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ABSTRACT. Sediment was sampled from a shallow coastal area (Knebel Vig. Denmark). The vertical 
distribution of pigments, Pb-210 and CS-137 indicated that organic matter was muted into the sediment. 
On an area basis, sediment acid hydrolyzable amino acids accounted for 24 '4, of the particulate organic 
carbon pool and 53":, of the part~culate organlc nitrogen pool. Similarly, porewater acid hydrolyzable 
amino acids were an important component of dissolved organic carbon and dissolved organic nitrogen 
(9 and 27';", respectively). It was inferred that ribonucleic acids potentially were an important compo- 
nent of dissolved organic nitrogen. The estimated efflux of dissolved organic nitrogen from the sedi- 
ment was higher (3.9 mnlol N m-' d-l) than the estimated efflux of dissolved inorganic nitrogen 
( < 2  mm01 N m-' d-l). The high efflux of dissolved organic nitrogen was explained by organic matter 
hydrolysis close to the sediment surface. The low rates of inorganic nitrogen efflux together wlth a high 
carbon oxidation rate suggested degradation of organic matter with a low average nitrogen content 
and possible bacterial nitrogen assimdation. This was further supported by mass balance calculations 
on nitrogen incorporation into microbial biomass. The calculated average C/N ratio in the organic 
matter degraded suggested that only part of the sediment acid hydrolyzable amino acids were avail- 
able for bacterial degradat~on. The efficiency of bacterial carbon incorporation was 0.33 and within the 
range prev~ously encountered in sediments of Danish waters 
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INTRODUCTION 

Shallow water sediments are sites where most 
organic matter mineralization in marine sediments 
takes place ( J~rgensen  1983). Information on mineral- 
ization processes in sediments can be drawn from dif- 
ferent sources: one is from measurements of the efflux 
of mineralization products from the sediment and this 
method has been extensively discussed by Blackburn 
et a1 (1996), another is the geochemical analysis of 
porewaters and sediment solid constituents combined 
with diagenetic modeling (e.g.  Henrichs & Farrington 
1984, Burdige & Martens 1990) and a third source of 
information is direct measures of the rate of break- 

down of specific organic molecules (e .g .  Christensen & 
Blackburn 1980, Lomstein et al. 1989, Sugai & Hen- 
richs 1992). The organic matter pools available for 
microbial degradation in sediments are composites of 
dissolved organic matter (DOM) and are often quanti- 
fied as either dissolved organic carbon (DOC) or dis- 
solved organic nitrogen (DON). These pools are com- 
posed of a suite of known and unknown compounds 
that are generated from bacterial hydrolysis of particu- 
late organic matter and accumulation of intermediate 
products of anaerobic degradation. Due to the lack of 
information on the composition of the DOM pool there 
is also incomplete information on the exact DOM com- 
ponents through which carbon and nitrogen are recy- 
cled. Similarly, there is a lack of information on factors 
regulating recycling and retention of carbon and nitro- 
gen in sediments. 
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The aim of the present study was to obtain detailed 
information on factors controlling organic carbon and 
nitrogen cycling with specific focus on the relation 
between the C/N ratio in the organic matter degraded 
and bacterial nitrogen assimilation. The following 
pools were measured: particulate organic carbon 
(POC), particulate organic nitrogen (PON), sediment 
acid hydrolyzable amino acids (THAA,), DOC, DON, 
porewater acid hydrolyzable amino acids (THAA,,), 
dissolved free amino acids (DFAA), urea and NH,'. 
In addition the rates of urea, alanine and glutamate 
turnover were measured and the total DFAA turnover 
was calculated. Carbon oxidation was measured as the 
XCO, efflux from the sediment to the water column. 
Finally, high resolution porewater profiles (1.5 mm) of 
DOC, DON and NH4+ were used to calculate net diffu- 
sional fluxes of these solutes from the sediment to ben- 
thic primary producers and/or the water column. 

MATERIALS AND METHODS 

Sampling. Sediment was sampled at 4 m water depth 
in Knebel Vig, Denmark, on July 4, 1994, at a station 
with the coordinates 56" 13.69' N, 10" 27.46' E.  Knebel 
Vig is a small embayment (2100 m2) of the east coast of 
Kale Vig. The sediment texture is silty sand and is fur- 
ther described in Christiansen et al. (1981). The bottom 
water temperature was 18.5"C and the salinity 24.3%0. 
Sediment was collected in Plexiglas cores (20 cm, 
3.6 cm i.d.) with a bar-core collector. The sediment was 
stored in the dark and at  the in situ temperature until 
returning to the laboratory (within 1 h). Twenty sedi- 
ment cores were sectioned into 1.5 mm slices withn the 
upper 7.5 mm of the sediment, into 4.5 mm sections in 
the 7.5-16.5 mm depth strata, 10.5 mm sections in the 
16.5-58.5 mm zone and finally into one 30.0 mm sec- 
tion to a final depth of 88.5 mm. The sediment from 
each depth stratum was thoroughly mixed and the head 
space above the sediment was replaced with NZ. 

Sediment characteristics. The following parameters 
were determined: specific density, water content, Pb- 
210 and CS-137 gamma-radiation activities, pigment 
content, POC, PON and THAA,. Sediment characteris- 
tics were measured at the depths described above, 
except that pigments were only measured to a final 
depth of 16.5 mm and THAA, was only measured in 
every second sediment stratum. 

Sediment specific density (g cm-3) was determined 
gravimetrically on triplicate 1 cm3 sediment samples 
and the water content (m1 g-l) was determined as the 
weight loss from fresh sediment dried at  105°C for 
24 h. 

Pb-210 and CS-137 activities were measured on 
dried sediment in a well-type Ge (Li) detector. As there 

was a simultaneous detection of U-decay series, these 
daughter activities (Ra-226, Pb-214, Bi-214) allowed a 
dlrect determination of supported Pb-210 (Pb-21OSup). 

Samples for pigment analysis were prepared in the 
following manner: acetone (Lichro solve, Merck 20) 
was added to 1 cm3 of frozen sediment to a final con- 
centration of 90 % (v/v) in the porewater. The sediment 
was extracted for 72 h at -20°C and in the dark and the 
sediment-acetone extract was gently shaken 3 or 
4 times during extraction. Extracts were filtered 
through a 0.5 pm Teflon micro filtration system (MFS 
03JP050AN) and 300 p1 TBAA was added to 1 m1 ace- 
tone extract. TBAA was 1.5 g tetrabutylammonium 
acetate (Fluka 86849) + 7.7 g ammonium acetate (Flu- 
ka 09689) in 100 m1 Milli-Q water; the TBAA solution 
was adjusted to pH 7.0. Chlorophyll a and b standards 
were obtained from Fluka (Fluka 25730 and 25740, 
respectively). Pigment separations were performed 
using the following instrumentation: Waters 501 
pumps, Waters 715 Ultra Wisp Sample processor, 
Waters 47 0 Scanning fluorescence detector (excitation 
= 430 nm, emission = 630 nm) and a Baseline data 
acquisition program (attenuation = 32, gain = x100). 
Separations were performed on a 25 cm Hypersil 5 Cl8 
column, ODS from Phenomenex. The gradient was a 
modification of that described in Mantoura & 

Llewellyn (1983), as the pigments were obtained by a 
linear gradient elution from 100% A to 100% B in 
20 min, followed by an isocratic hold for 20 min at 
100 % B that was terminated by a 5 min linear gradient 
from 100 % B to 100% A. Eluent A was 80 % methanol 
(Merck 1.06007) + 15% Mill-Q water + 5 %  TBAA 
(v/v) and eluent B was 80% methanol + 20 % acetone 
(v/v). The flow rate was 1.5 ml min-l. 

POC and PON were measured on dried, homoge- 
nized, H2SO3 treated sediment in a Carlo Erba NA 
1500 HCN analyser. 

THAA, was determined on 1 cm3 fresh sediment to 
which there was added 10 m1 6 N HC1. Hydrolysis of 
the sediment sample was carried out at 110°C for 24 h. 
After hydrolysis, samples were adjusted to pH 9.4 with 
6 M NaOH in 0.4 M borate buffer and filtered through 
a 0.2 pm Sartorius filter. The hydrolyzed THAA was 
measured as DFAA by high performance liquid chro- 
matography (HPLC; Waters Chromatographic System) 
of o-phthaldialdehyde-derivatized products (Lindroth 
& Mopper 1979). 

Porewater pools of DON, DOC, THAA,, DFAA, urea 
and NH4+. Porewater was obtained by centrifugation 
(1000 X g for 10 min) and the supernatant was either 
filtered through a 0.2 pm Sartorius filter (DON, DOC, 
THAA,,, and DFAA samples) or was not filtered (NH,') 
and frozen for later analysis. Urea samples were ob- 
tained by addition of 2 m1 artificial seawater to 1 cm" 
sediment in order to obtain sufficient sample for analy- 
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sis. Immediately after the sediment was mixed with 
artificial seawater, ~t was centrifuged for 10 min at 
1000 X g and the supernatant was frozen for later 
analysis. The urea profile was used as the time zero 
concentration for the urea turnover calculations, as the 
urea profile was obtained in parallel to 14C-urea incu- 
bat ion~.  DOC, DON and THAA,,, were determined 
with the depth resolution described above to a total 
depth of 48.0 mm, whereas DFAA, urea and NH4+ were 
determined to a total depth of 88.5 mm. 

Samples for total dissolved nitrogen (TDN = dis- 
solved organic + inorganic nitrogen) and DOC were 
analyzed as NO and CO?, respectively, on a modified 
Antek 7000 system, which in principle was as de- 
scribed in Hansell et al. (1993). An IR detector (Licor 
LI-6252) for CO2 analysis was placed in series before 
the chemiluminescence detector for NO. Halogens 
were removed after the combustion tube by bubbling 
the gas through a solution of AgN03 (5% w/v) and 
H3P04 (10 % v/v). Water vapor was removed in a water 
trap (O°C) and a membrane dryer. The comb.ustion 
tube (quartz) was maintained at 900°C. Before analy- 
sis, samples were acidified by addition of concentrated 
H3P04 to a final pH of 1 and bubbled with ultra-pure 
N2 for 10 min in order to remove inorganic carbon com- 
pounds. The volume of sample analyzed was 50 p1 and 
the concentrations of DOC and TDN were calculated 
from a 5 point calibration curve made on Tris-buffer. 

THAA,, was determined in a similar manner as 
THAA, except that -12 N HC1 was added to the pore- 
water in a 1:l v/v ratio. 

The concentration of DFAA was determined by 
high-performance liquid chromatography as described 
above. 

Urea was determined by the diacetyl monoxime 
method described in Price & Harrison (1987) and NH,+ 
by the salicylate-hypochlorite method described in 
Bower & Holm-Hansen (1980). 

The diffusive flux of DON, DOC and NH4+ were cal- 
d a t e d  by Fick's first law of diffusion after the princi- 
ple described in Ullman & Aller (1982). The diffusion 
coefficients for DON and DOC were from Blackburn & 
Blackburn (1993) and the diffusion coefficient for NH4+ 
was from Li & Gregory (1974). 

Urea and DFAA turnover. The urea turnover rates 
were in principle measured by the tracer method 
described in Lund & Blackburn (1989) with the follow- 
ing modifications: from each sediment depth 1 cm3 of 
homogenized sediment was injected with 2 p1 14C-urea 
(1.67 nCi pl-l, 56 nCi nmol-l; Amersham) in a NZ- 
flushed exetainer and incubated in a time course (0.0, 
0.5 and 1.0 h). Biological activity was stopped and the 
produced 14C02 was fixed by addition of 2 m1 NaOH 
(2.5% w/v) and the sediment-NaOH mixture was 
frozen for later processing for I4C activity. 

Amino acid turnover was measured for the 2 amino 
acids alanine and glutamate at every second depth 
described in the sampling section. Incubation was per- 
formed as follows: ( l )  10 1-11 14C-[U]-amino acid tracer 
was injected into 0.8 cmhedinlent in a NZ-flushed exe- 
tainer (0.95 nCi p1-', 155 nCi nmol-' alanine; 1.72 nCi 
pl-', 266 nCi nmol-' glutamate; Amersham) and incu- 
bated in a time course (0.0, 1.0 and 2.0 h for alanine 
and 0.0, 3.0 and 11.0 h for glutamate); (2) turnover 
activity was stopped by addition of 1 m1 2.5% (w/v) 
NaOH; and (3) the sediment-NaOH suspension was 
thoroughly mixed and frozen for later analysis. 

14C-urea, 14C-alanine and 14C-glutamate were added 
in trace amounts and the final concentrations were 
always 110 % of the respective ambient pools. 

Radioactivity was counted in a Packard 2200 CA Tri- 
Carb Liquid Scintillation analyzer. The urea turnover 
rate was calculated by means of the steady state Model 
I1 described in Lund & Blackburn (1989) and the 
turnover rate of total DFAA was calculated as the aver- 
age turnover rate constant of alanine and glutamate 
times the porewater pool of DFAA. Turnover rate con- 
stants of alanine and glutamate, in the sediment zones 
that were not measured, were obtained from linear 
extrapolation of the respective turnover rate constants 
in sediment zones above and below. These calculated 
turnover rate constants were used to obtain the depth- 
integrated turnover rates. As the alanine and gluta- 
mate turnover rate constants were not measured in the 
58.5-88.5 mm zone, it was assumed that the turnover 
rate constants in the 48.0-58.5 mm zone were repre- 
sentative for the underlying zone. 

Sediment carbon oxidation. The zCOz efflux from 
the sediment to the water column was used as an inte- 
grated measure of sediment carbon oxidation. The 
ZCOz efflux was measured in 5 cores (3.6 cm i.d.). The 
sediment cores were overlaid with bottom water from 
the sampling location and were 'sealed' with a glass 
petri dish without the introduction of air bubbles. The 
water phase was agitated with a magnet, using an 
incubation system similar to that described in Black- 
burn et al. (1988). The 5 cores were incubated in the 
dark at the in situ temperature for 0.7, 2.1, 2.1, 3.8 and 
3.8 h, respectively. The concentration of xCOz was 
determined by flow injection analysis (Hall & Aller 
1992). 

RESULTS 

Sediment characteristics 

Microscopical examination of the sediment surface 
revealed that the benthic primary producers were 
dominated by diatoms and cyanobacteria and there 
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0.0-1.5 20.0 12.8 20 2 7.2 15.4 12.0 1 the sum of the chl a peak and a peak with a 
1.5-3.0 8.9 17.3 14 3 8.2 14.1 12 9 retention time of 10.28 min (results not 

Table 1. Distribution of Pb-210 total, Pb-210 supported (Pb-210,,,.) and There was a decrease in chlorophyll a (chl a )  
CS-137 with sediment depth (n = 3)  and total pigment with sediment depth and 

their contents were reduced to 34 and 30%, 
Depth Pb-210 SD Pb-210,,,, SD CS-137 SD 
(mm) total (':C, of (Bq kg ' 1  (?a of (Bq kg-') ( " b  of 

(Bq kg-') mean) mean) mean) 

were a few of the pelagic diatom Nitzschia longis- 
sima. Visual inspection of sediment cores showed 
that the benthic macrofauna was dominated by small 
polychaetes. SCUBA diving observations of the sedi- 
ment surface showed that Arenicola marina was pre- 
sent. 

Table 1 gives the data of total Pb-210, Pb-210,,, and 
CS-137 versus sediment depth. The total Pb-210 and 
Pb-210,,, activities were of similar magnitude and 
were all <20.7 Bq kg-'. Therefore, it was not possible 
to calculate unsupported Pb-210 values. Standard de- 
viations for the activity determinations varied between 
7.1 and 20.5 % of the means. The activity of CS-137 var- 
ied between 14.0 and 16.9 Bq kg-' within the upper 
-9 mm of the sediment and decreased to 11.5 Bq kg-' 
in the 12.0-16.5 mm zone. The CS-137 activity re- 
mained at 11.0 to 11.5 Bq kg-' throughout most of the 
underlying sediment, but decreased further to 5.5 Bq 
kg-' in the 58.5-88.5 mm zone (Table 1). 

respectively, in the 12.0-16.5 mm depth zone 
compared to the contents in the sediment 
surface (Fig. 1). The total pigment content was 

3 0-4.5 6.2 12.5 17.9 7.1 16.9 9 9 
4.5-6.0 20.7 20.5 18.0 7.7 14.5 12.9 
6.0-7.5 11.1 13.7 13.5 8.5 16.5 10.6 
7.5-12.0 6.2 13.6 12.5 8.6 14.0 12.3 

12.0-16.5 16.6 13.3 10.4 9.8 11.5 16.1 
16.5-27.0 14.2 16.7 8.2 11.3 11.0 17.2 
27 0-37.5 10.1 15.4 5.9 12.8 11.4 14.9 
375-48.0 0.9 13.1 11.8 7.5 11.0 13.5 
48.0-58.5 11.7 16.1 6.2 12.1 11.5 14.8 
58.5-88.5 11.8 15.9 12.6 8.5 5.5 37.4 

Pigments, pg cm-" 

shown). 
There was an almost linear decrease in the 

total contents of POC and PON within the 
upper -14 mm of the sediment from 566 and 
72 pm01 cm-3, respectively, in the surface to 
344 and 41 pm01 cm-3, respectively, in the 
12.0-16.5 mm zone; the POC and PON con- 
tents fluctuated somewhat below this zone 

1 (Fig. 2a, b). There was a slight increase in the 
contents of THAA, carbon (THAA,-C) and 

TH4.4, nitrogen (THAA,-N) within the upper few mm 
of the sediment, where THAA,-C and THAA,-N 
reached a maximum of 161 and 37 pm01 cm-3, respec- 
tively, in the 3.0-4.5 mm zone (Fig. 2a, b). THAA, 
remained almost constant at sediment depths exceed- 
ing 7.5 mm. The molar composition of THAA, did not 
show any consistent trend with sediment depth 
(Fig. 3). Glycine was the most abundant amino acid 
residue of THAA,, followed by aspartate and gluta- 
mate (Fig. 3). Unidentified amino acids (named 
'Others' on Fig. 3) only accounted for 5 to 6% of total 
THAA,. 

The integrated (10.0-88.5 mm) pools of POC, PON, 
THAA,-C, THAA,-N and the unknown POC and PON 
pools are shown in Table 2. THAA, accounted for 24 % 
of the POC pool and 53 % of the PON pool, whereas the 
remaining pools of particulate organic matter (POM) 
were not identified. 

Profiles of the average C/N ratio (m01 mol-l) in the 
total POM pool, the THAA, pool and the unidentified 
POM pool are shown in Fig. 2c. The average C/N 
ratio of the total POM pool increased with depth, from 
7.8 in the sediment surface to 11.5 in the 58.5- 
88.5 mm depth zone, whereas the C/N ratio of the 
THAA, pool remained constant with depth. The aver- 
age C/N ratio in the unidentified POM pool varied 
between 11.1 and 15.7. 

Porewater contents of DOC. DON, THAA,,-C, 
THAA,,-N, D F M - C ,  DFM-N,  urea and NH,' 

Fig. 4a, b gives the profiles of the different dissolved 
carbon and nitrogen pools that were measured. 

- Chlnrophyli a 

so THAA,, was the most important of the identified DOM 

Fig. 1. Dtstnbution of chlorophyll a and total pigment content ComponentS and accou.nted for 9.2% of the integrated 
with depth (CO 0-48.0 mm) DOC pool and 26.8"L of the DON pool 

70 Total pigments 
l I I I I 
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POC, pm01 0-1.5 mm 

Fig. 2.  Vertical distribution of sediment (a) POC, (b) PON and 
(c) molar C/N ratios 
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(Table 2). Glutamate was the dominating protein 
amino acid in the THAA,, pool followed by glycine 
and aspartate (Fig. 3). Unidentified amines (named 
'Others' on Fig. 3) comprised up to 19.4% of the 
THAA,, pool. 

Urea and DFAA were of minor importance for the 
total pools of DOC and DON, as the integrated 
(10-48.0 mm) urea and DFAA pools only accounted 
for 0.1 and 3.9 % of the DOC pool, respectively, and 1.8 
and 10.1 % of the DON pool, respectively (Table 2) .  
Glutamate was the dominating protein amino acid in 

70 

I I THAA, 

- 
J T o t a l  

1 , I l 

Fig. 3. Mol percentages of individual amino acids in sedi- 
ment THAA (THAA,), porewater THAA (THAA,,) and 
DFAA in 3 zones of the sediment. Values from (a) the sur- 
face 0-1.5 mm, (b) the 12.0-16.5 mm zone and ( c )  the 

27.0-37.5 mm zone 

80 
- 0 

the DFAA pool, except in the upper 1.5 mm of the sed- 
iment, followed by glycine and alanine (Fig. 3 ) .  The 
non-protein amino acid taurine and unidentified others 
accounted for 2.8-19.3 % and up to 36.2% (1.5-4.5 mm 
zone, data not shown), respectively, of the DFAA pool 
in the sediment. 
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POC (m01 m-2, 10-88.5 mm) 38.5 
THAA, 9.3 24.2 
Unknown POC 19.2 75.8 

DOC (mmol m-2, 10-48.0 mm) 107.9 
THAA,, 10 0 9.2 
DPAA 4.2 3.9 
Urea 0.1 0.1 
Unknown 93.6 86.8 

PON (m01 m-', 10-88.5 mm) 4.1 
THAA, 2.1 52.5 
Unknown 1 9  47.5 

DON (mmol m'2, 20-48.0 mm) 9.2 
THAAp,v 2.5 26.8 
DFAA 0.9 10.1 
Urea 0.2 1.8 
Unknown DON 5.7 61.2 

x0-88.5 mm rates (mm01 m'2 d-l) 

C oxidation 128.2 
DFAA-C oxidation 39.4 
Estimated RNA oxidation 18.6d 
Unknown C-oxidation 70.2 
N mineralization 14.7' 
DFAA-N turnover 8.5 
Urea-N turnover 3.1 
Deaminat~on 3.1' 

There was a large pool of DOM that was not identified 27.0 mm zone (Fig. 4b). Below this zone there was a 
in the present experiment, which accounted for 86.8% decrease in the concentration of NH,'. 
of the DOC pool and 61.2% of the DON pool (10.0- 
48.0 mm). The C/N ratio of t h ~ s  unidentified pool was on 
an  area basis 16.6 m01 mol-' and decreased from Urea and DFAA turnover and sediment carbon 
37.7 m01 mol-' in the upper 1.5 mm of the sediment to oxidation 
12.0-19.9 m01 mol-' in the sediment below 7.5 mm 
(Fig. 4c). The turnover rate of urea was highest within the 

The concentration of NH,+ increased from 7.2 nmol upper -20 mm of the sediment and decreased from 
cm-3 in the surface to 93.3 nmol cm-3 in the 16.5- 129.6 nmol N cm-3 d-l in the surface to 26.0 nmol N 

cm-3 d-' in the 58.5-88.5 mm depth zone (Fig. 5). The 
total integrated (z0-88.5 mm) urea turnover rate was 

Table 2. Integrated particulate and dissolved organic carbon 3.1 mm01 N m-2 d-' (Table 2) .  The turnover rate of total 
and nitrogen pools and turnover rates. Total pools or rates are DFAA increased from 14.3 nmol N cm-3 d-l in the 

given in bold upper 1.5 mm of the sediment to a maximum of 
131.8 nmol N cm-3 d-' i n the 27.0-37.5 mm zone 

"Carbon mineralization from RNA was calculated based 
on the assumption in footnote b and an average molar 
carbon to nitrogen content in RNA of 3 

'Since RNA and protein are the major nitrogen-contaln- 
mg organic molecules In cells, it was assumed that the 
summed ;urnover of DFAA and w e a  ?!us the assumed 
deamination of RNA accounted for all nitrogen turnover. 
The summed N mineralization thus represented gross 
NH,' mineralization (d) according to Blackburn (1980) 

'The origlnal substrate for urea turnover was assumed to 
be RNA and lJ?(.l  as suggested by Therkildsen et al. 
(1996). Therkildsen et al. (1996) showed that deamination 
of purines dnd pyrimidines took place in parallel to urea 
production. The ratio between deamination and urea 
production from RNA was chosen to be 1, due to the lack 
of information on the actual ratio. See text for further dis- 
cusslon 

Integrated % of total 
pool or rate pool or rate 

Alanine and glutamate turnover activities showed 
subsurface maxima and alanine turnover increased 
from 1.4 nmol cm-3 d-' in the upper 1.5 mm of the sed- 
iment to 18.7 nmol cm-3 d-' in the 27.0-37.5 mm zone. 
Glutamate turnover increased from 0.1 nmol cm-3 d-' 
in the upper 1.5 mm to 10.1 nmol cm-3 d-' in the 
12.0-16.5 mm zone. 

Sediment carbon oxidation was measured as the 
z C 0 2  efflux from the sediment to the water column 
and amounted to 128.0 + 26.8 mm01 m-' d-l (Table 2). 

(Fig. 5). The total integrated (10.0-88.5 mm) rate of 
DFAA turnover was 8.5 mm01 N m-2 d-' (Table 2). 

DISCUSSION 

Source of sediment organic matter and bioturbation 

Most organic matter input to the sediment was from 
pelagic and benthic primary producers. Microscopical 
examination of the sediment surface showed that both 
benthlc and pelagic primary producers were present. 
Further, the presence of chl a within the upper 
16.5 mm indicated a recent input of algal organic 
matter to the sediment. The unidentified pigment peak 
that appeared after 10.28 min in the chromatogram 
was possibly phaeophorbide a .  Hurley (1988) obtained 
phaeophorbide a and chl a after similar retention times 
as the unidentified peak and chl a, respectively, in the 
present investigation. The average C/N ratio (7.8 m01 
mol-l) of the surface POM pool was only slightly ele- 
vated compared to the expected C/N ratio of fresh 
microalgal material (6.6 m01 mol-l). Thus, the low C/N 
ratio in the sediment surface POM indicated that fresh 
microalgal material accounted for a large fraction of 
surface sediment POM. 

The presence of chl a down to 16.5 mm depth 
implied that algal material was mixed into the sedi- 
ment. It is likely that benthic macrofauna was respon- 
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Dissolved organic carbon, nmol cm-" Turnover rate, nmol cm3 d.' 

80 I I I 

+Urea - i -  DFAA-C 4 THAA-C --t D O C  

Dissolved nitrogen, nrnol-N 

80 l , , l 

-...- NH*' pw+ U r e a  - 0- DFAA --c THAA --r-- D 0 N 

C / N  ratio in dissolved organic matter, m01 mol-' 
0 5 10 15 20 25 30 35 40 

80 l I l I , I 
+ DFAA C / N  -t Crea C / N  + Unknown C / N  - THAA C/% + DOC/DON 

Fig. 4. Vertical distribution of (a) DOC. (b) DON and (c) the 
molar C/N ratio of dissolved organic matter 

sible for organic matter mixing into the sediment as 
(1) taurine was distributed throughout the sediment 
(0.0-88.5 mm) and (2) Pb-210 and CS-137 actitivies 
were low and variable throughout the sediment, which 
prevented dating of the sediment. Taurine is usually 
found in invertebrate tissue (Henrichs & Farrington 
1987, Hansen & Blackburn 1995) and may have been 

I - 
C I 

.- .- 

-S 

, I 

>- 
../--- 

--c Urea  
P--\- Total DFAA - Alanine 
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Fig. 5. Vertical distribution of turnover rates of urea, alanine, 
glutamate and total DFAA 

excreted to the surrounding sediment. The presence of 
taurine throughout the sediment indicated that it was 
supplied all through the sediment, as sulfate reducing 
bacteria can use taurine as a substrate (Hansen et al. 
1993) and thus limit the distance of taunne diffusion. 
Arenicola marina was observed at  the sampling local- 
ity during a SCUBA diving inspection of the sediment 
surface. As A. marina is able to mix the upper 20 to 
30 cm of a sediment (Cadee 1976), it may have been 
responsible for the observed sediment mixing. In 
accordance with the present study, Pedersen et al. 
(1995) were not able to identify the peak in nuclear 
weapon testing in 1963 nor the 1987 Chernobyl acci- 
dent in a sediment disturbed by drifting sea-ice. The 
most likely explanation for the lack of typical profiles 
of Pb-210 and CS-137 activity in the present study was 
bioturbation activity. Alternatively, mixing could have 
been due to current or waves, but we find this latter 
explanation less likely, as the sediment was composed 
of silty sand. However, Christiansen et al. (1981) found 
that even though the area with silty sand sediment in 
which we sampled could be considered as an area of 
general deposition, there was no doubt that storm 
events could bring bottom sediment into suspension. 

Composition of sediment POM 

THAA,-C accounted for 20 to 33 % of POC (24 % of 
C0.0-88.5 mm POC) and THAA,-N made up 42 to 63 % 
of PON (53% of CO-88.5 mm PON). For comparison, 
Henrichs & Farrington (1987) found that THAA made 
up 24 to 38 % of sediment PON in surface sediments of 
Buzzards Bay, USA, which were extensively biotur- 
bated. Similarly to the present study, Henrichs & Far- 
rington (1987) did not find any detectable changes in 
THAA composition, as a result of decomposition, with 
depth. The homogenous molar composition of THAA, 
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with depth was possibly d.ue to macrofauna mixing 
organic matter into the sediment with a resultant rela- 
tively uniform age of the organic matter that was 
turned over. Contrary to the present study, Burdige & 
Martens (1990) observed a decrease in the mole per- 
centages of glutamate and a lan~ne  with depth, while 
that of glvcine increased. The sediment in the Burdige 
& Martens (1990) study was not bioturbated and they 
explained the changes in the molar composition of 
THAA as a selective utilization of glutamate and ala- 
nine and a selective preservation of glycine. 

Composition of sediment DOM 

The most important DOM constituent was THAA,,, 
which accounted for 9.2% of DOC and 26.8% of DON 
on an area basis (CO-48.0 mm). Inspection of the molar 
amino acid composition in THAA,, THAA,, and DFAA 
revealed interesting differences in the amino acid 
composition. There was an increase in the mole per- 
centage of non-protein amino acids (P-alanine + tau- 
rine + unidentified others, see Fig. 3) from THAA, 
through THAA,, to DFAA. Similarly, Burdige & Mar- 
tens (1990) found higher mole percentages of many 
non-protein amino acids in DFAA relative to that ob- 
served in sediment THAA. As the sediment in the Bur- 
dige & Martens (1990) study was not bioturbated, they 
suggested that the non-protein amino acids were pro- 
duced as transient intermediates in the mineralization 
of certain protein amino acids and other biologically 
produced nitrogen compounds. Similarly, we suggest 
that the unidentified 'Others' may have been transient 
intermediates as suggested above. 

The present investigation identified 13.2% of the 
DOC pool and 38.8% of the DON pool as THAA,, + 
DFAA + urea (x0-48.0 m.m) of which DFAA and urea 
only accounted for a minor fraction. The average C/N 
ratio of the unidentified DOM pool, which varied 
between 12.0 and 37.7 m01 mol-l, was far too high to 
represent a single dissolved-nitrogen-containing or- 
ganic molecule. Not surprisingly, this implies that the 
unidentified DOM pool was a composite pool that con- 
tained dissolved organic molecules without nitrogen 
together wi th  rliiloyen-containing organic molecu!es. 
Among pure-carbon-containing DOM molecules that 
may have been important in the presen.t study were 
saccharides, fatty acids and alcoh.01~. Fatty acids and 
alcohols are intermediates in anaerobic mineralization 
and they are transferred between the different physio- 
logical types of organisms of the anaerobic detritus 
food chains (Jmgensen 1983). Similarly, the nitrogen- 
containing dissolved organic molecules, which were 
not identified, were likely to have been products of 
hydrolysis and intermediates in anaerobic organic 

matter degradation. RNA may have been of particular 
importance, as this organic molecule is the second 
most important nitrogen-containing organic molecule 
in living cells. A microalgal input to the sed1men.t of 
2.9 g C m ' ,  equivalent to -1 % of annual primary pro- 
duction and typical for shallow Danish waters, would 
roughly supply the sediment with 5 mm01 RNA-N m-'. 
This calculation is based on the RNA content in 
Euglena sp. cells (Smillie & Kratkov 1960), an algal car- 
bon content of 10% of algal dry weight and an average 
molar nitrogen content in RNA of 3. Comparing the 
potential RNA-N input from microalgal cells with the 
unidentified DON pool (5.7 mm01 N m-', CO-48.0 mm), 
it is likely that RNA is an important component of the 
DON pool after a phytoplankton sedimentation event 
and/or during decay of benthic microalgae. 

Turnover of urea and DFAA 

The depth distribution of urea, glutamate, alanine 
and total DFAA turnover activity showed that maxi- 
mum urea turnover activity was spatially separated 
from maximum DFAA turnover activity. This indi- 
cates that the turnover of urea and DFAA were inde- 
pendent processes, which both gave rise to NH,+ pro- 
duction. Therkildsen et al. (1996) showed that urea 
production and turnover were stimulated after the 
addition of AMP (adenosine 5'-monophosphate), 
CMP (cytidine 5'-monophosphate) and RNA (16s 
ribosomal RNA) to an anoxic marine sediment, 
whereas the addition of protein only stimulated NH,' 
production. In addition, Therkildsen et al. (1996) sug- 
gested that intracellular nucleic acids, especially 
RNA, may also contribute to urea production together 
with the turnover of extracellular nucleic acids taken 
up by the bacterial cells. Based on the above informa- 
tion and the estimated potential input of RNA to the 
sediment from microalgal cells, it is probable that 
urea production in the present investigation was 
mainly due to RNA degradation. In parallel to urea 
production from RNA, there is also deamination that 
leads directly to NH,' production (Therkildsen et al. 
1996). Further, it has been shown that the initial step 
in the degradation of both adenine and cytosine is 
deamination (Vogels & Van der Drift 1976, Busse et 
al. 1984, Gottschalk 1986, Kaspari & Busse 1986). 
However, it is not possible to predict the ratio be- 
tween urea production and direct NH4+ production 
from RNA degradation, as this ratio is dependent on 
the functional degradation pathway. Previous investi- 
gations have shown that up to 80% of added AMP-N 
can be degraded through urea (Busse et al. 1984, 
Kaspari & Busse 1986) and Therkildsen et  al. (1996) 
showed that urea turnover accounted for a significant 
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Fig. 6 .  (a) Nitrogen budget and (b) carbon budget for Knebel Vig sediment. Rates are given in mm01 m-' d-l. See text for further 
information 

fraction of net NH,' production in a RNA amended 
anoxic sediment. 

Urea turnover may have been slightly underesti- 
mated within the upper 1.5 mm sediment surface due 
to the anoxic incubation conditions, as A.-G.  U.  Jensen, 
L. S. Hansen & B.  Aa. Lomstein (unpubl.) showed stim- 
ulated urea turnover in the presence of oxygen. We did 
not measure oxygen penetration into the sediment, but 
it is Likely that oxygen was present within the upper 
1.5 mm of the sediment. Further, the turnover of ala- 
nine and glutamate may have been overestimated in 
the upper surface zone of the sediment, due to the 
anoxic incubation, as oxic conditions have been shown 
to reduce alanine and glutamate turnover (Jensen et 
al. unpubl.). The anoxic incubation condition did not, 
however, affect the area integrated urea, alanine and 
glutamate turnover rates, as oxygen penetration into 

the sediment was small compared to the total integra- 
tion depth (88.5 mm) of urea, alanine and glutamate 
turnover activities. 

Nitrogen and carbon cycling in the shallow water 
Knebel Vig sediment: conceptual models 

Further discussion will be related to Fig. 6 and 
Table 2, in which the area integrated measured and 
calculated rates can be seen in relation to each other. 
Integrated (0.0-88.5 mm) gross NH,' production from 
the degradation of organic matter was calculated as 
total DFAA turnover + urea turnover + an  assumed 
direct NH,+ production from deamination of RNA 
(Table 2). The ratio between direct NH,+ production 
and urea-N production from RNA was chosen to be 1, 
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due to the lack of real information on the functional 
degradation pathway of RNA within the sediment. In 
addition, it was assumed that RNA was the only major 
source for urea production (see the discussion above). 
This assumption allowed estimation of carbon oxida- 
tion from other sources than RNA and DFAA. Carbon 
oxidation from unidentified DOC was 70 mm01 C m-2 
d-' and accounted for 55% of total carbon oxidation. 
We used the CC02 efflux from the sediment to draw 
conclusions regarding benthic C oxidation. It is 
believed that this method approximated benthic C oxi- 
dation, as assimilation of CO2 by chemoautotrophic 
bacteria could not have altered the I C 0 2  efflux signif- 
icantly. Previous studies in the same area have shown 
that denitrification of NO3- from nitrification within the 
sediment was low (<0.02 mm01 N m-2 d-l; Sloth et al. 
1996), which indicated that nitrification was also low. 
The carbon flow through methane-producing bacteria 
could probably also be disregarded. 

The calculated diffusive efflux of DON from the sed- 
iment was high (3.9 rnmol N m-2 d-l) compared to the 
calculated efflux of NH,+ (1.0 mm01 N m-' d-l). Black- 
burn et al. (1996) found similar high rates of DON 
efflux from the sediment and low rates of NH4+ efflux 
in a study from Svalbard, Norway. They suggested that 
hydrolysis of organic detritus at the sediment surface 
would lead to a large diffusional loss of DON to the 
overlying water. This explanation may also be valid for 
the present study, except that we do not know to what 
extent DON effluxed to the overlying water or was 
assimilated by benthic microalgae. 

The calculated efflux of NH,+ was low (1.0 mm01 N 
m-2 d-l) compared to NH4+ mineralization (14.7 mm01 
N m-2 d-l). Values for nitrification and denitrification of 
1.0 and 0.5 mm01 N m-' d-l, respectively, were chosen, 
and these values represent maximum values of nitnfi- 
cation and denitrification in shallow Danish sediments 
with low concentrations of NO3- in the overlying water 
(Nielsen pers. comm.). The low DIN efflux from the 
sediment resulted in a very high C/N ratio in the efflux 
products (2C02 efflux/DIN efflux > 64). This high ratio 
implied that the organic matter degraded, on the aver- 
age, was low in nitrogen. Similar results were obtained 
by Blackburn et al. (1996). Data from many other stud- 
ies aiso sugyest high C/N i~ t i o s  of mineralization (see 
Blackburn et al. 1996.). 

The high rate of gross NH4+ mineralization and low 
rates of DIN efflux demand an explanation on what 
happened to the remaining 12.7 mm01 N m-' d-l. Our 
proposal is that this NH,+ was incorporated into micro- 
bial biomass. This suggests that mineralization within 
the sediment was through a closed cycle of alternate 
organic nitrogen degradation and resynthesis, driven 
by carbon oxidation. This explanation is similar to what 
was suggested by Lomstein et al. (1989) in a study from 

the northern Bering shelf (USA) sediment. The resul- 
tant ratio between the suggested bacterial incorpora- 
tion (i) and gross NH4+ production (d) was 0.86 and thus 
within the range of previously obtained i/d ratios (0.33 
to 1.21) from a study on nitrogen cycling in different 
types of sediment from Danish waters (Blackburn & 
Henriksen 1983). Knowledge on the rates of gross 
NH,+ mineralization, NH4+ incorporation, C oxidation 
and the C/N ratio of bacterial cells (mean of 5.0 m01 
mol-'; Fagerbakke et al. 1996) were used to calculate 
the average efficiency of carbon assimilation (E) and 
the average C/N ratio of organic substrate degraded 
(UN,) according to Blackburn (1980); N, was the N/C 
molar ratio of substrate. Finally, E was used to calcu- 
late total carbon degradation (Cd) and carbon Incorpo- 
ration into bacterial cells (C,) by the formulate 
described in Blackburn (1983). The efficiency of car- 
bon incorporation was 0.33 and within the range of 
previously obtained data on carbon incorporation effi- 
ciencies (0.06 to 0.49) obtained from Danish sediments 
(Blackburn & Henriksen 1983). The average C/N ratio 
of organic matter degraded was 13.1, supporting the 
evidence from the C/N ratio in efflux products that the 
organic matter degraded on average was low in nitro- 
gen. This information suggests unexpected character- 
istics of C and N mineralization. Despite the fact that 
the average C/N ratio of sediment POM was relatively 
low (7.8 to 11.3 m01 mol-') and THAA,-N accounted for 
53 % of PON, there were high rates of NH4+ incorpora- 
tion into bacterial cell and a high C/N ratio in efflux 
products. As suggested by Blackburn (1983), the impli- 
cation of this is that bacteria synthesize cell material as 
proteins and nucleic acids with a higher nitrogen con- 
tent than that in the organic matter, which they 
degrade. This further implied that even though THAA, 
accounted for a large fraction of the POM pool and the 
average C/N ratio of THAA, was 4.4, only part of this 
pool was available for bacterial degradation. Total car- 
bon degradation (Cd) amounted to 191 mm01 C m-2 d-' 
and carbon incorporation into bacterial cells (Ci) was 
63 mm01 C m-2 d-' Total POC and PON hydrolysis 
could be calculated as DOC efflux + Cd and DON 
efflux + d, respectively, and were 274 mm01 C m-2 d-' 
and 18.6 mm01 N m-' d-l. The POM input to the sedi- 
ment or the decrease in sediment POM that was neces- 
sary to fuel carbon and nitrogen degradation could 
thus be calculated to have been 21 1 mm01 C m-2 d-' 
and 5.9 mm01 N m-2 d-l, respectively (Fig. 6). 

The calculations made to construct the conceptual 
models on C and N cycling were based on 2 basic 
assumptions: (1) urea-N turnover accounted for 50% of 
all NH4+ production from RNA-degradation and (2) the 
0.0-88.5 mm integrated gross NH,' mineralization 
comprised all N mineralization and could thus be 
directly compared to C mineralization. Two alternative 



Lomstein et al.: Sediment nitrogen and carbon cycling in shallow water 7 9 

Table 3. Summary of gross NH,' mineralization (d), NH4+ incorporation (l), carbon assimilation efficiency (E), carbon degradation 
(Cd), carbon incorporation (C,) and the C/N ratio in the degraded substrate in 3 different examples based on different assump- 
tions on the required integration depth of N mineralization and the importance of urea turnover for NH,+ production from RNA 

(see text for further information) 

dd i d  Ee C2 C? C/N substrateh 
(mm01 N m-' d-l) (mm01 N m" d.') (mmol C m-' d-l) (mm01 C m-2 d-') (m01 mol-l) 

Example 1" 14.7 12.7 0.33 191.3 63.1 13.1 
Example 2b 17.4 15.4 0.38 206.8 78.6 11.6 
Example 3' 12.4 10.4 0.29 180 6 51.8 14.5 

aData obtained and presented in Table 2 and Fig. 7, where it was assumed that all NH4+ mineralization took place within the 
upper 88.5 mm of the sediment and where urea turnover was responsible for 50% of NH4+ mineralization from RNA degrada- 
tion 

bEstimates obtained where it was assumed that all NH,+ mineralization took place within the upper 120 mm of the sediment 
and where urea turnover was responsible for 50% of NH,+ mneralization from RNA degradation (see 'Discussion' for 
description of integration of rates to 120 mm) 

'Estimates obtained where it was assumed that all NH,' mnerahzation took place within the upper 88.5 mm of the sediment 
and where urea turnover was responsible for 80 % of NH,' mineralization from RNA degradation 

dEstimates obtained as explained in the text and in Table 2 
eCalculated according to Blackburn (1980) from the formula C, = i (1  - E) / (E  N,), where C, was the measured rate of carbon 
oxidation, i was NH4+ incorporation and N, was the N/C ratio in bacterial cells that was obtained from Fagerbakke et al. 
(1996) 

'Calculated according to Blackburn (1983), after substitution of E =  C,/Cd into Cd = C, + Ci, where Ewas  the efficiency of car- 
bon assimilation, C, was carbon incorporation into bacterial cells and C, was the measured rate of carbon oxidation 

qcalculated from Blackburn (1983) as Ci  = Cd - CO 
hCalculated according to Blackburn (1980) from the formula N, = E N,d/i, where N, was the N/C ratio in substrate degraded 
and E, N,, d and i were as described above 

calculations of d, 1, E, Cd, C, and substrate C/N were 
made in order to test the validity of these assumptions. 
The results of these alternative calculations are pre- 
sented in Table 3 together with the data that we have 
discussed above. The calculations presented in Table 3 
were based on the following: Example 1 summarizes 
the results presented above; in example 2 it was 
assumed that gross NH,' mineralization should be 
integrated to a total depth in the sediment of 120 mm, 
that the rates in the 58.5-88.5 mm stratum were repre- 
sentative for the 88.5-120 mm sediment stratum and 
that urea-N turnover accounted for 50% of all NH,' 
production from RNA degradation; in example 3 it was 
assumed that urea-N turnover accounted for 80 % of all 
NH,' production from RNA degradation and that an 
0.0-88.5 mm integration of NH,+ mineralization com- 
prised all NH,' mineralization. Thus, examples 2 and 3 
illustrate the effect on calculated i, E, Cd, C, and sub- 
strate C/N, if gross NH,+ mineralization (presented in 
Fig. 6, Table 2 and in Table 3 example 1) was under- 
estimated or overestimated, respectively. The 12 cm 
integration depth chosen in example 2 was based on 
previous studies which have shown that most urea 
turnover and NH,+ production take place within the 
upper 12 to 14 cm of the sediment (e.g. Blackburn & 

Henriksen 1983, Lomstein & Blackburn 1992). 
A 19% increase or decrease in gross NH,' mineral- 

ization (examples 2 and 3, respectively) did not alter 

the overall conclusions in the present case study on 
carbon and nitrogen cycling in a shallow marine sedi- 
ment: sediment mineralization was through a closed 
cycle of alternate organic nitrogen degradation and 
resynthesis, driven by carbon oxidation. The explana- 
tion for this closed cycle was that the organic matter 
degraded was low in nitrogen. 
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