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The distribution of nutrients (i.e. water contents, organic carbon, nitrogen and phosphate
concentrations) was investigated in the upper 20 cm of coastal marine sediments off south-
western Finland. Bottom sediments were sampled along a transect from the Aurajoki river
mouth to the open Archipelago Sea. Towards the Archipelago Sea, sediments showed in-
creasing water and organic carbon contents and decreasing C/N ratios. Phosphate values in
the sediments did not show any significant variation along the transect, but increased to-
wards the surface. Most sediments were classified as mud. Resuspension processes can be
expected to be dominant in the harbour. Organic carbon contents increase as a result of
lateral transport of the lighter fraction towards the more distal stations. Sedimentation is
greatest in the small but deep basins in the more distal regions of the transect. The decrease
in C/N ratios may be due to the reduced importance of denitrification during the decay of
organic matter. Oxygen depletion increases in the sediments because of higher organic
carbon contents at the outer stations. Phosphate values increase towards the sediment sur-
face, possibly indicating upward diffusion of phosphorus. Phosphorus depleted surface wa-
ters of the Baltic Sea may show greater influence with increasing distance from the harbour.
This may be compensated for the higher proportion of fine material which can bind phos-
phate at the more distal sampling stations.

Introduction

Sediment investigations in the Baltic Sea address
the fact that nutrients and heavy metals can be
buried in marine sediments for different lengths
of time, thus reflecting the environmental status
of the area (Niemistö et al. 1978, Müller 1996,

Neumann et al. 1996, Neumann et al. 1997). A
presupposition for the interpretation of these data
is an understanding of the prevailing sedimentary
environment. This paper focuses on the nutrient
status in the upper 20 cm of marine sediments in
a coastal area of the Baltic Sea, southwestern Fin-
land. The purpose of this study was to show the
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Fig 1. Study area and sampling locations.

magnitude and extent to which sediment para-
meters change with respect to the natural varia-
tions in the study area, corresponding to a transi-
tion from a river mouth to the open Archipelago
Sea. The results of the sediment investigations are
discussed in relation to geomorphological and
hydrographical conditions in the area.

Study area

The central part of the study area comprises part
of the inner Archipelago of southwestern Finland.
The investigations were extended to the south-
west, resulting in an approximate 50 km long pro-
file reflecting changing natural conditions (Fig. 1).
The area can be divided into two parts with dif-
ferent water depths. The western part consists of
a deep channel running from north to south reach-
ing water depths between 40 and 100 m, and the
eastern part is shallower than 20 m (Heino 1973).
Sedimentation patterns are complicated, largely
due to three factors. First, is the large number of
sills and basins in the crystalline basement. Sec-
ond, there is continuing isostatic uplift resulting
in wave erosion. Finally, there is an introduction
of particulate matter from the mouth of the Aura-
joki river in the north, and locally variable cur-
rents occur in the area.

Echo sound profiles showed that the bottom is
almost completely covered with clay-like sediments
which belong both to the Ancylus and the Litorina-
stages of the Baltic Sea. Erosion and accumulation
occur close to each other. In the parts where accu-
mulation takes place both new material and older
erosion products are buried (Niemistö 1982). Sedi-
mentation can be expected in small basins that are
not subject to erosion from strong currents. Accu-
mulation can also occur at the marginal slopes of the
basins (Winterhalter 1972).

Larger cities which may have an impact on the
study area are Turku (approximately 160 000 in-
habitants) and Naantali (almost 12 000 inhabitants)
(Kalankasvatuksen vesiensuojelusuunnitelma 1991).
In the north, the Aurajoki river appears to be a major
contributor of particulate matter. In the study area,
strong horizontal water movements are characteris-
tic. These occur both in the upper and lower water
layers, while the thermocline is in existence. When
there is no stratification in the water column, there is
a strong vertical water exchange. In the surface wa-
ter layers there is a dynamic water exchange with
the outer Archipelago Sea (Turun Yliopiston Saari-
stomeren tutkimuslaitos 1979). It can be inferred that
this water exchange and the ship traffic in the area
promote transport and resuspension of the lighter
fraction of suspended material in the water, thus pre-
venting sedimentation.
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Sampling and methods

Sampling was carried out in October 1991. Sam-
pling locations were in the harbour of Turku (sta-
tion 1), off Naantali (station 2), and at increasing
distances from Turku harbour (stations 3, 4  and
5). Station 6 was off Korppoo in the open Archi-
pelago Sea (Fig. 1). Water depths ranged from 3
to 57 m (Table 1).

Sediment sampling was done with a sediment
corer (Niemistö 1974). The corer sampled bot-
tom water, an intact sediment surface and up to
30 cm of underlying sediment. The cores were
divided into subsamples at intervals of 2 cm and
stored in air tight plastic boxes. All sediment sam-
ples were deep frozen immediately after sampling
and freeze dried. Water contents of the samples
were determined by measuring the weight of the
samples before and after freeze drying. For all
further analyses, subsamples of the depths 0–2 cm,
4–6 cm, 8–10 cm, 12–14 cm and 16–18 cm were
used. Grain size distribution was measured with a
Sedigraph (L.O.T./Galai.-CIS-1). All samples
were pretreated in distilled water and H2O2 solu-
tion (30%). Ultra-sonic vibration was used for 15
minutes. For determination of phosphorus, the
sediments were combusted at 550°C, boiled in 2M
HCl for 15 minutes, filtrated and neutralized in
NaHCO3. The solution was then measured photo-
spectrometrically after molybdate-blue formation
(German Standard DIN 38 405-D 11-3). The ana-
lysed fraction is comprised of orthophosphate and

hydrolizable phosphate. Nitrogen and organic
carbon (total organic carbon after removal of car-
bonates with HCl) were determined with a CHN-
Analyzer (Foss Heraeus CHN-O-Rapid). All val-
ues are given in percent of dry weight (%).

Water samples were taken with a Ruttner sam-
pler at every station; both at the surface and close
(approximately 50 cm) to the sea bottom. The tem-
perature of the water samples was measured on
board. Oxygen (Winkler method), pH and elec-
trical conductivity were measured in the labora-
tory on the same day. Salinity was calculated from
electrical conductivity after a formula for brack-
ish water from Husö Biological Station, Åland:

y = – 0.3723 + 0.6701x

(y = salinity in ‰, x = electrical conductivity in
mS cm–1).

Measurements of redox potential of the water
(surface and bottom waters) and sediment sam-
ples (surface samples at 2–4 cm depth) were car-
ried out onboard the research vessel immediately
after sampling. A platinum electrode was used,
with a silver/silver chloride electrode as reference,
for the redox measurements.

Results

Values of pH for the water in the harbour were rather
low being of 6.6 at the surface and 6.7 at the bottom.
Samples from station 2 had a similar value (6.8). All

Table 1. Latitude and longitude of sampling locations and hydrographical parameters in surface and bottom
waters (50 cm above sea floor): temperature, pH, salinity, oxygen content and oxygen saturation.
—————————————————————————————————————————————————
Station Latitude Longitude Water Water Temperature pH Salinity Oxygen Oxygen

N E depth layer (°C) (‰) content saturation
(m) (mg l–1) (%)

—————————————————————————————————————————————————
1 60°26´1˝ 22°04´3˝ 3 surface 8.2 6.6 3.1

bottom 8.2 6.7 3.8
2 60°25´4˝ 22°04´6˝ 26 surface 9.1 7.8 5.6 9.0 81.4

bottom 10.8 7.9 5.6 10.4 101.6
3 60°21´8˝ 22°05´9˝ 49 surface 9.7 7.9 5.8 9.5 84.6

bottom 10.2 7.9 6.1 11.3 99.5
4 60°18´4˝ 22°02´4˝ 57 surface 9.4 7.9 5.8 10.2 90.5

bottom 10.0 7.9 6.1 10.4 90.7
5 60°16´2˝ 21°56´9˝ 40 surface 10.0 8.0 5.9 10.8 95.6

bottom 9.8 8.0 6.2 10.8 95.7
6 60°02´8˝ 21°40´9˝ 47 surface 9.6 8.0 6.4 10.9 95.3

bottom 9.3 8.0 6.4 10.7 93.9
—————————————————————————————————————————————————
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other stations showed values between 7.9 and 8.0
both at the surface and at the bottom. Salinity varied
between 3.1‰ at station 1 and 6.4‰ at station 6 at
the surface (corresponding bottom values 3.8‰ and
6.4‰) (Table 1).

There were colour changes in the sediments
from yellow-brown to black at 1 to 6 cm depth,
except for those of station 5 which changed to
grey. Redox potential in the bottom waters in-
creased towards station 6, i.e. with increasing dis-
tance from the harbour. There was no significant
vertical variation of redox conditions in the water
column. Redox potential and oxygen saturation
indicate oxic conditions in the water. Redox po-
tential in the sediments at 2–4 cm depth showed a
trend similar to that of the water column.

Sediments at station 6 showed the highest
water content in the uppermost layer (0–2 cm sedi-
ment depth). Lowest values were found at station
1 in the harbour with 53%. At all other stations,
values between 70 and 80% were dominant. How-
ever, one core from station 3 and one from station
5 did not show this general trend. Their water con-
tents were relatively low. Obviously, these cores
were taken from a place outside the accumulation
area. At stations 5 and 6 water contents became
significantly lower with depth (locally up to 20%
difference). However, this trend could not be ob-
served at the other stations (Table 2).

There were no vertical changes and no hori-
zontal differences in grain size distribution of the
sediments. Dominating components were clay,
fine silt and silt (< 10 μm). There was a very small
fraction of sand in some subsamples, reaching a
maximum of 7%.

Organic carbon values were between 2.4 and
5.3% at the sediment surface (0–2 cm). Organic car-
bon contents increased away from the harbour. At
16–18 cm depth there was the same trend along the
transect (Table 3). In general there was a vertical
decrease in organic carbon content from the surface
to the deepest sediment layer at 16–18 cm depth.
This trend was especially significant at stations 5
and 6. At stations 2 and 3 vertical differences were
less significant.

Values for total nitrogen increased in surface
sediments away from the harbour. In the harbour
there were values of 0.20% while values for sta-
tion 6 in the outer sea were about 0.77%. Verti-
cally there were small variations without signifi-
cant trends at stations 2 and 3. All other stations
showed the same decreasing trends with depth as
described for organic carbon (Table 3).

Phosphate contents in the surface layer of the
sediments were in the range of 0.20 to 0.26%. The
highest value occurred at station 4. There was no
obvious trend for phosphate values along the
transect. Vertically, all values decreased signifi-
cantly with increasing depth in the sediment.
Sediments in the deepest layer (16–18 cm) ranged
between 0.08 and 0.18% (Table 3).

Discussion

Water column and sedimentary environ-
ment

Because of heavy winds during the weeks before
sampling, there was no temperature stratification in

Table 2. Water contents (% of dry weight) in the sediments.
—————————————————————————————————————————————————
Depth Station 1 Station 2 Station 3 Station 4 Station 5 Station 6
in —————— —————— —————— —————— —————— ——————
sedi- Core No. 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
ment
(cm)
—————————————————————————————————————————————————

0– 2 51.5 53.0 54.6 74.7 71.9 70.9 39.2 76.5 78.7 75.1 74.5 71.1 77.1 78.8 47.4 81.8 80.6 81.6
2– 4 51.5 51.7 51.9 73.3 71.7 72.3 45.9 58.1 73.5 73.9 72.9 72.0 72.1 72.2 49.3 78.0 77.6 78.0
4– 6 49.4 48.9 54.2 75.7 77.2 74.1 40.8 47.2 75.4 75.4 75.0 71.9 68.4 68.4 49.7 75.6 74.3 71.0
6– 8 50.8 43.3 55.9 73.0 74.9 70.1 44.1 59.3 77.1 76.6 74.6 71.3 52.6 50.1 47.9 76.9 73.6 69.5
8–10 56.5 42.6 59.5 78.2 76.7 69.2 46.1 70.0 76.7 75.9 73.7 70.7 53.7 51.0 49.4 76.8 72.8 67.1

10–12 55.8 42.6 56.6 76.0 75.6 67.5 46.0 72.9 80.5 74.8 72.4 71.8 52.4 53.4 48.3 77.0 72.4 65.5
12–14 48.8 43.4 55.2 80.9 72.3 66.5 44.9 73.9 76.4 73.0 70.8 70.7 51.6 50.2 53.9 77.0 72.7 61.6
14–16 49.7 43.6 53.9 74.5 71.4 65.7 32.9 75.1 79.3 72.8 71.9 70.7 52.9 56.0 76.6 69.6 63.1
16–18 46.6 54.5 73.2 69.1 65.5 41.6 76.5 79.4 71.9 75.4 70.6 54.0 54.9 75.2 68.9 64.1
18–20 53.3 82.2 66.4 68.9 37.0 78.0 79.8 71.0 76.1 70.1 54.1 53.8 74.7 74.5 62.3
—————————————————————————————————————————————————
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the water column. The oxygen supply of the water
was already above the annual minimum. Oxygen
investigations of the Archipelago Research Institute
of the University of Turku point toward an intense
but slow water exchange in the deeper water column
between the inner and the outer Archipelago Sea. At
shallow locations, where there is no temperature
stratification, there is a good oxygen supply because
of vertical water movements and strong water ex-
changes with the outer Archipelago Sea (Turun Yli-
opiston Saaristomeren tutkimuslaitos 1979).

The color variations in the sediments are due
to changing oxidation states within the sediments.
At station 1 in the harbour (the station with the
highest redox potential) the color change was sig-
nificantly deeper in the sediments than at the other
stations. There was abundant particulate matter
in the water column at stations 1 and 2. Because
of the intense decay of organic matter during
August, a minimum in the redox potential of the
sediments can be expected in autumn. Oxygen
supply to the sediments is highest at the end of
winter. This is due to complete mixing of the water
column and the lack of phytoplankton production
(Laakkonen et al. 1981).

Reducing conditions in the sediments especially
occur if there is significant degradation of organic
matter. Thus, sediments at stations 2 to 6 were an-

oxic and slightly reducing at 2–4 cm (compare
Bågander and Niemistö 1978). Sediments at station
1 were suboxic to oxic. Color change in the sedi-
ments, however (see above), indicate oxydizing con-
ditions at the surface and a change to reducing con-
ditions between 1 and 6 cm depth. The zero-millivolt-
line, the parameter for comparison of stations 1 to 6,
was closest to the surface at station 6.

An explanation for the low and vertically sta-
ble water contents in the harbour could be the low
water depth and the intense ship traffic. Light
material is possibly in resuspension.

During grain size analysis possible aggregates
were destroyed, which makes it difficult to draw
conclusions on the sedimentation patterns. There
was, however, little variation which points toward
similar mechanical processes for the detrital min-
eral fraction during erosion. According to Perttilä
and Brügmann (1991) most of these sediments
can be classified as mud.

Organic carbon contents in relation to
hydrodynamics

During sedimentation organic matter can be bur-
ied in the sediments in different amounts. This
amount can depend on the autochthonous primary

Table 3. Organic carbon (A), total nitrogen (B) and phosphate (C) contents (% of dry weight) in the sediments.
—————————————————————————————————————————————————
(A) Station 1 2 3 4 5 6

Sediment depth (cm)
0– 2 2.35 2.54 3.08 3.49 3.85 5.31
4– 6 2.10 2.67 3.00 3.34 2.98 3.40
8–10 2.03 2.82 3.10 3.26 2.00 3.58

12–14 2.06 2.74 3.07 3.34 0.69 3.11
16–18 1.84 2.43 3.01 3.10 0.73 3.13

(B) Station 1 2 3 4 5 6
Sediment depth (cm)

0– 2 0.20 0.30 0.42 0.48 0.60 0.77
4– 6 0.18 0.34 0.40 0.48 0.39 0.47
8–10 0.16 0.33 0.43 0.45 0.32 0.52

12–14 0.17 0.35 0.40 0.47 0.07 0.52
16–18 0.16 0.31 0.43 0.40 0.06 0.49

(C) Station 1 2 3 4 5 6
Sediment depth (cm)

0– 2 0.20 0.21 0.23 0.26 0.20 0.21
4– 6 0.16 0.21 0.19 0.18 0.26 0.18
8–10 0.12 0.21 0.24 0.18 0.39 0.18

12–14 0.12 0.20 0.21 0.18 0.08 0.11
16–18 0.12 0.18 0.18 0.12 0.08 0.13

—————————————————————————————————————————————————
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tions. Because of sewage input into the region,
nutrient availability is not a restricting factor for
primary production (Turun Yliopiston Saaristo-
meren tutkimuslaitos 1979). Light restriction may
be especially significant during periods of in-
creased river flow. However, this does not influ-
ence the general trend of mean annual primary
production, which is highest in the harbour and
decreases towards station 6 in the open Archi-
pelago Sea (Lounais-Suomen Vesiensuojelu-
yhdistys 1992). Second, resuspension due to ship
traffic may restrict sedimentation in the north.
Strong water movements between the harbour and
the outer Archipelago Sea may cause the trans-
port of the lighter material fraction towards the
more distal stations. Good conditions for sedimen-
tation are offered by the large number of small
basins which show increasing depth with increas-
ing distance from the harbour. Thus, more organic
carbon is buried in the sediments at the outer sta-
tions. Water contents of the sediments support this
trend.

Nutrient status: Organic carbon to nitro-
gen ratios

In this study, the ratios of organic carbon to total
nitrogen were chosen over the ratios of organic car-
bon to organic nitrogen (see Hebbeln 1991 and
Fischer 1989). These authors showed that this ratio
can be used instead of the organic carbon to organic
nitrogen ratio originally introduced by Müller (1977)
when interpreting changes in sedimentation patterns
of organic material.

C/N ratios decreased away from the harbour
(Fig. 2). Vertically there were no significant changes
(station 5 will not be discussed here as water con-
tents of the sediments from the deeper layers are
unusually low).

Vertically, almost constant C/N ratios are usu-
ally due to the fact that, during the decay of or-
ganic matter, carbon and nitrogen are reminera-
lized or preserved at the same ratio (Dungworth
et al. 1977, Henrichs and Farrington 1987). Also,
Kähler (1990) described little vertical changes in
C/N ratios for sediments from Kiel Bight in the
southern Baltic Sea.

During the decay of organic matter nitrogen
is mineralized. It appears in the sediment as am-

production. It may also depend on the organic
material supplied by rivers, which may be espe-
cially significant in coastal areas. The organic mat-
ter content in the sediments is also dependent on
the supply of other biogenic and terrigenous par-
ticles (Seibold and Berger 1982). Organic matter
is biochemically altered in the water column and
on the sea floor before burial in the sediments
(Lahdes 1982). Distribution patterns of organic
matter are often discussed by using the organic
carbon parameter.

Primary production in the northern part of the
Baltic Sea is restricted to between five and six
months. A large amount of organic matter is pro-
duced in spring after the ice has melted, because the
water contains abundant inorganic nutrients for pri-
mary production (Laakkonen et al. 1981). In sum-
mer, when the water column is thermally well-strati-
fied, primary production is low and there is a rapid
decay of organic matter. The results of investiga-
tions in sediment traps in the euphotic water layer at
a station in the coastal waters of the Gulf of Finland
showed a second but lower maximum of production
in late summer. The thermal stratification is usually
destroyed in early autumn. Resuspension of mate-
rial from the sea bottom starts around September.
For 1979 it was estimated that at least 20% of the
primary production was permanently buried in the
sediments (Laakkonen et al. 1981).

Even if autochthonous biological production
in the Gulf of Bothnia is low because of climatic
conditions, silty sediments contain up to 7% or-
ganic carbon. This value is of the same order as
the values for sediments in the southern Baltic
Sea (Neumann et al. 1996). This relatively high
amount is partly due to the impact of a large amount
of organic matter delivered by rivers (Perttilä and
Brügmann 1991). This is especially true for coastal
areas. Organic carbon contents at stations 5 and 6
are also high due to the reasons given above. It is,
however, necessary to explain horizontal varia-
tions of organic matter contents. Values are en-
hanced with increasing distance from the harbour.
This may be due to the following reasons. First,
primary production in the harbour may be lower
because of light restriction. There is significant
resuspended material in the water column. Sus-
pended material is supplied by the Aurajoki river
and may be resuspended by ship traffic. The wa-
ter became clearer towards the more distal sta-
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monium which is converted by oxygen into ni-
trate. The following denitrification (the reduction
of nitrate to elemental nitrogen, e.g. Kähler 1990),
is the precondition for removal of nitrogen from
the sediments. Decay of organic matter happens
both in the water column and at the sea bottom; it
is not restricted to conditions of good oxygen sup-
ply. If oxygen is depleted, nitrate and sulfate be-
come important agents for the decay of organic
matter (Emerson et al. 1980). Sulfate is of special
importance in the Baltic Sea sediments (Lahdes
1982, Kähler 1990).

In order to explain the horizontal variation in
the C/N ratios the following points have to be
considered. Gripenberg (1934) reported a rela-
tively high atomic C/N ratio of 10.5 for sediments
of the northern Baltic Sea, including the Åland
Sea. Usually, we can expect a higher supply of
nitrogen from land in coastal areas, especially in
the form of nitrate (Kähler 1990). Consequently,
one would expect that C/N ratios would be low at
station 1 and increase away from the harbour.
However, the opposite trend could be seen in the
study area. It is thus necessary to look for factors
and processes which may cause the reverse trend
in the C/N ratios.

The horizontal distribution of organic carbon
(increasing values away from the river mouth)
may be significant. It has already been shown that
oxygen becomes more depleted towards the outer
stations because of increasing water depths and
increasing organic carbon contents. This is espe-
cially true during the existence of the thermocline.
Consequently, nitrate production as a result of
ammonium oxidation may be restricted because
of the deficiency of oxygen. In this situation, de-
nitrification which may result in the removal of
nitrogen from the sediment (Schiewer et al. 1994)
can not occur. If this happens C/N ratios will be-
come lower with increasing distance from the
harbour. Denitrification is replaced by sulfate re-
duction which increases in importance. This can
be inferred from the sulfur values (Müller 1992).

Phosphate distribution in the sediments

The average phosphate values were 0.22% in sur-
face sediments and 0.14% in the 16–18 cm sedi-
ment depth interval. These values coincide with

Fig 2. Atomic ratio of organic carbon to nitrogen in the
sediments at stations 1 to 6 (depth intervals 0–2 cm
and 16–18 cm).

the phosphate contents of 0.2% (uppermost 4 cm)
and 0.12% (reducing part in 10–30 cm sediment
depth) respectively which were given by Niemistö
et al. (1978) for the eastern basin of the Gulf of
Bothnia.

Towards the Åland Sea and the Finnish Ar-
chipelago Sea, the waters of the study area mix
with phosphorus depleted surface waters from the
central Baltic Sea (Rinne et al. 1981). The more
distal stations in this study can be expected to be
more influenced by the surface waters of the Bal-
tic Sea. That is why one would assume the pres-
ence of relatively less phosphorus in the water
column at the more distal stations. However, from
the transport and sedimentation model, it can be
inferred that relatively large amounts of river trans-
ported material are deposited at the more distal
stations. This material contains a relatively high
fraction of particulate matter including organic
material.

Laakkonen et al. (1981) observed generally
higher phosphorus values in sediment trap material
than in bottom sediments. In autumn, when primary
production was low, there were increased values of
particulate phosphorus in the bottom waters and in
the water column generally. This was due to the oc-
currence of inorganic phosphorus bound to particles
in the form of iron phosphates and other compounds
in connection with a high rate of resuspension of bot-
tom material. Binding of phosphorus occurred mainly
on the material in the sediment traps. This binding
and relatively high phosphorus values in the water
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column are the result of a good oxygen supply. Oxy-
gen supply may be less efficient for bottom sediments.
Low oxygen levels prevent, to a large extent, phos-
phorus binding at the bottom. If conditions in the
sediments change from oxic to anoxic, phosphate
bound with iron can be removed (Froelich et al. 1982).

There seem to be two major processes which
are responsible for the phosphorus distribution in
the sediments: the influence of phosphorus de-
pleted surface waters at the more distal stations;
and the transport of phosphorus binding particulate
material away from the harbour. The latter seems
to compensate for the influence of the phospho-
rus depleted surface waters of the Baltic Sea, re-
sulting in little horizontal variation in phospho-
rus values within the study area.

During sampling there were strong water
movements, typical of autumn. These movements
increased the fraction of resuspended material,
which can bind phosphorus, in the water column.
This is the reason why phosphate values within
the sediments increase vertically towards the sur-
face at all stations.

Towards the outer stations in the Archipelago
Sea there was a relative decrease in oxygen sup-
ply in the sediments. This prevented phosphorus
binding in the sediments and supported the re-
lease of a phosphorus fraction into the water col-
umn. At this stage, however, it is not possible to
say which of the three processes mentioned above
is the most dominant nor is it relevant to make
quantitive statements about the processes.

Acknowledgements: I am greatly indebted to Lauri Niemistö
(Finnish Institute of Marine Research, Helsinki) for his sup-
port during this study. Discussions with Carl Ehlers, Alf
Börklund, Peter Edén and Mats Åström (Åbo Akademi
University, Turku) were very helpful. I am grateful to the
Archipelago Research Institute at Turku University and the
crew of the RV Aurelia for making sampling possible. David
Tilley (Australian National University) made valuable com-
ments that improved the quality of the manuscript.

References

Bågander L.E. & Niemistö L. 1978. An evaluation of the use
of redox measurements for characterizing recent sediments.
Estuarine and Coastal Marine Science 6: 127–134.

Dungworth G., Thijssen M., Zuusveld J., van der Velden
W. & Schwartz A.W. 1977. Distribution of amino ac-
ids, amino sugars, purines and pyrimidines in a Lake
Ontario sediment core. Chemical Geology 19: 295–308.

Emerson S., Jahnke R., Bender M., Froelich P., Klinkhammer
G., Bowser C. & Setlock G. 1980. Early diagenesis in
sediments from the eastern equatorial Pacific, I. Pore water
nutrient and carbonate results. Earth and Planetary Sci-
ence Letters 49: 57–80.

Fischer G. 1989. Stabile Kohlenstoff-Isotope in partikulärer
organischer Substanz aus dem Südpolarmeer,
atlantischer Sektor (stable carbon isotopes in particulate
organic matter from the Southern Ocean, atlantic sec-
tor). Berichte aus dem Fachbereich Geowissenschaften
der Universität Bremen 5, 161 pp.

Froelich P.N., Bender M.L., Luedtke N.A., Heath G.R. &
DeVries T. 1982. The marine phosphorus cycle. Ameri-
can Journal of Science 282: 474–511.

Gripenberg S. 1934. A study of the sediments of the North
Baltic and adjoining seas. Merentutkimuslait. Julk./
Havsforskningsinst. Skr. Finland 166, 231 pp.

Hebbeln D. 1991. Spatquartäre Stratigraphie und Palä-
ozeanographie in der Fram-Straße. Berichte aus dem
Fachbereich Geowissenschaften der Universität Bremen
22, 174 pp.

Heino A. 1973. Bottom deposits and sedimentation in north-
ern Airisto in Southwestern Finland. Bull. Geol. Soc.
Finland 45: 131–142.

Henrichs S.M. & Farrington J.W. 1987. Early diagenesis of
amino acids and organic matter in two coastal marine
sediments. Geochimica et Cosmochimica Acta 51: 1–15.

Kähler P. 1990. Denitrifikation in marinen Küstensedimenten,
Kieler Bucht, Ostsee. Berichte aus dem Institut für
Meereskunde Kiel 199, 89 pp.

Kalankasvatuksen vesiensuojelusuunnitelma 1991. Turun
vesi- ja ympäristöpiirin merialue 1991. Vesi- ja ympä-
ristöhallituksen monistesarja 315, 113 pp.

Laakkonen A., Mälkki P. & Niemi Å. 1981. Studies on the
sinking, degradation and sedimentation of organic mat-
ter of Hanko peninsula, entrance to the Gulf of Fin-
land. Meri 9: 3–42.

Lahdes E. 1982. Selvitys orgaanisen aineen kiertoon ja
hapenkulutukseen liittyvistä tekijöistä varsinaisen Itä-
meren Pohjoisosassa. Meri 10, 108 pp.

Lounais-Suomen Vesiensuojeluyhdistys 1992. Turun ympä-
ristön merialueen tarkkailututkimus syksyllä 1991.
Turku, 12 pp.

Müller A. 1992. Untersuchungen an marinen Sedimenten
in einem ausgewählten Küstengebiet Südwestfinnlands
— Betrachtungen zum Nährstoffstatus und zur
Geochemie. M.Sc.-thesis, Greifswald University, 61 pp.

Müller A. 1996. Sedimentmiljön i Lumparnbukten, Åland.
Terra 108: 20–29.

Müller P. 1977. C/N ratios in Pacific deep-sea sediments: ef-
fect of inorganic ammonium and organic nitrogen com-
pounds sorbed by clays. Geochimica et Cosmochimica
Acta 41: 765–776.

Neumann T., Christiansen C., Clasen S, Emeis K.-C. &
Kunzendorf H. 1997. Geochemical records of salt-wa-
ter inflows into the deep basins of the Baltic Sea. Con-
tinental Shelf Research 17: 95–115.

Neumann T., Leipe T., Brand T & Shimmield G. 1996.



237BOREAL ENV. RES. Vol. 2 • Hydrodynamics and nutrient distribution in bottom sediments

Accumulation of heavy metals in the Oder estuary and
its off-shore basins. Chemie der Erde 56: 207–222.

Niemistö L. 1974. A gravity corer for studies of soft sedi-
ments. Merentutkimuslait. Julk./Havsforskningsinst.
Skr. Finland 238: 33–38.

Niemistö L. 1982. Sediment och sedimentation i Bottniska
Viken. Kommittén för Bottniska Viken. Årsrapport 9:
6–18.

Niemistö L., Tervo V. & Voipio A. 1978. Storage of iron
and phosphorus in the sediments of the Bothnian Bay.
Finnish Marine Research 244: 36–41.

Perttilä M. & Brügmann L. (eds.) 1991. Pollution studies in
the Baltic Sea sediments. ICES Cooperative Research
Report 250. Kopenhagen, 129 pp.

Rinne I., Melvasalo T., Niemi Å. & Niemistö L. 1981. Stud-
ies on nitrogen fixation in the Gulf of Bothnia. Finnish
Marine Research 248: 117–127.

Schiewer, U., Schlungbaum, G. & Heerkloss, R. 1994.
Nährstoffkreisläufe in den Darß-Zingster Bodden-
gewässern. Rostocker Meeresbiologische Beiträge 2:
139–148.

Seibold E. & Berger W.H. 1982. The sea floor: an intro-
duction to marine geology, Springer, Berlin, 288 pp.

Turun Yliopiston Saaristomeren tutkimuslaitos 1979. Saaristo-
meren virtaustutkimus. Turku, 265 pp.

Winterhalter B. 1972. On the geology of the Bothnian Sea,
an epeiric sea that has undergone Pleistocene glacia-
tion. Bull. Geol. Surv. Finland 258, 66 pp.

Received 18 March 1996, accepted 21 May 1997



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00083
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


