of nitrification where nitrate is released to the 
overlying water (Koike & Hattori 1978, Chatarpaul et 
al. 1980, Nishio et al. 1983). This technique has 
recently been improved by applying new analytical 
methods (Risgaard-Petersen et al. 1993, H~ jbe rg  et al. 
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1994, Jensen et al. 1996). The 2 techniques have been 
successfully combined in studies of nitrification and 
denitnfication under controlled conditions in manipu- 
lated sediment systems (Rysgaard et al. 1993, 1994, 
Risgaard-Petersen et al. 1994, Sloth et al. 1995, Pelegri 
& Blackburn 1995). 

The purpose of the present study was to determine 
seasonal variations of dark nitrification and denitrifica- 
tion in different sediment types of an intertidal area 
using the isotope pairing and isotope dilution tech- 
niques. The temporal and spatial variations in physical 
and chemical conditions required that the reliability of 
the techniques was thoroughly verified. The study is 
part of an integrated investigation of the biogeochem- 
istry of sediments in the Konigshafen bay (Island of 
Sy!:, Gcrmany: iz the ncrtherr. Waddesl Sea 

MATERIALS AND METHODS 

Study site. The study was carried out in the shallow 
intertidal embayment Kijnigshafen on the Island of 
Sylt, Germany. The bay is sheltered from winds and 
waves, but strongly influenced by semi-diurnal tides 
(amplitude 1.7 m; Reise 1985). Three stations in the 
intertidal zone, S, A and M (Fig. l),  were investigated 
on 8 occasions from April 1993 to July 1994. The sedi- 
ment at S and A was composed of coarse and fine sand, 
respectively, whereas M had a higher content of fine- 
grained material (muddy sand). The mean porosity in 
the upper 10 cm at S and A varied between 0.32 and 
0.38, whereas values between 0.44 and 0.58 were 
found at M; the highest values for all 3 stations were 
found in the upper 0 to 3 mm. Organic content, deter- 
mined as loss on ignition (LoI) at  520°C according to 
Kristensen & Andersen (1987), decreased at S and A 
from 0.8% in the upper few millimeters to 0.2-0.4 % at 
10 cm depth. At Stn M, the organic content in the 

Fig. 1 Study area: Konigshafen, Island of Sylt, Germany. 
Sampling stations situated in the intertidal zone are indicated. 

Dotted line: mean low water level 

upper 0 to 3 mm varied seasonally from 1 % in winter to 
6% in summer. At greater depths, the organic content 
at this station ranged from 0.5 to 4% in an irregular 
pattern. The macrofaurid at Stn M was dominated by 
Cerastoderma edule (100 to 300 m-2) and Macoma 
balthica (40 to 300 m-'). At S, Hydrobia ulvae occurred 
in high numbers (4000 to >20000 m-2) for most of the 
year along with small specimens of Arenicola marina 
and various unidentified polychaetes (100 to 1000 m-'). 
At Stn A ,  large specimens of A.  marina (30 to 70 m-2) 
dominated, whereas H. ulvae was absent. Stn Mx 
(Fig. l), which was used only in preliminary studies, 
resembled Stn M in many respects. Salinity at all sta- 
tions ranged between 23 and 33%0, lowest during win- 
ter and early spring. 

Sediment collection and handling. Sediment cores 
were collected in daylight during water cover. Be- 
tween 4 and 9 (usually 6) intact cores were taken to 
9-11 cm depth with 8 cm (inner diameter) core tubes 
leaving 9 to 1 2  cm overlying water. The cores were 
brought to a nearby laboratory within 1 to 2 h and sub- 
mersed uncapped into a darkened circular tank con- 
taining 40 1 unfiltered aerated seawater from the loca- 
tion. The tank water was circulated by an Eheim pump 
and the water overlying the cores was stirred by spin- 
ning teflon-coated magnets (60 to 70 rpm) ca 6 cm 
above the sediment surface. During each study period 
(1 to 2 wk), the temperature of flood water at the 
beginning of the period was used as a standard incu- 
bation temperature (4.5 to 20°C). 

Seasonal lSN-incubations. Denitrification was mea- 
sured by the isotope pairing method of Nielsen (1992). 
This technique provides rates of denitriflcation due to 
nitrate from the overlying water as well as denitrifica- 
tion coupled to nitrification. Furthermore, by monitor- 
ing the isotope dilution of added 15N03- the rate of 
nitrification not coupled to denitrification can be mea- 
sured simultaneously (Koike & Hattoli 1978, Nishio et 
al. 1983). 

After 2 h preincubation in darkness, the overlying 
water of the sediment cores was enriched with ''NO3- 
(30 to 60 pM) by addition of a 15N03- stock solution to 
the tank water followed by vigorous stirring for about 
15 min. Initial water samples for analysis of dissolved 
02, dissolved inorganic nitrogen (DIN: NH,+, NO3-, 
NO2-) and 15N d~stribution in dissolved N2 and NO3- 
(+NO2-) were taken before capping the cores (within 
0.5 h after addition of I5NO3-). Incubation was done in 
darkness with stirred water phases for 0.6 to 16 h, 
depending on season and station. During most incuba- 
t ion~ ,  sampling was performed in a time-series to test 
for linearity of the measured rates. The O2 concentra- 
tion rarely decreased below 75% of air saturation at 
the end of incubation to prevent an influence from 
d~minished O2 penetration on nitrification and denitri- 
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fication. The incubation was terminated by uncapping 
the cores and quickly repeating the water sampling 
before carefully mixing the sediment and the remain- 
ing overlying water into a homogenous slurry. Samples 
for mass spectrometric determination of 15N in NZ and 
0, content in the slurry were taken after a few minutes 
of sedimentation; the 0, content was measured in 
order to check for proper inhibition of denitrification in 
the slurry prior to sampling and preservation. Finally, 
the sediment slurry was sieved (1 mm mesh) for quan- 
tification of larger macrofauna. 

Water samples for dissolved 0, were taken in 25 m1 
Winkler bottles. Water samples for determination of 
15N in NZ were stored in 8.5 (or 12.5) m1 gas-tight con- 
tainers (Exetainers, Labco, High Wycombe, UK) with 
screwcap lids (excluding any air bubbles) and pre- 
served with 100 p1 80% w/w ZnC12 or 10 p1 0.06 M 
HgC12. Samples for parallel determination of I5N in N, 
and for O2 content were taken in 8.5 m1 Exetainers and 
preserved with 20 p1 10 M NaOH. The DIN water sam- 
ples and the samples for ''N content in NO3- were 
GF/C-filtered and stored frozen in 20 m1 scintillation 
vials. 

Test incubations. Influence o f  ISNO,- addition: To 
test for interference of added nitrate on denitrification 
of ambient nitrate and to assure that an even distribu- 
tion of nitrate isotopes existed in the denitrification 
zone (Nielsen 1992), a series of incubations using dif- 
ferent additions of I5N-nitrate was performed. In April 
1994, when ambient nitrate concentration was high 
(65 to 71 PM), 9 cores from S, A and M were enriched 
with 30, 60 and 120 pM l5No3- in triplicate. In July 
1994, when ambient nitrate concentration was low 
(<0.1 PM), 7 concentrations between 5 and 120 pM 
15N03- were used on 1 core each from A and M. The 
incubation temperatures in April and July were 
approximately 6.5 and 20°C, respectively. 

Microalgal interference: To test for a possible im- 
pact of microphytobenthic dark uptake of dissolved 
inorganic nitrogen on the nitrification/denitrification 
assay, 500 pM NH,' was added to 3 out of 6 cores incu- 
bated with 60 pM 15N-nitrate, assuming that the micro- 
phytobenthos would preferentially assimilate NH,+ 
(e.g. Nielsen et al. 1990b). The incubations were done 
on sediment cores which had just previously been used 
for the measurement of unamended fluxes in a light- 
dark cycle (E. Kristensen, M. J .  Jensen & K. M. Jensen 
unpubl.). The cores were preincubated in light for 8 h 
and then received the standard 2 h preincubation in 
darkness. These ammonium addition (AA) incubations 
were performed on S, A and M in April 1994. In 
another series, cores were preincubated for approxi- 
mately 48 h in darkness to eliminate (or at least greatly 
reduce) the microalgal assimilation of inorganic nitro- 
gen before 30 PM 15N-nitrate was added. These con- 

stant-dark (CD) incubations were conducted on S and 
Mx in June 1993. Both the AA and the CD incubations 
were otherwise performed as the standard seasonal 
'W-incubations. 

Chemical analysis. 0, was analyzed by the standard 
Winkler technique. DIN samples were analyzed for 
NO,-, N O ,  and NH4* on an autoanalyzer by standard 
methods (Armstrong et al. 1967, Solorzano 1969) or for 
NH,' by a manual salicylate hypochlorite method 
(Bower & Holm-Hansen 1980). Since NO2- was always 
low in concentration, it is included in N O ,  The I5N 
labelling of dissolved NZ in the ZnC1, (or HgCI,) pre- 
served samples were measured by GC-MS (Sira Series 
11, VG-Isotech, Middelwich, UK) as described by Rys- 
gaard et al. (1994). The NaOH preserved samples were 
analyzed for ''N labelling and 0, content by mem- 
brane inlet-MS as described by Jensen et al. (1996). 
The samples for 15N in NO3- were measured by mem- 
brane inlet-MS after bacterial reduction of NO3- to N, 
(Jensen et al. 1996). 

Calculations. The rate of denitrification was calcu- 
lated according to the procedures and assumptions of 
Nielsen (1992). The concentration of dissolved N2 in 
air-saturated water was used as an internal standard to 
obtain the areal production rate of single and double 
labelled N2 @I4Nl5N and pI5Nl5N) from the measured 
isotope distribution in N2 from the overlying water and 
the slurry. The denitrification rates were then calcu- 
lated from the areal production rates according to: 

where D,, and D14 are the denitrification rates of ''NO3- 
and ''NO,-, respectively, and D''' is the total rate of 
denitrification in the ''NO3- amended core system. 

The rate of denitrification based on added plus ambi- 
ent nitrate from the overlying water (D,'''), the rate of 
denitrification coupled to nitrification (D,) and the den- 
itrification of ambient nitrate from the water (D,,.) were 
then calculated as: 

" '  X  NO^-]^ D,, = - 
[ ~ 0 3 - ] ,  

where f is the fraction of 15N labelled NO3- in the over- 
lying water, [NO3-], is the nitrate concentration in the 
water phase after 15N03- addition prior to capping the 
cores and [NO3-], is the ambient NO3- concentration 
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(measured in the tank water before preincubation). 
Total unamended denitrification is the sum of D ,  and 
Dn . 

The rate of nitrification not coupled to denitriticatlon, 
but released as NO3' to the overlying water (N,"), was 
measured from the fractional changes in 15N labelling 
of NO3 in the overlying water during incubation, Af 
(adapted from Nishio et al. 1983): 

where [NO3-] is the mean concentration during incu- 
bation, h is the water phase height and A t  the incuba- 
tion time. Total nitrification is the sum of D, and NW. 

RESULTS 

Seasonal study 

The ambient No3- concentration increased from 
near zero in summer and fall 1993 to 65-70 pM in late 
winter/early spring 1994. Ambient NH,' concentra- 
tions varied from near zero found in summer to about 
10 pM in winter (Fig. 2A). The dark O2 uptake in sum- 

Apr Jun Aug Oct Dec Feb Apr Jul 

Fig. 2. Seasonal variation in (A) ambient NO,- (+NO;) and 
NH,' concentration in the water phase and incubation tem- 
perature. (B) dark NH4+ flux (positive values indicate release) 
and (C) dark O2 uptake. Standard error of the mean is indi- 

cated. Only Stn S was included in April 1993 

Apr Jun Aug Ocl Dec Feb Apr Jut 

Fig. 3. Seasonal variation of dark nitrification and denitrifica- 
tion at the 3 stat~ons. N~trificatlon is the sum of D, and N,,, 
whereas denitrification is the sum of D, and D,. Standard 
error of the mean is indicated Only S was included in April 

1993. Note the different scales on the vertical axes 

mer was 2 to 2.5 and 3 to 6.5 mm01 m-' h-' on the sandy 
and muddy sediments, respectively, and decreased to 
below 1 mm01 m-2 h-' in winter (Fig. 2C). At Stn A, the 
NH,+ flux (Fig. 2B) was always directed into the sedi- 
ment (from -6 to -56 pm01 m-2 h-') with lowest uptake 
in winter and spring, except for July 1994 when NH,+ 
was released significantly (56 pm01 m-' h-') .  At M, 
NH4+ was always released from the sediment. Highest 
rates were observed in summer (120 and 650 pm01 m-2 
h-'), whereas the range was 8 to 37 pm01 m-' h-' the 
rest of the year. At S, NH,+ was released from late 
summer to early winter (10 to 65 pm01 m-' h-'), but 
taken up during the rest of the year (from -16 to 
-46 pm01 m-' h-').  For all study periods and stations the 
addition of 30 pM 1 5 ~ 0 3 -  (or higher) in the denitrifica- 
tion incubations did not influence the NH,' flux as 
judged by comparison to parallel unamended ~ncuba-  
tions (E. Kristensen et al. unpubl.). 

The overall pattern of denitrificatlon generally 
showed low rates from summer to early winter for all 
stations (0 to 8 pm01 m-2 h-') when NO3- concentration 
in the overlying water was below 2 pM (Fig. 3).  The 
increasing rates in late winter and spring (maximum 
around 11 pm01 m-2 h-l in sandy sediment and up to 
62 pm01 m-2 h-' at M in April) corresponded to the 
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increasing NO3- concentration in the water phase 
(maximum of 65 to 70 pM in April). Denitrification of 
NO3-from the overlying water (D,) accounted for 60 to 
90 % of the total denitrification during most of the year, 
but during summer, when NO3- was depleted, the con- 
tribution of D ,  was only a few percent. The annual 
mean dark denitrification rate at S, A and M (from 
June 1993 to April 1994) was 4.2, 3.0 and 17 pm01 m-2 
h-', respectively, of which D,, accounted for 75, 69 and 
74 %. 

Nitrification rates ranged from 1 to 17 pm01 m-' h-' at 
S. The rates at A were in the same range except for 1 
high value of 26 pm01 m-2 h-' in June 1993. At the 
muddy Stn M nitrification rates were somewhat 
higher, ranging between 5 and 28 pm01 m-2 h-'. The 
nitrification rates were generally lowest in early winter 
at all 3 stations. At S and M, nitrification showed 2 
maxima, one in spring and one in late summer. At A, 
however, a maximum in nitrification was evident in 
June. The highest rates of coupled nitrification-denitri- 
fication were found in spring (April 1994). The fraction 
of total nitrification which was coupled to denitrifica- 
tion [D,/(N, + D,)] was with few exceptions below 
50%. The lowest values ranging from 1 to 5% were 
found at A in June, S in August and M in October. The 
annual mean rate of dark nitrification at S, A and M 
(June 1993 to April 1994) was 6.1, 8.7 and 16 pm01 m-2 
h-', respectively, of which 17, 11 and 27 % was coupled 
to denitrification. 

Test incubations 

Influence of ''NO3- additions 

The rates of O2 uptake, DIN exchange and denitrifi- 
cation in cores with variable ''NO3- additions showed 
consistent results irrespective of station and season 
(Fig. 4). The presence of the cockle Cerastoderma 
edule at Stn M influenced fluxes and process rates con- 
siderably and forced us to separate cores in this spe- 
cific experiment into those with and those without this 
actively filtrating animal. The 0, uptake was indepen- 
dent of the NO3- concentration whereas the NO3- 
uptake (measured net NO3- uptake plus NW) increased 
linearly with NO3- concentration within the range 
measured. The NH,+ release was generally indepen- 
dent of the NO3- concentration, but positively corre- 
lated with the 0' uptake in the M sediment (r2 > 0.64; 
not shown). An NH,+ uptake was generally observed 
in April except in muddy cores containing C. edule. 

Proportionality between the water phase NO3- con- 
centration and the corresponding denitrification of 
NO3- from the water phase (D,:') is indicated by 
regression lines in Fig. 4. Higher D,:' than expected 

April ( - 6 . 5 " ~ )  July I-zo'c) 
,5 

10 

5 

Fig. 4. Effect of variable I5N-nitrate additions on measured 
dark fluxes of O2 and NH,', NO3- (+NOy) uptake and esti- 
mated D,?' and D,. The test was carried out in a situation of 
low (~0.1 PM, July 1994) and high ambient nitrate (65 to 
71 )AM, April 1994). (0) M'; (0) M-; ( A )  S ;  (m) A; + and - indi- 
cate cores with and without Cerastoderma edule. For O2 and 
NH,+ fluxes the mean values are indicated as horizontal lines 
and for NO3- uptake the free linear regression lines are 
shown. For D,''' the lines for linear regression forced through 
zero as well as the free linear regression lines (dotted) are 
given. For D, the mean values and the free linear regression 
lines (dotted) are given. Positive NH,+ fluxes indicate release 
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were found for the lowest NO3- additions in the M sed- 
iment. Using free linear regression, significant devia- 
tion of the intercept from zero (t-test, a = 0.05; Zar 
1984) was only found in the M sediment without 
Cerastoderma edule in July. Omitting the 2 lowest con- 
centrations from the regression, the intercept was not 
significantly different from zero. The rate of coupled 
nitrification-denitrification (D,) was not significantly 
affected by the added 15N03- regardless of ambient 
NO3-, i.e. significant deviation of the slope from zero 
was not detected. 

Microalgal interference 

T 1  r 11e addition of NG3- in the AA iiiciiGaiions (Table 1; 
Incubation 2) did not affect NH,' and O2 fluxes com- 
pared to the initial unamended incubation (1). In the 
15N03- incubations (2 & 3) the NO3- concentration was 
approximately doubled compared to the unamended 
situation (69 to 76 FM) causing almost a doubling of 
NO3- uptake in the cores with no NH,+ added. Addi- 
tion of NH4+ on the other hand reduced this increased 
NO3- uptake by 20 to 43%. In the I5NO3- incubation 
without NH,' approximately 14 % of the NO3- uptake 

was denitrified in S and A sediment compared to 35 % 
for M sediment. When NH,+ was added, denitnfication 
of NO3- from the water phase was increased by 41 to 
44 % in the S and A sediment and reduced by 13 % in 
the M sediment. About one third of the NO3- taken up 
was then denitrified in all sediment types. At the 2 
sandy sediments, NH,+ additions increased the cou- 
pled nitrification-denitrification significantly, whereas 
at M the effect was insignificant (t-test, a = 0.05). For 
all 3 sediments, the effect of NH4+ addition on N ,  (the 
part of nitrification not coupled to denitrification but 
released as NO3- to the overlying water) was smaller 
than (S, A) or similar to (M) the effect on coupled nitri- 
fication, D,. 

The constant-dark (CD) treatment (Table 2; Incuba- 
tion 3j stowed no significant impact oii C2 iiptake 
compared to the standard 2 h dark preincubated cores 
with NO3- (Incubation 2), but NH,+ release was 
increased and at Stn S, NO3- uptake was decreased. In 
S and Mx sediments, 8 and 22%, respectively, of the 
NO3- uptake was denitrified in the standard 15N03- 
incubation, compared to 27 and 57% when the dark 
preincubation time was prolonged to 4 8  h. Both parts 
of the nitrification (D, and N,,) were increased several- 
fold after the 48 h dark preincubation period. 

Table 1. Effect of adding surplus (500 pM) NH,' on O2 and DIN (dissolved inorganic nitrogen) uptake, nitrification and denitrifi- 
cation In April 94 (AA ~ncubations]. Results for the first incubation (1) are taken from Kristensen et a1 (unpubl.), and the una- 
mended flux cores were used in the other incubatlons (2 and 3) where half of the cores received 500 pM NH,' NO; uptake was 
determined by adding N,v to the measured net NO3- uptake (NW from Incubation 2 was used to correct the measured net NO3- 
uptake in Incubation 1). Stimulation of D,'" is normalized to the same nitrate concentration. Negative sign for NH,' flux denotes 

uptake. Standard error of the mean is indicated 

Station NO3- O2 uptake NH,' flux NO; uptake D,,.'O1 4 N w  

Incubation (PM) (mm01 m-2 h-')  (pm01 m-2 h-') 

S 
(1) Unamended 7 1 1.06 + 0 08 -27 * 2 176 r 25 
(2) ''NO3- 132 1.21 t 0.04 -34 * 2 265 * 20 37 rt 6 3.2 * 0.4 1 0 *  1 
(3) ''NO3- + NH4* 134 1.27 * 0.16 -958 152 * 43 52 i 6 6.1 i 0.7 11 i 2  

Stimulation: -43 %' +41 'Xd +91%" +3%, 

A 
(1) Unamended 
(2) ''NO:,' 
(3) ''NO3- + NHq* 

M 
(1) Unamended 
(2) I5NO3- 
(3) I 5 ~ O 3 -  + NHqf 

Stimulat~on: 

" 187 V/, if compared to the seasonal study 
bSignificant difference (t-test, a = 0.05) 
' a  = 0.10 
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Table 2. Effect of preincubation time in darkness on 0, and DIN uptake, nitriflcatlon and denitrification in June  1993 (CD Incu- 
ba t ion~) .  Results for the first incubation (1) are taken from Kristensen et  al. (unpubl ) A standard 2 h dark preincubation was used 
in the second incubation, whereas in the thlrd incubat~on the cores were preincubated for 48 h in darkness before I5NO; addi- 

tlon Corrected NO1- uptake, st lmulat~on of D,,."", NH,' flux sign and standard error as  in Table 1 

Station NO.1- O2 uptake NH,' flux N O 3  uptake D,,.'"' D" IV, 
Incubation (PM) (mm01 m-' h-') (pm01 m-2 h-') 

S 
(1) Unamended 6.3 2.5 z 0.3 3 3 *  11 40 + 4 
(2) 2 h ''NO3- 4 1 1.9 + 0.1 -43 * 9 147 + 14 12 * 2 0.34 * 0.06 1.4 % 0.7 
(2) 48 h I 5 ~ O 3 ~  39 1.6 + 0.2 152 * 29 70 + 8 19 * 2 0.85 2 0.19 5.6 + 0.5 

Stimulation: -52 +66'l/ob +150%" +307Xd 

Mx 
(1) Unamended 5.3 
(2) 2 h 1 5 ~ 0 3 -  4 3 42 a 6 2.0 i 0.2 10 + 2 
(2) 48 h I5NO; 4 6 101 i 13 11 + 3  59 * 26 

Stimulation: +1250/Ud +453%b +492%b 

dSignificant difference (t-test, a = 0.05) 
"a = 0.10 

DISCUSSION 

Reliability of the methods 

Three basic assumptions have to be satisfied when 
the 'W pairing technique is used for ambient denitrifi- 
cation measurements (Nielsen 1992): (1) the added 
nitrate should not interfere with the denitrification of 
ambient water phase nitrate (D,,,), implying that deni- 
trification of nitrate from the water phase should be 
proportional to the nitrate concentration; (2) the rate of 
coupled nitrification-denitrification (D,) should be 
unaffected by the I5N-nitrate concentration indicating 
an even distribution of the nitrate isotopes in the deni- 
trification zone; and (3) the measured rates should be 
unaffected by the incubation time. 

In the sandy S and A sediments the first and second 
assumptions were fulfilled at 15N-nitrate concentra- 
tions from 5 to 120 pM (Fig. 4).  In the muddy M sedi- 
ment the second assumption was satisfied but the low- 
est 15N-nitrate additions tended to give higher D, 
rates. This could be caused by the pronounced hetero- 
geneity of this muddy sediment. Other studies using 
the same technique on sandy or silty sediments found 
no such effect on D,, (Pelegri et al. 1994, Rysgaard et 
al. 1995, Nielsen & Glud 1996). Since a minimum of 
30 PM 15N-nitrate additions were used in our seasonal 
incubations we therefore assumed a proportionality 
between D,,'"' and the nitrate concentration. 

The thlrd assumption is critical as the present isotope 
pairing technique requires a relatively long time for 
the 15N-nitrate gradient to stabilize within the sedi- 
ment. The same stabilization time (15 rnin) was used 

during all study periods and this time was probably 
somewhat too long In summer and too short in winter. 
However, much longer incubation times were used in 
order to make the effect of the stabilizatlon time small. 
In most of the seasonal incubations presented here, dif- 
ferent durations of incubation were used and the effect 
of time proved insignificant (t-test, a = 0.05). 

The use of the isotope dilution technique in shallow 
areas requires that the measurement of NW, the part of 
nitrification where the produced nitrate is released to 
the water phase, is independent of microphytobenthic 
activity. As the calculation of NW is based on the dilu- 
tion of the water phase ISN-nitrate during incubation, 
algal assimilation of the I4N-nitrate produced by nitri- 
fication before entering the water phase could create a 
serious underestimation of NW. A decrease in algal DIN 
assimilation is therefore expected to stimulate the 
measured NW more than D,,. The ammonium addition 
(AA) and the constant- dark (CD) experiments showed 
that microphytobenthic nitrate uptake only interfered 
to a limited extent with the measurement of N,", 
despite an effect of the microalgae on the overall nitri- 
fication rate. We only observed an effect in the sandy S 
sediment in June which may have been coincidental. 
The low interference from the microalgae on the mea- 
surement of NW was somewhat surprising, since more 
than two thirds of the nitrate uptake in the dark de- 
nitrification incubation was assimilated by the algae 
(Tables 1 & 2). The AA and CD treatments might have 
altered the depth distribution of nitrification in the oxic 
zone as has been shown in experiments with ammo- 
nium addition to dark incubated homogenized sedi- 
ment (Jensen et al. 1993), but this should actually 
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increase the ratio N,,./(N, + D,). A plausible explana- 
tion could be that the microphytobenthic activity was 
restricted to a very narrow surface zone, where the 
concentration of nitrate diffusing from the water col- 
umn was much higher than the concentration of nitrate 
diffusing from a nitrification zone located deeper in the 
oxic zone (Jensen et al. 1993, 1994). 

Previous 15N-nitrate isotope dilution studies using 
continuous flow systems with estuarine diatom-inhab- 
ited sediments in day-night cycles have provided con- 
tradictory results. Thus, Risgaard-Petersen et al. (1993) 
observed a stabilization of the isotope dilution within 
few hours after light was turned off indicating a subse- 
quent stable NW measurement; whereas Rysgaard et 
al. (1993) in a similar sediment found that algal assimi- 
idlion of nitrate continued fc: about 35 h after !ight was 
turned off and more than 10 h was required for N ,  to 
stabilize. Since we have used the same preincubation 
procedure in all our investigations and found no signif- 
icant changes of N,, in our time course incubations, we 
believe that the present measurement of dark nitrifica- 
tion not coupled to denitrification is not seriously 
affected by microphytobenthic activity. 

Seasonal variations of denitrification 

The dominating source of nitrate for dark denitrifica- 
tion was from the water phase at all stations and for 
most of the year. D, follotved largely the water phase 
nitrate concentration (Figs. 2 & 3) with highest rates in 
April 1994. The coupled rate (D,) dominated only dur- 
ing summer when the overlying water was almost 
nitrate depleted. The highest rates of coupled denitrifi- 
cation were, nevertheless, found in spring. Similar 
results have previously been found in other coastal 
sediments (Nielsen et al. 1994, Rysgaard et al. 1995). 
Spring maxima of sediment denitrification at relatively 
low, but increasing, temperatures in near-coastal areas 
(Jnrrgensen & Snrrensen 1985, Jensen et al. 1988) have 
been explained by high water phase nitrate concentra- 
tions combined with progressively lower oxygen pene- 
tration depth (i.e. small diffusion distance for nitrate) 
due to increasing O2 consumption (Jensen et al. 1990). 

Assuming that nitrate is denitrified in a narrow zone 
just underneath the oxic zone and that microphytoben- 
thic assimilation of nitrate or other nitrate-consuming 
processes do not interfere with the flux of nitrate to the 
denitrification zone, Fick's first law can be used to cal- 
culate the denitrification of nitrate from the water 
phase: 

where DNOj is the diffusion coefficient of nitrate in sea- 
water (30%) corrected for temperature (T): DNo3 = 

(9.36 + 0.33 X T) X 10-6 cm2 S - ' ;  t$~ is the mean porosity in 
the oxygen penetration zone Zo, and m = 2 or 3 
depending on the porosity being below or above 0.7 (Li 
8( Gregory 1974, Ullr~idll & Aller 1982, Christcnsen et 
al. 1990). The oxygen penetration depths in the dark 
varied seasonally from 5 to 20 mm at S, and from 0.4 to 
4 mm at M (Bruns et al. 1995); oxygen penetration 
depths were not measured at Stn A. This diffusion- 
based approach has been intensively used and verified 
in previous denitrification studies (Christensen et al. 
1990, Nielsen et al. 1990b, Jensen et  al. 1994, Ris- 
gaard-Petersen et al. 1994, Rysgaard et al. 1994). It 
should be noted, however, that the oxygen penetration 
depths used here were not measured during the same 
incubations or in the same cores as the denitrification 
rates and differences in stirring conditions and general 
core variability could be of importance. Another prob- 
lem in the present study is the low depth resolution of 
the porosity measurement in the upper sediment layer 
(3 mm), since diffusivity may change considerably in 
the upper few millimeters of the sediment (Jensen et 
al. 1994). Despite these considerations, the calculated 
values were generally close to the corresponding mea- 
sured values of D, (Fig. 5). Large deviations were only 
found at S in April 1994, and at M in June 1993 proba- 
bly due to microalgal interference (see Tables 1 & 2). 
There were, however, no indications that assimilation 
by the benthic microalgae severely affected the trans- 
port of nitrate to the denitrification zone at other times, 
even though D ,  only accounted for 13% (range 1 to 
66%) of the total NO3- uptake (i.e. minus measured 
No3-  flux from Fig. 6 plus N,, from Fig. 3) with highest 

D, calculated (pm01 N m-' h-') 

Fig. 5. Measured versus calculated D,,.. Calculated D,,, is 
based on Fick's f~rs t  law uslng measured water phase NO3- 
concentration and dark O2 penetration depths (see text). 
Open symbols: data from the AA experiment (Table 1; Incu- 
bations 2 and 3), where arrows indicate the effect of the am- 
monium addition (the results are normalized to the ambient 

nitrate concentration) 
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Apr Jun Aug Ocl Dec Feb Apr  Jul 

Fig 6 Seasonal vanation In (A) dalk unamended N o 3  
(+NO2-) flux (negative values denotes uptake) and (B) daily 
gross prlmary production (DGPP is O2 product~on in 11ght + 0, 
uptake in dark corrected for length of day) Results a re  
obtained from Kristensen et  a1 (unpubl ) ,  these ~ncubat ions  
were conducted in parallel with the N incubat~ons In Aprll 
and June  1993, NO3- flux was only measured at  Stn S, 
N o 3  flux was not measured at  S in October 1993 and at  A In 

July 1994 

values in winter and in the middle of summer. Micro- 
sensor investigations and model calculations have pre- 
viously shown that competition between NO3- assimi- 
lation in a narrow surface zone and denitrification in 
deeper anoxic zones could be negligible (Nielsen et al. 
1990b). 

The annual mean dark denitrification rate of water 
phase NO3- (D,) increased in the sequence A, S, M 
This was probably due to smaller diffusional distances 
for water phase NO3- to the denitrification zone with 
increasing oxygen uptake (Fig. 2). Similar results were 
obtained from biofilms (Nielsen et  al. 1990a) and 
marine sediments (Jensen et al. 1988, Caffrey et al. 
1993, Sloth et al. 1995) with different organic loadings. 
The difference in mean dark denitrification at  the 3 
stations is probably a result of organic matter content 
and reactivity and thus differences in mineralization 
rate. 

Seasonal variations of nitrification 

Dark nitrification was low in the early winter in all 
sediments probably due to low temperature and low 
mineralization (i.e. low NH,' production). Low nitrifi- 
cation during winter has frequently been observed in 
seasonal investigations of coastal sediments (MacFar- 
lane & Herbert 1984, Seitzinger et  al. 1984), but the 
opposite pattern has also been reported (Hansen et al. 

1981). In all 3 sediments the nitrification increased in 
February, probably as a response to increasing NH,' 
availability, although the NH,' concentration in the 
water column only increased slightly (Fig. 2A). 

A spring maximum in nitnf~cation rate was detected 
in April at M and S whereas nitrification was repressed 
in the middle of summer. Low nitrification rates during 
warm summer months have been explained by a com- 
bination of low oxygen availability, H2S inhibition and 
competition for NH,' (Hansen et al. 1981, Je i lk~ns  & 
Kemp 1984, Seitzinger et  al. 1984, Henriksen & Kemp 
1988, Kemp et al. 1990, Joye & Hollibaugh 1995). In the 
present study, conditions of low oxygen availability 
and presence of H2S could prevail and inhibit nitrifica- 
tion since intense sulfate reduction was observed 
throughout the summer (maximum 2.3 mm01 m-2 h-' at  
Stn M; Ki-istensen et al. 1996) with peak rates close to 
the sediment surface. The sulfate reduction was still 
high in August when a late summer n~aximunl in nitri- 
fication rate was evident at W1 and S, but it was 
observed that maxima in nitrification at these 2 stations 
generally occurred at the time of maxima in daily gross 
primary production, DGPP (Fig. 6) .  Although no corre- 
lation was evident between dark nitrification and dark 
oxygen penetration, the microalgal oxygen production 
during daylight hours may have had a prolonged oxi- 
dizing effect during the night. The correspondence be- 
tween DGPP and nitrification indicates that competi- 
tion for NH,' was of minor importance especially on M,  
where ammonium was always released from the sedi- 
ment (Fig. 2). The NH,' addition expeliment (AA) also 
indicated that microalgal assimilation of NH,' could be 
less inhibitory to nitrification in the muddy M sediment 
than in the sandy S sediment. However, an  inhibition 
of nitrification by the microalgae was indicated in the 
CD incubation in the sandy S sediments during early 
summer (June 1993, July 1994) when the correspon- 
dence between DGPP and nitrification was absent. 

A different pattern of seasonal control of nitrification 
may be present at  Stn A. Thus, in this sediment no rela- 
tionship was evident between nitrification and DGPP 
(Fig. 6). Instead the highest nitrification was found In 
summer (June 1993) when DGPP was relatively low. 
Ammonium was nearly always taken up  by this sedi- 
ment (Fig. 2) and the effect of NH,' addition (AA 
experiment) indicated that the inorganic nitrogen 
availability was more limited at  A than at  S, which 
diminished the role of O2 availability. Nitrification at  
Stn A was probably controlled by competition for 
ammonium with the benthic microalgae combined 
with a positive influence of temperature on both min- 
eralizing and nitrifying bacteria. Similar seasonal 
trends have been found by Nixon et  al. (1976), Seitz- 
inger et  al. (1984) and MacFarlane & Herbert (1984). It 
should be noted that the rates of nitrification presented 
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here may be underestimated, especially at Stn A,  due 
to the absence of deep burrowing Arenicola marina in 
our cores. Previous results from Konigshafen (Hiittel 
1990) have indicated that bioturbation by these ani- 
mals has a stimulat~ng effect on nitrification deep in 
the sediment. 

Coupling of nitrification and denitrification [D,/(N," 
+ D,,)] was generally low, especially during late sum- 
mer or autumn in all sediment types (Fig. 3).  A low cou- 
pling in autumn has been observed from investigations 
in deeper North Sea sediments (Lohse et al. 1993). 
Nitrification during this period may have occurred at 
the very top of the oxic zone, fed by NH,' from miner- 
alization and animal excretion in the aerobic zone. 

The 2 different patterns of seasonal control of nitrifi- 
catior, ir! the 3 sediment types was probablv caused by 
increasing mineralization in the sequence A,  S, M 
(Fig. 2). This is in accordance with the higher organic 
contents of the muddy sediment compared to the 2 
sandy sediments, although a significant difference in 
bulk organic content between the 2 sandy sediments 
was not evident. Similar conclusions were drawn by 
Lohse et al. (1993) from studies of nitrification in sedi- 
ments of the southeastern North Sea. The annual mean 
dark nitrification rate was higher in the muddy M than 
in the sandy sediments. Increased nitrification under 
moderate organic loading have been predicted from 
models (BIackburn 1990, Blackburn & Blackburn 1993) 
and experimentally verified in marine sediment sys- 
tems (Caffrey et al. 1993, Sloth et al. 1995). Another 
controlling factor could be the dependence of nitnfy- 
ing bacteria on surface area (Henriksen & Kemp 1988). 
It seems plausible that the higher mean dark nitrifica- 
tion rate at  the muddy sediment compared to the 2 
sandy sediments was an effect of a higher content of 
organic rlch fine particles combined with higher min- 
eralization rates. 
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