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INTRODUCTION

To counteract marine eutrophication, it is crucial to
know not only the sources but also the sinks of nitro-
gen. In shallow-water sediments, which are recog-
nized as highly productive areas (Underwood &
Kromkamp 1999), bioavailable nitrogen can be re-
moved or retained in 3 ways: (1) bacterial denitrifica-
tion, (2) assimilation by primary producers and (3) bur-
ial of particulate matter. However, actual quantitative
knowledge regarding the balance between these pro-
cesses is still limited, as they have seldom been
assessed simultaneously. The ‘classical’ rule of thumb
that ca 40 to 50% of the N load is removed by denitrifi-
cation in shallow estuaries (Seitzinger 1988) is often
applied for areas differing widely in both environmen-

tal variables and ecosystem structure. Some recent
measurements, however, point to a rather low denitri-
fication capacity of shallow-water sediment systems
(Rysgaard et al. 1995, Dalsgaard 1999), suggesting that
other N-retaining processes, such as incorporation and
retention in primary producers, may be more impor-
tant. 

Traditionally, benthic N cycling in sediments has
been studied in relation to heterotrophic processes,
such as bacterial and faunal activities. However, the
coupling between primary producers and N turnover
in shallow-water sediment areas has begun to gain
more attention (cf. Currin et al. 1996, Pihl et al. 1996,
Viaroli et al. 1996, Risgaard-Petersen & Ottosen 2000).
Among the main primary-producing components in
such areas, sediment-associated microalgae (micro-
phytobenthos) have the widest spatial distribution,
accounting for 50% or more of the primary production
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in shallow estuaries (Underwood & Kromkamp 1999).
Moreover, while the macroscopic primary producers
(seagrasses and floating macroalgae) are, at least in
northern latitudes, restricted to the warm season (Ped-
ersen & Borum 1993, Pihl et al. 1996), the microphyto-
benthos is present throughout the year (Daehnick et al.
1992, Rysgaard et al. 1995, Sundbäck et al. 1996).
Thus, the microphytobenthos can be expected to be a
year-round sink for nitrogen. Besides assimilating inor-
ganic N, and thereby competing with bacteria (Rys-
gaard et al. 1995), microphytobenthic oxygenation of
the sediment affects nitrification and denitrification
rates (Risgaard-Petersen et al. 1994). In microtidal
areas, the importance of the microphytobenthos for N
retention might exceed that in intertidal areas, as the
generally clear water column allows photosynthesis to
occur throughout the daylight period, sometimes down
to a depth of 10 m or more (Sundbäck & Jönsson 1988,
Herndl et al. 1989).

This paper was inspired by the fact that the balance
between algal N assimilation and bacterial denitrifica-
tion in sediments has hardly ever been discussed,
although both processes remove dissolved bioavail-
able N from the system. Denitrification, which removes
nitrogen permanently, is of particular importance in
areas vulnerable to eutrophication, such as nontidal
and microtidal waters in the Baltic Sea area (Nixon
1995). Results from a recent seasonal, European-scale
field study (Dalsgaard 1999) indicated that, in microti-
dal sediments, N-retention by microalgae might be
more important than N removal by denitrification, par-
ticularly in low-nitrate areas in northern latitudes.
However, this tentative conclusion was based on a pre-
liminary comparison of hourly rates. The purpose of
this paper is to obtain a more ecologically relevant
comparison of the balance between algal N assimila-
tion and denitrification by considering these 2 pro-
cesses on a longer time scale (days, months, year). The
balance estimations are based on recalculations of data
from an annual study (Sundbäck et al. 2000) at 2 sites
with differing sediment characteristics, 1 sandy and
1 silty, on the Swedish west coast. 

MATERIAL AND METHODS 

Study sites. The study was conducted in 2 shallow
brackish-water bays (salinity range 18 to 34) on the
west coast of Sweden, at the transition between the
Kattegat and Skagerrak, an area where the tidal am-
plitude is only 10 to 20 cm. Two sites (Vallda 57°29’ N,
11°56’ E, and Rörtången 57°55’ N, 11°46’ E) were stud-
ied; Vallda is dominated by silty sand and Rörtången
by sandy silt, and the mean loss on ignition (2 h at
500°C) is 1.4 and 4.9%, respectively. Mean water

depth at the sampling sites was 0.2 and 0.5 m, respec-
tively. Oxygen penetration into the sediment was gen-
erally greater at the sandier site (3.2 mm ± SE 0.3) than
at the silty site (1.6 mm ± SE 0.1). Over the annual cy-
cle, water temperature varied between –1 and 30°C.
During the period November to April water tempera-
tures were below 10°C, with both sites being covered
by ice during January to March. 

Both study sites are characterized by low values of
inorganic nitrogen, maximum winter values of NO3

(including NO2) being 6 µM at Vallda and 30 µM at
Rörtången (Sundbäck et al. 2000). Summer concentra-
tions were generally <1 µM at both sites. Mean
monthly NH4 concentrations varied between 0.5 and
3.6 µM at Vallda and between 0.2 and 6.2 µM at
Rörtången during the warm season. 

Sampling. The sampling design was hierarchical, i.e.
at both sites (50 km apart), 2 stations (50 m apart) were
sampled: Stns A and B at Vallda and Stns C and D at
Rörtången. Samples were taken once per month, on 11
occasions (12 for chlorophyll a [chl a] and oxygen flux)
between February 1997 and February 1998. On each
occasion 2 types of sediment cores were taken: (1) cores
(i.d. 8 cm, 24 cm long) for measurements of oxygen and
nutrient flux, denitrification rates, chl a content, and
macrofauna (n = 3 per station), and (2) cores (i.d. 6.7 cm,
10 cm long) for oxygen penetration and sediment char-
acteristics (n = 3 per station). 

Incubation procedure. Intercalibrated, standardised
techniques were applied to all incubations and ana-
lyses (Dalsgaard et al. 2000). Intact sediment cores
were incubated in the laboratory under light and dark
conditions, at in situ temperature in site water. 

For measurements of oxygen and nutrient fluxes,
and rates of denitrification, the intact sediment cores
(i.d. 8 cm, 12 cm sediment + 12 cm overlying water)
were incubated in tanks containing ca 70 l of unfiltered
water from the respective site. The tank water was
continuously circulated (20 l min–1) and water in the
cores was continuously stirred by Teflon-coated mag-
nets (6 cm above the sediment surface, turning rate of
60 to 70 rpm). This ensured thorough mixing of the
water column without causing sediment resuspension.
The cores were left overnight without lids to settle and
fluxes were measured the following day. Before incu-
bations were started, cores were pre-incubated at the
experimental irradiance level for 1 h and the headwa-
ter in the cores exchanged. Three cores from each sta-
tion, together with 1 or 2 cores with overlying water
only (used for blank correction), were incubated. Light
was provided by individual 25 or 50 W halogen bulbs
over each core with incubations being run over the
natural daylight period. The light intensity used repre-
sented the daily mean for that month (values from the
Danish Institute of Agricultural Sciences, Research
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Center Foulum, Denmark) and varied between 86 and
618 µmol photons m–2 s–1. Incubation time was set so
that changes in oxygen concentration within the cores
did not exceed 20%.

Light and dark fluxes of nutrients and oxygen were
measured on the same cores, and following the incu-
bation, each core was sampled for chl a and sieved for
macrofauna (500 µm mesh size). Denitrification mea-
surements were carried out on separate cores and light
and dark measurements were not paired as cores were
slurried at the end of the incubation period. Inorganic
nitrogen (NO3+NO2 and NH4) was analysed on a
TRAACS 800 autoanalyser (Braun & Lubbe) using
standard colorimetric methods (Grasshoff et al. 1983). 

Primary productivity, biomass and N assimilation of
microphytobenthos. Microphytobenthic primary pro-
ductivity was calculated from oxygen flux measure-
ments (Winkler titration; Strickland & Parsons 1972).
Oxygen flux in the light was used as a measure of net
production (NP), and gross production (GP) was calcu-
lated as the sum of NP and community respiration (CR)
in the dark. For practical reasons, it was assumed that
CR in the light equalled respiration in the dark (see
‘Discussion: Methods’). For conversion to carbon pro-
duced, a photosynthetic quotient of 1.2 was assumed
(Wetzel & Likens 1991). As the irradiance used for the
incubations represented a daily mean of the light hours
of each month, daily values of primary production
were calculated from hourly values by multiplying by
the number of daylight hours. Annual primary produc-
tivity was calculated by multiplying the daily rate for
each month by the number of days in each month and
summing up to one year. Values for January 1998 were
calculated as a mean of the measured values for Dec-
ember 1997 and February 1998. 

The benthic microalgal biomass in the top 5 mm of
sediment was measured as amount of chl a. Samples
for chl a were taken from the flux cores at the end of
the incubation period, using a 20 ml cut-off disposable
syringe. Pigment concentration was measured spec-
trophotometrically (Lorenzen 1967) in frozen samples
after extraction with 90% acetone. 

N assimilation by the microphytobenthos was calcu-
lated from daily primary production values (NP and
GP), assuming a C/N molar ratio of 9 (see ‘Discussion:
Methods’ for justification of this ratio). Retention of N
in the biomass was calculated from chl a values assum-
ing a mean C/chl a ratio of 30 (de Jonge 1980, Sund-
bäck et al. 2000).

Denitrification. Sediment denitrification was mea-
sured, in light and dark, using the isotope pairing tech-
nique (Nielsen 1992). Although this method discrimi-
nates between denitrification supported by NO3 in the
water column (Dw) and nitrification-coupled denitrifi-
cation (Dn), for the purpose of this study only total

denitrification rates (Dtot) will be considered. 15NO3

(100 mM Na15NO3, 99.6 at. %, Europa Scientific Ltd)
was added to the headspace water to a final concentra-
tion of ca. 60 µM 15NO3 (ca. 90%15NO3). The NO3 con-
centration was measured prior to and following the
addition of 15NO3, in order to calculate the 14N/15N
ratio in the NO3 pool. The depth of the oxic zone in the
sediment was measured using oxygen microelectrodes
(Revsbech 1989) in order to calculate the optimal incu-
bation time. For extraction of the N2 samples, 2 ml
ZnCl2 (1 g ml–1) was added to the water phase and then
the sediment and water were gently but quickly
mixed. A sample of the slurry was transferred to a
12.5 ml gas-tight vial and a further 250 µl of ZnCl2 was
added. The isotope ratio of N2 was analysed by mass
spectrometry at the National Environmental Research
Agency, Silkeborg, Denmark. Daily rates of total deni-
trification (Dtot = Dw + Dn) were calculated by multiply-
ing the hourly rate in light with the number of daylight
hours and the hourly rate in the dark by the number of
dark hours. Annual denitrification was calculated in
the same way as annual primary production.

Data analyses. Differences between sites and sta-
tions were tested using 2-way ANOVA (unnested and
nested), with place and time as main factors. Homo-
geneity of variances was tested using Cochran’s test,
and when variances were found to be heterogeneous,
the data were transformed according to Underwood
(1997). Differences were accepted as significant at p <
0.05. Daily values of denitrification could not be tested,
as light and dark measurements were not paired. Pear-
son correlation analyses were used to look for correla-
tions between variables.

RESULTS

Algal biomass and primary productivity

Mean chl a concentrations varied between 16 and
106 mg m–2 (equivalent to 480–3150 mg C m–2, apply-
ing a mean C/chl a ratio of 30) (Fig. 1A). Concentrations
were generally higher (2-way ANOVA, site × time in-
teraction, p = 0.018) at Vallda (sandy) than Rörtången
(silty). The mean daily net primary productivity (NP)
varied between 0 and 764 mg C m–2 d–1, with peak val-
ues from June to September (Vallda) and June to Octo-
ber (Rörtången) (Fig. 1B). Corresponding daily gross
productivity (GP) varied between 5 and 1547 mg C m–2

d–1 (not shown). The sandy site showed NP throughout
the year, while the silty site showed net oxygen con-
sumption in winter and occasionally in spring and early
autumn (1 station only). There was no significant differ-
ence in NP between the 2 sites. However, a difference
between stations was found at Rörtången, with NP at
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Stn C being occasionally significantly lower than at
Stn D [time × station (site)] (p = 0.0001) (Fig. 1B). 

Annual NP was 7 to 7.5 mol C m–2 yr–1 (or 84.5 to
89.8 g C m–2 yr–1) for the 2 sandy stations (Stns A

and B), and 2.6 and 8.7 mol C m–2 yr–1 (or
31.7 and 104.1 g C m–2 yr–1) for the 2 silty
stations (Stns C and D), respectively
(Table 1). Corresponding GP rates were
approximately twice as high (Table 1).

Nitrogen assimilation and retention by 
microphytobenthos

As rates of N assimilation are based on
net primary productivity (ANP), they show
the same annual pattern as primary pro-
ductivity, with values ranging from 0 to
7060 µmol N m–2 d–1 (Fig. 2A). On an
annual scale, the ANP ranged from 294 to
964 mmol N m–2 yr–1; if calculated from
GP, the values are approximately doubled
(Table 1). Comparing daily ANP values
(Fig. 2A) with the calculated light-related
inorganic nitrogen (IN) uptake per day
(0 to 1560 µmol m–2 d–1) (Fig. 2B) shows
that the N demand far exceeds the actual
measured daily uptake of IN. Light-
related IN uptake was calculated as the
difference between a 24 h dark flux (= 24 ×
hourly dark flux rates) and daily IN flux
[= (number of daylight hours × the hourly
rate in light) + (number of dark hours ×
hourly rate in the dark)]. Calculated N
assimilation showed a significant positive
correlation with light-related IN uptake
for the sandy site (p < 0.01), but not for the
silty site (Fig. 3).

The magnitude of N retained in the
microalgal biomass on an annual basis
can be estimated from the annual mean
concentrations of sediment chl a, assum-
ing a C/chl a ratio of 30 and a C/N molar

ratio of 9 (see ‘Material and methods’ and ‘Discussion;
Methods’). The mean annual estimate of N retention
in microalgal biomass was ca 16 mmol N m–2

for Vallda and 8 to 10 mmol N m–2 for Rörtången
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Stn GP NP AGP ANP Nbio Dtot AGP/Dtot ANP/Dtot

Vallda A (sand) 11.8 7.0 1306 783 15.8 12.1 107.9 64.71
Vallda B (sand) 13.3 7.5 1472 832 16.2 11.1 132.6 74.31
Rörtången C (silt) 6.6 2.6 739 294 18.1 105.21 117.0 2.8
Rörtången D (silt) 16.4 8.7 1822 964 10.5 144.41 112.6 6.7

Table 1. Annual gross (GP), net primary productivity (NP), calculated annual N assimilation of microphytobenthos based on GP
(AGP) and NP (ANP), mean annual retention of N in microalgal biomass (Nbio), total denitrification (Dtot) and the ratios AGP/Dtot and
ANP/Dtot. Algal nitrogen assimilation and retention is based on a C/N ratio of 9. GP and NP are expressed as mol C m–2 yr–1; all 

other values are expressed as mmol N m–2 yr–1

Fig. 1. (A) Annual variation of chlorophyll a in the top 5 mm of sediment and
(B) daily net primary production of microphytobenthos for the 4 stations. 

Means of 3 replicates + SE are shown
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(Table 1). Comparing these values with the annual
ANP gives a turnover time of algal N within the range
of 4 to 10 d, with the highest turnover found for the
silty Stn D. If compared with AGP, the calculated
turnover rates are 2 to 4 d.

Denitrification

Total denitrification (Dtot) was generally an order
of magnitude higher at the silty site (2.7 to 1361 µmol
m–2 d–1) compared with the sandy site (0.4 to

124 µmol m–2 d–1) (Fig. 2A, lines). At the
sandy site, the highest denitrification rates
were found in autumn, while at the silty sta-
tions the pattern was more erratic, although
there was a tendency for higher rates in
spring, but peak rates were also measured
in September and July. Daily denitrification
was significantly correlated with the NO3

concentration in the overlying water for the
sandy site (r = 0.643, p < 0.001), but not for
the silty site.

Balance between algal assimilation and
retention and denitrification

Algal retention and denitrification can be
compared in 2 ways, either by comparing
rates on different time scales or by comparing
the amount of N lost through denitrification
with the actual retention in the algal standing
stock over a period of time, e.g. over 1 yr. The
latter approach is probably a severe underes-
timation, as N assimilated by algae during the
year is transferred to heterotrophic biomass
and buried, as well as recirculated within the
system. 

At the sandy site, ANP exceeded Dtot

throughout the year by approximately 2 ord-
ers of magnitude, with the exception of the
low-productivity period November-Decem-
ber (Fig. 2, Table 2). At the silty site, the
ANP/Dtot ratios were significantly lower than
in the sandy sediment, and denitrification
occasionally exceeded assimilation (Table 2).
At Vallda, there was a clear seasonal pattern,
with highest assimilation/dentrification ratios
being found in summer. At Rörtången, the
temporal pattern was more erratic, although
the highest assimilation/ dentrification ratios
were found during the warm season. On an
annual scale, calculated ANP exceeded deni-
trification at both sites (Table 1). For the

sandy stations, the annual ANP/Dtot ratio was 65 to 74
(AGP/Dtot approximately double), while the corre-
sponding values for the 2 silty stations were 2.8 and 6.7
(AGP/Dtot = 7 to 12.6), suggesting a more balanced rela-
tionship between assimilation and denitrification
(Table 1). 

When comparing the amount of N retained in the
mean annual algal biomass (Nbio) with Dtot, it appears
that for the sandy site, these 2 sinks are more or less
equal, while for the silty site the amount of N removed
during the year exceeds the ‘standing’ pool retained in
the algal biomass (Table 1). 
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Fig. 2. (A) Calculated microphytobenthic N assimilation (bars) based on
net primary productivity (C/N = 9) and measured total denitrification
(line) and (B) light-related daily inorganic nitrogen (IN) flux (24 h dark
flux – daily light/dark flux) for the 4 stations. Means of 3 replicates + SE
are shown. No measure of variation is shown for daily denitrification, as
light and dark measurements were not paired. Note that axis scales for 

denitrification differ between Vallda and Rörtången
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DISCUSSION

Methods

The fact that the incubations were made in the lab-
oratory, and not in situ, could perhaps be considered
a weakness in this study, although this is a widely
adopted approach for studies of sediment fluxes.
Nielsen & Glud (1996), who compared denitrification
measurements in benthic chambers in situ and in cores
in the laboratory, found no significant differences in
results from the 2 methods. The advantages of con-
trolled laboratory incubations, in approximate in situ
conditions, are that the risk of failure is minimized and
the effect of stochastic events removed. Using a
monthly mean light level also minimized the effect of
stochastic weather changes, particularly as only 1
incubation series was run per month. A strength of our
study is that our conclusions are based on more than
600 core incubations covering a full
seasonal cycle. 

In order to calculate algal N incorpo-
ration, some general assumptions had
to be adopted. Nitrogen assimilation
was estimated indirectly from daily pri-
mary production assuming a close link
between C and N assimilation. Al-
though this approach can be criticized,
as the C/N ratio is known to vary
greatly (Hillebrand & Sommer 1997),
the Redfield C/N ratio of 6.6 has been
frequently used to estimate N demand
of plankton systems. Instead of the
Redfield ratio, we used a ratio of 9. To
our knowledge there are no published
C/N ratios of natural marine microalgal
communities from sediments, but stud-
ies on cultured benthic diatoms and pe-
riphyton suggest C/N ratios within the

range of 7–11, with a mean close to 9–10
(Brzezinski 1985, Hillebrand & Sommer
1997, Kahlert 1998). We chose 9, as this
agrees with our own values for sediment
microphytobenthos from the Kattegat
area (Miles et al. unpubl.), and with the
mean ratio for epilithic microalgal commu-
nities from the western Baltic Sea (Hille-
brand & Sommer 1997), as well as that of
freshwater periphyton (Kahlert 1998).

For practical reasons, oxygen consump-
tion in dark and light was assumed to be
equal, although this has been shown not to
be the case (e.g. Kühl et al. 1996). However,
the result of this assumption is that we un-
derestimate rates of GP. As we aimed at a

rough conservative estimate of N assimilation, relying on
NP, this assumption should not bias our conclusions.

Microphytobenthic demand and retention 
of nitrogen

The results suggest that, in microtidal shallow-water
sediment systems, the microphytobenthos can function
as a nitrogen sink throughout the majority of the year.
Chl a concentrations, backed up by cell counts made
using epifluorescence microscopy (Sundbäck et al.
2000), showed that a vital biomass was present
throughout the year. Similarly, oxygen fluxes showed
that NP occurred throughout the annual cycle at the
sandy site, and during the majority of the year at the
silty site, although highest NP occurred during the
summer and early autumn. Some of the highest chl a
concentrations were in fact found in winter and early
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Month Vallda A Vallda B Rörtången C Rörtången D
(sand) (sand) (silt) (silt)

ANP/Dtot ANP/Dtot ANP/Dtot ANP/Dtot

Mar 98 364 0.4 2.1
Apr 26 184 A << D 3.7
May 58 71 1.2 A << D
Jun A >> D A >> D 29 132
Jul 378 153 23 8.3
Aug 234 A >> D A >> D 32
Sep 85 110 A >> D 5.2
Oct 13.5 14 58 47
Nov 4.5 9 A >> D A >> D
Dec 5.2 6 0.2 A >> D
Feb 24.6 17.5 0.9 A >> D

Table 2. Ratios between mean monthly rates of algal N assimilation (calculated
from net primary productivity assuming a C/N ratio of 9) and total denitrification
(ANP/Dtot) for the 4 stations. A >> D indicates ratios >1000 and A >> D indicates 

no NP. Ratios are based on daily rates (µmol N m–2 d–1)

Fig 3. Correlation between calculated N assimilation by microphytobenthos
and light-related daily IN uptake (24 h dark flux – daily light/dark flux) for 

Vallda (sand) and Rörtången (silt)
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spring at the sandy site. This might be explained by a
low grazing pressure, particularly by mud snails
Hydrobia spp., the numbers of which increase later in
the year. Hydrobia are considered to be important
grazers of microphytobenthos (Asmus & Asmus 1985,
Duarte & Cebrián 1996). Our own preliminary grazing
measurements applying in situ 14C-labelling (see
Montagna 1993) also suggest a considerable grazing
pressure by H. ulvae (Sundbäck & Grudemo unpubl.).

The fact that the microphytobenthic biomass was
present throughout the year implies that there was a
constant pool of N bound to this biomass, although the
activity of the biomass was lower during the cold sea-
son. An effect of light on IN flux was seen all year
round, with a few exceptions for the silty site (Fig. 2B).
This agrees with the results of others (Rizzo 1990,
Sundbäck et al. 1991, Asmus et al. 1998, Thornton et
al. 1999 and references therein). That this effect was a
result of algal activity was corroborated by a highly
significant correlation between daily NP and light-
related IN uptake in the sandy sediment (Fig. 3). How-
ever, this relationship was less clear at the silty site,
which may be related to a less N-limited situation. 

Even if algal N assimilation based on NP is an under-
estimation, it shows that assimilation rates far exceed the
measured light-related net uptake of IN at both sites
(Fig. 2). This suggests that sediment pore water must be
a substantial N source for the algae (cf. Nilsson & Sund-
bäck 1991, Nilsson et al. 1991, Flothmann & Werner
1992). It is interesting to note that substantial microphy-
tobenthic NP occurred even though nutrient concentra-
tions in the overlying water were close to the detection
limit. This implies that a rapid recirculation of nutrients

is important in these systems. This assumption agrees
with the findings by Lomstein et al. (1998), who studied
the remineralisation processes in a similar sandy sedi-
ment colonized by benthic microphytes in the Kattegat.
They found that the mineralisation rate of NH4 was an
order of magnitude higher than the actual sediment ef-
flux of NH4 and proposed that this discrepancy is caused
by uptake by microorganisms at the sediment surface.
They also concluded that sediment mineralization was
through a closed cycle of alternate organic N degrada-
tion and resynthesis driven by carbon oxidation and that
this pattern was typical of low-N areas. This fits particu-
larly well with the situation at our sandy site, where ‘old
production’ (in the sense of Dudgale & Goering 1967) ap-
peared to dominate during most of the year. 

Balance between N-assimilation and denitrification

While biomass and primary productivity differed
only in the temporal pattern between the sandy and
silty site, denitrification varied by an order of magni-
tude, being higher at the silty site. This difference was
consequently manifested in the different assimila-
tion/denitrification ratios (Tables 1 & 2). At the sandy
site, algal assimilation always far exceeded the rates of
denitrification. The observed low denitrification values
(mostly < 100 µmol m–2 d–1), however, agree well with
rates found for similar littoral sediments in the Gulf of
Riga, SE Baltic Sea (Sundbäck et al. 1998), measured
by the same method (see also Table 3, but note that
hourly rates are given). The maximum denitrification
rates for Danish sediments with low concentrations of
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Site Sediment Depth (m) ANP Dtot ANP/Dtot Source

Kertinge Fjord, Belt Seaa Sand 0.5 108 34 3.2 Rysgaard et al. (1995) (Figs. 2 & 4)
Skive Fjord, Limfjordenb Silt 5.5 256 25 10.2 Dalsgaard et al. (1999)
Saaremaa, NW Gulf of Rigac Sand 0.2 134 6.6 20.3 Sundbäck et al. (1998)

Sand 0.5 74 5.6 13.2 Sundbäck et al. (1998)
Saukrasti, E Gulf of Rigac Sand 1 74 3.3 22.4 Sundbäck et al. (1998)

Sand 3 50 5.9 8.5 Sundbäck et al. (1998)
Sand 5 4.3 2.8 1.5 Sundbäck et al. (1998)

Vallda, NE Kattegatd Sand 0.5 124 1.6 79 Sundbäck et al. (2000)
Rörtången, NE Kattegatd Silt 0.5 129 20.5 6.3 Sundbäck et al. (2000)
aValues included for the periods February to April and October-November, incubation in the laboratory at 70 to 120 µmol pho-
tons m–2 s–1

bValues included for the period May to November, incubation in the laboratory at 75 to 100 µmol photons m–2 s–1

cValues included for May, August, September, incubation in situ
dValues included for the period March 1997 to February 1998, incubation in the laboratory at 120 to 620 µmol photons m–2 s–1

Table 3. Average hourly values for microphytobenthic N assimilation (ANP), calculated from net primary productivity (photosyn-
thetic quotient = 1.2, C/N = 9), and rates for total denitrification in the dark (Dtot) and their ratio for sediment from 6 brackish-
water sites in the Baltic Sea area. Ratios have been calculated only for sampling occasions when a net primary productivity was
found. Denitrification has been measured by the isotope-pairing technique (Nielsen 1992). Net primary productivity (NP) was
measured as net O2 flux in light, except for the Gulf of Riga, where an in situ 14C-percolation technique was used (Jönsson 1991). 

Values for ANP and Dtot are expressed as µmol N m–2 h–1
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NO3 have been found to be ca 500 µmol m–2 d–1 (L.-P.
Nielsen pers. comm. cited in Lomstein et al. 1998). A
significant positive correlation with the NO3 concentra-
tion in the overlying water and a significant negative
correlation with NP suggest that microalgae compete
with bacteria for most of the year (cf. Rysgaard et al.
1995). Apparently, photoautotrophs outcompete deni-
trification bacteria in this type of sandy sediment, with
deep O2 penetration and low nitrogen availability. This
conclusion is also supported by the fact that light gen-
erally had a significant negative effect on hourly deni-
trification rates (Sundbäck et al. 2000). It appears then
that, when compared with microalgal N turnover, den-
itrification plays a minor role in N removal in sandy
microtidal sediments, at least in the shallowest waters. 

For the silty sediment, the ANP/Dtot ratios were
approximately an order of magnitude lower than for
the sandy sediment, and occasionally denitrification
rates even exceeded calculated N-assimilation rates
(Table 2). On an annual scale, ANP still exceeded Dtot

(Table 1). Higher denitrification rates in finer sedi-
ments have also been found by others (Jensen et al.
1996, Nowicki et al. 1997), and can be explained by a
better availability of carbon and nitrogen for denitri-
fiers, as well as by a shallower O2 penetration than in
sandy sediment. The lack of an overall correlation be-
tween NP and light-related IN uptake (Fig. 3) suggests
that N limitation was less important at this silty site. 

The mean amount of N retained in the microalgal
biomass (calculated from chl a) was ca 8 to 16 mmol N
m–2 yr–1 (Table 1). Still, for the sandy site, algal reten-
tion was ca 1.5 times greater than denitrification on an
annual scale. For the silty site, Dtot on the other hand
was ca 13 times higher than the amount of N bound to
biomass, further demonstrating the greater importance
of denitrification at the silty site. However, as pointed
out earlier, mean annual standing stock is an under-
estimation of N retention, as no attention is paid to the
fact that N is both moved further in the food web and
buried in the sediment. According to the compilation
by Duarte & Cebrián (1996), ca 43% of the microphy-
tobenthic NP goes to grazers and 25% is buried.
Although denitrification was generally 10 times more
important in the silty sediment than the sandy sedi-
ment, microphytobenthic assimilation still appeared to
be the dominating process decreasing bioavailable N
on an annual scale in both systems (Table 1). 

Table 3 compiles measured hourly rates of Dtot in
darkness (measured by the isotope-pairing technique),
calculated ANP and their ratio for some shallow-water
microtidal sediments from the south and western Baltic
Sea area. Although light has been shown to affect den-
itrification (Risgaard-Petersen et al. 1994, Rysgaard et
al. 1995, Currin et al. 1996), Dtot in darkness was cho-
sen here, as light rates were not measured in all stud-

ies. With the exception of a low value at a deeper site
in the Gulf of Riga, calculated ANP values only differ by
a factor of ca 2. Dtot values were roughly within the
range of 2 to 30 µmol N m–2 h–1 and 1 to 2 orders of
magnitude lower than the calculated ANP. Even if the
material is limited, and incubation methods vary, the
comparison supports the hypothesis that microalgal
assimilation exceeds denitrification in northern shal-
low-water (<5 m) microtidal sediments. 

The general pattern that emerged from this study
was that shallow-water microtidal sediments are char-
acterised by substantial microalgal N assimilation and
low denitrification rates. Denitrification is known to be
controlled by several microbe-level processes, such as
substrate availability (nitrate), oxygen inhibition and
organic matter supply, while on a larger, ecosystem
scale it is controlled by physical and chemical factors,
such as seasonality and hydrodynamics (Kana et al.
1998 and references therein). For our sites, 3 reasons
for a low denitrification rate may apply: (1) low exter-
nal substrate availability, except in winter, (2) competi-
tion for both external and internally circulated sub-
strate by microalgae inhabiting the surface of the
sediment, and (3) a general negative effect of micro-
algal activity on denitrifiers (cf. Rysgaard et al. 1995).
However, increased denitrification with temporary
pulses of available substrate suggests that there is a
potential for a rapid response of the denitrification ca-
pacity in the sediments studied. Others have shown
that sediments can react rapidly to an increased NO3

load (Joye & Paerl 1993, Kana et al. 1998).
Not withstanding the limitations of this study (lim-

ited coverage of water depths and sediment types, in-
direct measurements of algal N assimilation), it pro-
vides some novel data by comparing 2 simultaneously
measured N removing processes, both mediated by
microscopic organisms inhabiting surface sediments.
The results suggest that the microphytobenthos, in mi-
crotidal sediments, is a substantial N sink during the
majority of the year and that, particularly in sandy sed-
iments, N retention by microphytobenthos is more im-
portant than the final N removal through denitrifica-
tion. However, in order to verify the balance between
autotrophic and heterotrophic N turnover, we need
(1) better knowledge of the variation of C/N ratios of
natural communities of sediment microphytobenthos,
(2) to verify the microphytobenthic assimilation rates
by direct measurements by, e.g. 15N uptake, (3) to
study the processes on a larger spatial scale (different
depths, sediment types) and finally, (4) to relate the im-
portance of microphytobenthos to the role of other pri-
mary-producing components in sediment areas, such
as macrophytes and floating macroalgae. To evaluate
the regional importance, knowledge of water retention
and N load also needs to be included by modeling. 
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