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ABSTRACT: The deposition of a Skeletonema bloom onto sediment collected in a coastal bay was sim-
ulated and the effects on O,, N and P fluxes were recorded. A comparison of calculated net production
and observed net efflux of inorganic nitrogen (IN = ammonium + nitrate) for the period prior to the
addition of algae, indicated that two-thirds of the produced ammonium was nitrified and subsequently
denitrified. Algal additions induced a dramatic and persistent rise in oxygen consumption (1.6 X) and
release of IN (4.5 x), DON (dissolved organic nitrogen, 2 X}, and PO,*" (3 X}. Of the added algal N
(76 mmol N m~?), 33 % was recycled as NH,* and DON during the 19 d of incubation and, according to
PO,®" measurements, the same was true for the algal P, giving a half-life of the algal biomass of ca
4 wk. Comparison of calculated net production and observed net efflux of IN indicated a considerably
decreased denitrification/mineralisation ratio due to algal additions. Extrapolating to the size of Laholm
Bay, SE Kattegat (sampling site), suggests that the settlement of algae (realistic amount used here)
would make the sediment the most important nutrient source of this bay for a few weeks period. DON
was a significant part of the released, non-gaseous nitrogen, both before (46 %) and after (27 %) the
addition of algae. In cores subjected to anaerobic conditions, the concentrations of DON decreased con-
siderably, suggesting that the production of DON was inhibited during such conditions and that much

of the DON in this sediment was easily utilized.

INTRODUCTION

Many coastal areas receive increasing loads of land-
based fertilizers (Meybeck 1982) which are incorpo-
rated into the planktonic biota and eventually ex-
ported to deeper layers through sedimentation of
particulate organic material (Dugdale & Goering 1967,
Eppley et al. 1983, Wassmann 1990). In coastal, rela-
tively shallow areas, much of the particulate material
reaches the sediment where it is decomposed at the
expense of oxygen. The sediments therefore react
upon the increased deposition of organic material by
increasing both the oxygen demand and the recycling
of nutrients to the water (Boynton et al. 1980, Nixon
1981, Kelly & Nixon 1984). Garber (1984a) as well as
Kelly & Nixon (1984) demonstrated that additions of
phytoplankton to the sediment surface resulted in a
rapid release of ammonium from the sediment.

Denitrifying bacteria are able to reduce nitrate to
nitrogen gas if supplied with organic substrate during
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suboxic or anoxic conditions. Coastal sediments pro-
vide both organic substrate and anoxic conditions and
thus, nitrate that enters the anoxic or suboxic zones of
the sediment will be denitrified. It appears that nitrate,
and therefore nitrification is the crucial reqgulatory fac-
tor for denitrification in coastal sediments (Koike &
Serensen 1988). The strictly aerobic nitrifying bacteria
may either be stimulated or inhibited by the increased
organic input depending on which effect is the most
crucial: the increased availability of ammonium or the
decreased availability of oxygen (Henriksen & Kemp
1988). Jenkins & Kemp (1984) stressed the importance
of a close coupling between nitrification and denitrifi-
cation in the sediment for the efficient removal of com-
bined nitrogen from biological production. Many nitro-
gen budgets over entire coastal areas as well as mass
balance calculations based on sediment water flux
studies, arrive at a loss term which Is assumed to be
partially due to denitrification (Balzer 1984, Shaffer &
Ronner 1984, Boynton & Kemp 1985, Enoksson &
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Table 1. Protocol for sediment sampling; analyses and incubation (sediment-water flux measurements) of sub-cores from box-core
samples (30 x 30 cm) taken from 22 m depth in Laholm Bay, western Sweden, in September 1984

Use Parameters

Analyses Porosity, org. C, tot. N

Analyses Redox potential (Eh)

Analyses Pore-water N, K*-exchangeable NH, ™"
Incubation; Flux of O,, nutrients and DON

followed by core Porosity, pore-water N, K™-exchangeable
analyses NH,*, org. C, tot. N

Incubation; Flux of O,, nutrients and DON

followed by core Porosity, pore-water N, K" -exchangeable
analyses NH,*, org. C, tot. N

|
|

No. of Core Seg- Manipulation
cores diameter  ments
(cm) (cm)
2 5 1-3
5 5 1 -~
3 8 1-3 -
No addition of algae; water
4 8 0.5-3 flow stopped above 1 core
on Day 30
Algae added on Day 10;
4 8 0.5-3 water flow stopped above 1

core on Day 30

Samuelsson 1987, Enoksson et al. 1990, Wulff et al.
1990). These studies, as well as direct measurements of
denitrification (Seitzinger et al. 1984, Jjensen et al
1988, Kemp et al. 1990, Kieskamp et al. 1991) show
that substantial amounts of nitrogen are denitrified in
the sediment, often around 50 % of the nitrogen input
to the area (Seitzinger 1988). Even though benthic nit-
rification was often the main source of nitrate for denit-
rification in many well-mixed areas (Seitzinger 1988},
deep water nitrate appeared to be more important du-
ring periods with high nitrate concentrations in deep
water and/or with input of labile organic material in
the stratified Aarhus Bight, Denmark (Jensen et al.
1988, 1990). In Chesapeake Bay (USA), the denitrifica-
tion was dependent on nitrification and both processes
therefore stopped in the summer when oxygen avail-
ability in the sediment was insufficient, resulting in
large amounts of ammonium being recycled to the
deep water (Kemp et al. 1990).

Laholm Bay is situated on the Swedish west coast
and is open to the Kattegat. The productive layers are
separated from deep water by a sharp halocline at a
mean depth of 15 m due to the flow of brackish water
from the Baltic Sea (Svanson 1975). Suboxic deep
water has become a problem in the autumn, not only in
the bay but in recent years also over large areas in the
Kattegat (Rosenberg et al. 1990). It is not yet clear if
this is caused mainly by the large increase in the land-
based supply of nitrate to Laholm Bay or to large-scale
nutrient inputs (Rosenberg et al. 1990, Rydberg et al.
1990). Granéli et al. (1986) showed that in spite of large
nitrogen inputs, the phytoplankton growth was stimu-
lated when nitrate, but rarely when phosphate, was
added to Laholm Bay water. Nearly half of the annual
primary production of 144 g C m~%is formed during the
blooms in spring (13 %) and autumn (30 %) (Rydberg
et al. 1990).

The aim of this study was to deduce whether or not

the sediment of Laholm Bay may act as an important
nutrient trap upon deposition of easily utilized organic
material. The effects ot algal additions onlo the sedi-
ment were studied experimentally by the use of natu-
ral sediment samples incubated in a continuous-flow
system in the laboratory. The release of nutrients and
DON and the consumption of oxygen by the sediments
was monitored before and after the addition of algal
material.

MATERIALS AND METHODS

Materials. Sediment samples were taken in Laholm
Bay, Sweden, at a depth of 22 m (Stn YG, 56° 33.5" N,
12°34.2' E) on 19 September 1984. The autumn bloom
had not reached its maximum and the deep water was
oxygenated. The deep water was sampled with a 301
Niskin sampler. Undisturbed sediment was obtained
using a box-core sampler (30 X 30 cm} and subsamples
were taken with acrylic plexiglass tubes for sediment
analyses and incubation as listed in Table 1. Some
cores were processed without delay, both with respect
to pore-water and whole sediment constituents
(Table 1). Incubated cores were eventually subjected
to the same measurements with the exception of redox
potential. The macro-fauna were collected onto a
1 mm mesh sieve, initially from 1 box-core and at the
end of the experiments from all incubated cores. The
macro-fauna were dominated by Diastylis spp.
(Crustacea), Ophiura albida and Amphiura filiformis
(Echinodermata).

Methods for nitrogen fractions [nitrate, ammonium
and total dissolved nitrogen (DN)] are given below. K*-
exchangeable ammonium was obtained from 1:1 sus-
pensions of sediment and 0.5 M KCI and porosity from
20 ml portions of sediment that were dried at 90 and
105 °C. These samples were subsequently homoge-
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nized and 15 to 20 mg portions were used for analyses
of total N and C (Carlo Erba 1106 CHN analyser).
Organic C was derived from total C by subtracting the
carbonate-C fraction which was determined separately
on 0.5 to 0.9 g portions of the samples. These samples
were boiled for 30 min in gas-tight serum bottles with
4 ml of 0.09 % (v/v) of concentrated H,SO,, supplied
with 0.15 % FeSO,-7H,0, and blank bottles were pre-
pared in the same way. The evolved CO, (ca 20 % of
total C), was analysed with a coulometer {UIC Inc.,
Joliet, IL, USA). Redox potential (Eh) was determined
as described by Enoksson & Samuelsson (1987).

Flux measurements. Eight undisturbed cores, with
the fauna intact, were used for sediment-water flux
measurements (Table 1). They were incubated in dark-
ness in a water bath at 10 °C (in situ temperature) and
the overlying water was connected to a flow-through
(Fig. 1) by means of a peristaltic pump. The overlying
water {400 to 550 ml) was gently stirred with a mag-
netic bar (50 rpm) and continuously ‘diluted’ with aer-
ated deep water which was supplied from tanks that
were kept in the same water bath as the cores (Fig. 1).
Outflowing water from the sediment tubes was dis-
carded. Analyses were made both on the overlying
water which was sampled through the lid and on the
inflowing deep water which was sampled from the
supply tanks. The water samples were filtered (GF/F;
Whatman glass fiber filters}) and analysed within a

ROTARY
PUMP
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PUMP

WASTE

10 cm

Fig. 1 The continuous flow system showing 1 of 2 supply
tanks with deep water that is pumped to an internal beaker
with overflow, and 2 of 8 incubation tubes with sediment and
overlying water, the latter connected to flow-through of deep
water, via gas-tight tubes, by means of a peristaltic pump.
Incubation tubes are pictured from different angles. Silicon
rubber was used for all 'O’-rings and septa for sample with-
drawal through the lids

couple of hours. DN, from which the inorganic nitro-
gen was subtracted to give the dissolved organic nitro-
gen (DON), was analysed as nitrate after oxidation
with persulphate in buffered solution (Valderrama
1981) and UV-light according to Enoksson & Samuels-
son (1987). Ammonium-N and «,«-dipyridyl-N were
recovered to 100 % and urea-N to 80 % by this
method. Nitrate and nitrite were measured using a
Technicon Autoanalyzer I (Armstrong et al. 196%),
ammonium with the indophenol blue method (Koroleff
1976) and phosphate with the 2-reagent version of
Murphy & Riley (1962). Oxygen was analysed with a
Clark-type electrode (Hansatech Ltd., King's Lynn,
UK) using 5 or 10 ml subsamples. The results were cor-
rected for a slight oxygen diffusion through the plexi-
glass. In the following it is implied that sediment-water
fluxes refer to net fluxes as calculated from the differ-
ences in concentration between inflowing water and
overlying water. The calculations were made accord-
ing to Sundbéack et al. (1991). Flux out of the sediment
is referred to as positive flux. Flux data are presented
as the mean of the parallel cores.

Skeletonema costatum was grown axenically to well
beyond the stationary phase, harvested by centrifuga-
tion, and resuspended in deep water. No attempt was
made to kill the algae. The suspension was added on
Day 10, to the water phase of 4 cores, the remaining
4 cores serving as controls (Table 1). The molar C/N
ratio of the algae was 6.4 and the additions corre-
sponded to 480 mmol C m~% and 76 mmol N m~2. Two
cores, one with and one without added diatoms, were
subjected to anoxic conditions by turning off the flow-
through of deep water on Day 30.

RESULTS
In situ sediment characteristics

The Eh was positive in the upper 1 to 2 cm of the sed-
iment and the Eh discontinuity layer extended to a
depth of 3 cm. The sediment consisted of muddy sand
with a solid fraction of ca 1 g cm™ and a porosity of
ca 60 %. The organic C/N ratio was 10.2 in the upper
1 cm with an organic C content of 483 pmol g~! dry wt
(0.6 % of dry wt) (Table 2) The pore-water nitrate con-
centrations peaked in the upper 1 cm (cf. Table 2), and
in 1 core the concentration exceeded the pore-water
ammonium. Only traces of nitrate were found below
3 cm depth whereas ammonium concentrations
increased uniformly downwards to about 5 cm, below
which depth there was no further increase (not shown).
The pore-water and the K'-exchangeable pools of
ammonium were of comparable size.
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Table 2. Organic carbon, total nitrogen, atomic C/N ratio, gradients of nitrate and ammonium in the upper layer of sediment, in

situ and after incubation (see Table 1 and text). Mean values are shown for the 3 parallels which were covered with oxic water at

the end of the experiment (only 2 for org. C and tot. N in situ) with SD given in parenthesis. dC = (C,— C..), where C, = the pore-

water concentration at 0.25 cm, and C,, = the concentration in the overlying water. Analyses on 1 cm sections in situand on 0.5 cm
sections for incubated cores

Sample Org. C Tot. N C/N dC
NO,~ NH,*
{umol g~ dry wt) (UM 0.25cm™Y)
‘In situ’ 483 48 10.2 10 (8) 10 (4)
Controls 323(28) 30 (4) 10.9(0.7) 40 (9) 48 (18)
Algae 295 (67) 27 (7) 10.9(0.5) 40 (14) 67 (3) J
DON (mM) DON/DN * 100
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Fig. 2. (a} Depth distributions in the pore-water of dissolved organic nitrogen, DON; (¢) mean of 2 cores analysed upon collection;

(% 3 cores incubated with oxygen and with added algae; () 3 cores with oxygen, without algae; (») 1 core without oxygen, with

algae; (~) 1 core without oxygen and without algae (cf. Table 1). Horizontal bars indicate range. (b) DON as the percentage of total

dissolved nitrogen, DON/DN X 100; (¢} all 6 cores incubated with oxygen; other symbols as in {a). Horizontal bars indicate
standard deviation

Characteristics of incubated sediment cores ered with oxic water until analysed (3 with algae and

3 controls). The K*-exchangeable ammonium consti-

A total number of 18 ophiuroids were evenly distrib- tuted slightly less than one-third of the total ammo-
uted between the manipulated cores and the controls. nium pool in all incubated cores. The diatoms may
One or two polychaetes were also found in each core. have caused an accumulation of DON in the pore-
The additions of diatoms caused an increase (not statis- water (Fig. 2a), but the fraction of the pore-water nitro-
tically significant, cf. Table 2) in the pore-water con- gen that was found in the DON pool was about the
centrations of ammonium in the cores that were cov- same in all the 'oxic’ cores, and on average as high as

Table 3. Benthic oxygen consumption, sediment-water flux rates of phosphate, dissolved organic nitrogen (DON), inorganic

nitrogen (IN, including nitrate flux if>0) and nitrate (if <0), presumed ’loss’ of IN (see text) and ratios between oxygen

consumption and IN release and between IN release and phosphate release, presented as mean values for the periods before and

after the addition of algal material to the sediment surface. Data represent 8 cores before Day 10 on which day algal material was
added to 4 of the cores and 4 cores were used as controls (see Table 1)

Day Cores -0, PO, DON, IN NO;~ IN ‘loss’, —0,/IN IN/PO,
net net flux>0 flux <0 net
(umolm™2h™}) (%)
0-10 All 332 1.09 85 10 - 23 69 33 9
10-29 Controls 301 0.10 5.1 7 - 20 74 42 70
10-29 Algae 540 3.61 17.9 49 —4.4 16 25 11 14
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Fig. 3. Concentrations of oxygen (uM), oxygen consumption and sediment-water exchange of ammonium, DON (dissolved or-

ganic nitrogen), nitrate and phosphate (umol m~? h™') at various times for sandy sediment sampled in September (Table 1).

Results represent the mean values from 4 cores without additions (O) and 4 cores with additions of algae on Day 10 (®). Fluxes

out of the sediment are given positive values. (+) indicates significant (ANOVA, p <0.05) differences in flux rates between cores
with and without algae

86 % in the upper 0.5 cm (Fig. 2b). This resembled the
in situ situation but in the 2 cores that were finally
incubated anoxically, the DON pool made up much
less of the total pore-water nitrogen (Fig. 2b). The
organic carbon and total nitrogen content of the sedi-
ment was not significantly different in the cores with
and without added algae (Table 2).

Flux rates without algal additions

The benthic oxygen consumption rate obtained du-
ring the initial 10 d of incubation was low, around 330
umol m~2h~!, and decreased further during the subse-
quent 19 d of incubation (Fig. 3, Table 3). Rates of

ammonium and nitrate release were both on average
5umol m~? h~! and the phosphate release on average
1.1 umol m~2 h~! during the first 10 d of incubation.
After Day 10, the release of ammonium ceased as did
the release of phosphate after additional 5 d (Fig. 3,
Table 3). Assuming that mineralisation took place as
described by Redfield et al. (1963), with a -0,/CO,
ratio of 1, both the rates of inorganic nitrogen (IN =
ammonium + nitrate) and phosphate release were low
in comparison to the oxygen consumption. The -O,/IN
flux ratio increased with time (Table 3) and continu-
ously exceeded the values expected from the C/N
composition of the sediment (Table 2). DON comprised
46 and 58 % of the total release of dissolved nitrogen
(DN), before and after Day 10, respectively.
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Flux rates after algal additions

The additions of diatoms to the sediment surface of
4 cores resulted in dramatically increased net fluxes
between sediment and overlying water (Fig. 3).
Instances with significant differences (ANOVA,
p < 0.05) in flux rates between cores with and without
added algae are indicated in Fig. 3. Within 1 d, the
oxygen consumption rate was nearly doubled and the
release of nitrate switched to a net uptake by the sedi-
ment. The plot of nitrate flux versus time, shared fea-
tures with both the plot of oxygen concentration and
oxygen consumption versus time. The nitrate flux was
of little importance and the nitrite flux insignificant rel-
ative to ammonium release which reached a maximum
of 80 umol m~2 h~! within a few days. DON release
from the sediment showed a similar but smaller in-
crease. The algal additions caused a slight uptake of
phosphate by the sediment for a few days, but there-
after phosphate was also released at relatively high
rates. Responses due to algal additions appeared at
various times in various cores and taking these ‘lags’
into account, it could be shown that the algal additions
resulted in significantly (ANOVA, p < 0.05) different
rates of phosphate flux compared with the controls for
1 wk, both during the period of uptake (3 d) and the
periad of rapid release (4 d). Approximately 1 wk after
the algal additions, all measured constituents had
reached their maximum flux rates. Subsequently the
flux rates did not, with the exception of nitrate, return
to the level of the controls or to that measured in the
same cores prior to the addition of algae. Throughout
the experiment, the net efflux of DN and of ammonium
remained significantly higher than both the efflux be-
fore the algae were added and that in the controls, the
same being true for DON most of the time (Fig. 3).
Oxygen consumption levelled out at rates that were
approximately twice as high as in the controls and also
significantly higher than before the addition of algae.

As the rise and decline in nitrogen and phosphate
fluxes were not synchronized, the mean flux rates
were calculated before and after algal additions
(Table 3, net amounts released or taken up from Days
1 to 10 and from Days 10 to 19, respectively, divided by
time). The oxygen consumption rate increased on
average 1.6 times due to the algal additions and IN and
phosphate release rates increased 4.5 and 3.3 times,
respectively. The impact of the algae appeared even
larger when compared with the controls. Both the
—~0,/IN molar flux ratio of 11 and the IN/PO,*" flux
ratio of 14 were much lower than in the controls and
the former was also lower than before the algae were
added (Table 3). There was a significant correlation
between the release of DON and phosphate (Fig. 4).

In order to arrive at the fraction of the algae that had
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Fig. 4. Flux of phosphate versus the DON flux, mean values
for individual cores: (0) Days 1 to 10; () Days 10 to 29, algae
added; (0) Day 10 to 29, controls

been recycled, the difference, manipulated cores
minus controls, was calculated regarding the net
amounts of nutrients and oxygen that had been re-
leased or taken up by sediment during the 19 d of incu-
bation (data in Table 3 multiplied by time). This excess
of IN, DON and phosphate that had been released due
to the algal additions before the end of the experiment
corresponded to 33 % of the added algal N and P (N/P
molar ratio assumed to be 16 in added algae; Redfield
1934). The excess oxygen that had been consumed
could have oxidized 23 % of the added algal carbon to
CO,, using a -0,/CO, ratio of 1 (Redfield et al. 1963).

The flux rates measured after the algal additions
were also used to estimate concentration changes that
might be expected in the deep water due to benthic
activity after a bloom. The sediment would have re-
moved 35 ymol 17! (1.1 ml 17') of oxygen and added
2.9 umol 1% of IN, 1.2 pmol 17! of DON and 0.23 pmol
17! of PO, over a 19 d period, assuming a deep water
column of 7 m.

The ammonium release from the 2 cores that turned
anoxic at the end of the experiment reached maximum
values of 87 umol m~? h~' (diatoms added) and 64 umol
m~2 h-! (without diatoms) The phosphate release
increased more dramatically, giving NH,*/PO,*~ flux
ratios of 1.8 (diatoms added) and less than 4.6 (without
diatoms) at the time when iron sulfide appeared at the
sediment surface.

DISCUSSION
Fluxes without algal additions

The sediment-water flux rates for nutrients and for
oxygen consumption obtained at high oxygen condi-
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tions during this and later studies in the eastern
Kattegat (Enoksson et al. 1990) were at the lower end
of the ranges given for subtidal sediments by Lancelot
& Billen (1985) and by Boynton et al. (1980). Higher
rates of benthic IN release were found in nearby
Aarhus Bight (Jensen et al. 1990) and in the open
Kattegat (Blackburn & Henriksen 1983). The relatively
low flux rates for the sediments in Laholm Bay may be
related to the relatively low abundance of macro-fauna
and the very low organic content (Table 2). These fea-
tures may, in turn, be the result of the frequent resus-
pension and transportation of detritus out of the bay
(Flodérus & Hakanson 1989).

Boynton & Kemp (1985) reported, for the spring
period, a much lower release of IN from the sediment
relative to oxygen consumption than what was pre-
dicted by the Redfield model (Redfield et al. 1963).
Kemp et al. (1990) showed that in Chesapeake Bay this
phenomenon was due to benthic nitrification and
denitrification. The oxygen consumption at Stn YG
(Table 3) indicates a net ammonium production in the
order of 30 umol m~% h~! although the non-gaseous in-
organic nitrogen that was actuélly released was only
about 10 umol m~2 h~!. This was not due to a tempo-
rary accumulation of nitrogen in the sediment as both
the sediment C/N ratio (Table 2) and the -0O,/IN flux
ratio (Table 3) increased somewhat with time. Further-
more, the accumulation of ammonium in the sediment
was not likely to be important because the low K*-ex-
changeable fraction of the ammonium pool indicated a
low incidence of ammonium absorbtion onto particles
(Blackburn & Henriksen 1983). The fact that nitrifica-
tion occurred was evident from the in situ peak of
nitrate in the upper 1 cm and from the actual release of
nitrate from the sediment (Fig. 3). The missing two-
thirds of IN had probably been lost through coupled
nitrification and denitrification. Later estimates of
‘nitrogen loss' in Laholm Bay sediments in the autumn
gave slightly higher rates whereas direct measure-
ments gave lower rates (<12 umol N m~% h~!) (Enoks-
son et al. 1990) than those obtained in the present
study.

Fluxes after algal additions

Following the addition of diatoms, the dramatic in-
crease 1n the flux rates of all studied constituents was
in accordance with the findings of Garber (1984a).
Furthermore, Jensen et al. (1990) observed similar
changes in fluxes from Aarhus Bight sediment after the
settlement of the spring bloom, in accordance with the
Increasing ammonium and decreasing nitrate and oxy-
gen concentrations in the bottom water. The fact that
the oxygen consumption rate was promptly elevated in

response to the addition of substrate (Fig. 3) was in
agreement with the immediate increase in electron
transport system activity of the benthic microorgan-
isms as reported by Graf et al. (1982). Oxygen would
have been depleted closer to the sediment-water inter-
face than before treatment (Jergensen & Revsbech
1985, Rasmussen 1989), and the immediate shift from
release to uptake of nitrate by the sediment indicates a
temporary stimulation of nitrate reducers and/or inhi-
bition of nitrifiers. During the period with the lowest
oxygen concentrations (Fig. 3, Days 15 to 21}, the rates
of ammonium release by the sediment agreed with the
ammonium production as deduced from the oxygen
consumption (Redfield et al. 1963) and consequently,
there was no evidence of denitrification. Even though
the conditions regarding oxygen and organic substrate
might have increased the potential for denitrification,
the inflow of nitrate-rich water to the overlying volume
and the nitrate diffusion into the sediment now set the
limit for this process.

An early accumulation of reduced substances and of
nitrogen in the sediment may affect the 'Redfield
estimates’ of nitrogen loss. Such non-steady state
effects were partly overcome by making 'Redfield
estimates’ for an extended period (Table 3). Benthic
nutrient recycling was enhanced several fold over a
3 wk period by the addition of algae whereas denitrifi-
cation might have been relatively unaffected. Esti-
mates of 'IN loss' in Table 3 indicate a considerably
decreased denitrification/mineralisation ratio as com-
pared with the controls and the period before the algal
additions. An upper conceivable denitrification rate
of 120 umol m~% h~! was obtained by assuming that
the mineralised material had the same composition
as the added algae (C/N = 6.4), and that the mineral-
isation rate was twice as high as indicated by the
oxygen consumption rate (cf. Enoksson et al. 1990).
Still, under such unlikely conditions, the fraction of the
mineralised nitrogen that was ‘lost’ and probably
denitrified (71 %) did not exceed that of the controls.

DON, which was a significant part of the released
nitrogen (Table 3), may have consisted partially of
auto-lysis products, at least in the cores to which dia-
toms had been added. Garber {1984b) argued that
autolytically released dissolved organic material
(DOM) was rapidly and completely mineralized and he
also demonstrated that DON of benthic origin is fairly
easily mineralized (Garber 1984a). DOM should there-
fore be taken into account as a potential nutrient
source. DON made up a high and constant fraction of
the pore-water nitrogen in all cores that had been
overlain with oxic water throughout the experiment. In
the 2 cores that turned anoxic however, much of the
DON had probably disappeared from the pore water
(Fig. 2), and the release of DON ceased (not shown).
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This implies that DON was regulated by the oxygen
conditions or related factors. Reichardt (1986) reported
that sediment proteolytic activity was reduced when
‘oxygen availability or Eh became limiting. Further
evidence was given by Hoppe et al. (1990) who noted
that the peptidase activity of a natural community of
aerobic heterotrophic bacteria was severely lowered
by the presence of H,S. Regardless of the mechanisms,
those results indicate that a substantial amount of DON
could disappear during anoxic periods and this would
further emphasize that a large portion of the sediment
DON-pool turns over rapidly.

The benthic uptake of phosphate shortly after the
algal additions may have been due to abiotic binding
by the sediment (Bray et al. 1973, Krom & Berner 1981)
or to uptake by a growing microbial community. As
the mean IN/PO~ flux ratio for the 19 d after algal
addition was close to what would be expected from
degradation of algal material (Table 3) (Redfield et
al. 1963}, no other process appeared to be important
over this time span. This is consistant with the
findings of Caraco et al. (1990) that most of the
phosphorus that is mineralized in marine sediments
is released into solution. The rates of phosphate
and DON release (mean values for individual
cores) were positively correlated (Fig. 4), which
suggests that DON and phosphate had a common
origin, e.g autolysis (Garber 1984b), or that phos-
phate was formed during mineralization of DOM in
the overlying water. The latter appears to fit the
period of rapid release of phosphate (Fig. 3), even
though low oxygen conditions might also have
increased the release of phosphate as observed by
Balzer et al. (1983). This was most evident for the
2 finally anoxic cores by their very rapid release of
phosphate relative to nitrogen. The FeS that was
visible on the surface of these cores had probably
formed when iron-bound phosphate was replaced with
sulfide ions (Hallberg et al. 1976).

Benthic versus land based nutrient supply

The half-life of the algae material was estimated
from the excess release of IN and DON (Table 3, con-
trols subtracted) to be 4 wk whereas Garber (1984a)
reported a half-life for experimentally added algal
material of only 2 to 3 wk. According to Graf et al.
(1982) and Graf et al. (1983) the spring bloom was com-
pletely degraded within 3 to 6 wk. Therefore, it is obvi-
ous that sediment-water fluxes depend very much on
recent sedimentation. On the other hand, the rele-
vance of these results for Laholm Bay depends largely
on if the added amounts of algae in this experiment
were realistic. This appears to be the case because (1)

3 g of non-resuspended organic carbon settled during
2 wk of the spring bloom period at Stn YG (Rydberg et
al. 1990) and this corresponded to half of the added
algal carbon: {2) amounts equivalent to the added car-
bon would settle at the bottom of the Kiel Bight during
a few weeks in the autumn (Noji et al. 1986); and (3)
the added algal nitrogen corresponded to 30 % of the
'new’ nitrogen supply to the upper water layers of
Laholm Bay during the productive season (Granél et
al. 1986, supply divided by bay area of 450 km?), thus
being comparable to the sedimenting part of the
autumn bloom of which the total comprized 30 % of the
yearly production (Rydberg et al. 1990}.

Even though low, the benthic nitrogen release that is
typical for the eastern Kattegat (Enoksson et al. 1990)
is relatively important compared with other sources.
The release of nitrogen (IN + DON) measured before
the additions of algae would, for example, correspond
to as much as 70 % of the land-based supply of IN in
the autumn, and the release of phosphaie would be 3
times as large as the land-based supply (Graneli et al.
1986). The latter is in accordance with the finding that
the euphotic zone receives most of the phosphate from
the deep water during the productive season (Rydberg
et al. 1990).

Extrapolating these results to the size of Laholm Bay,
although not warranted for budget calculations, may
elucidate the great influence of benthic fluxes in this
area. The excess release subsequent to the settlement
of algae, would comprise 1.5 times the nitrogen
(2 times including DON} and 11 times the phosphate
that was introduced per unit time and area via fresh
water runoff in the autumn. As various pore-water con-
stituents accumulated in all cores during incubation
(Table 2, Fig. 4}, the stirring had probably been some-
what too slow and the anaerobic degradation relatively
more important than in situ. This might have exagger-
ated the effects of algal addition compared to in situ
conditions. However, more important was probably
that the oxygen concentrations were lowered tempo-
rarily as the added algae were degraded (Fig. 3), anal-
ogous to the lowering of oxygen concentrations in the
deep water after the settlement of the autumn bloom.
Only concentration changes in the deep water can be
used as reliable references to flux measurements such
as this, as no confinement of the water above the sedi-
ment is required. The close resemblance with the in
situ results from the Aarhus Bight (Jensen et al. 1990)
indicates that the incubation conditions used in this
experiment mimicked the in situ conditions well
enough to give qualitatively reliable results. In conclu-
sion, the results strongly suggest that the sediment of
this shallow, stratified bay will not act as an efficient
nitrogen or phosphorus sink upon the deposition of
large algal blooms.
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