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ABSTRACT: The objective of this study was to quantitatively assess the relative importance of
terrigenous dissolved organic material (TDOC) as a carbon source for secondary producers (e.g. bacteria) and as a structuring factor for the pelagic food web in the Gulf of Bothnia, northern Baltic Sea.
The 3 study sites, situated in Bothnian Bay (BB), the Öre Estuary (ÖE) and the Bothnian Sea (BS), had
markedly different freshwater loads and water-residence times. In Bothnian Bay, bacterial biomass
and production were higher than expected from the levels of phytoplankton biomass and productivity there, suggesting an uncoupling of bacterial productivity from phytoplankton production. Phytoplankton size structure and size-fractionated production were, however, relatively similar among
areas. A simplified carbon budget model suggested that bacterioplankton dominated organic carbon
consumption in all of the food webs studied, but was most marked in BB. The model showed that the
available autochthonous primary production could not alone support the heterotrophic carbon
demand in BB. The most likely explanation of this discrepancy was that the total annual input of
terrigenous dissolved organic carbon was bioavailable, resulting in a budget closer to balance with
the heterotrophic carbon demand. BB, receiving 38% of the carbon input from land, was consequently a net heterotrophic ecosystem. A sensitivity analysis showed that the bacterial carbon
demand, and growth efficiency in particular, had the greatest influence on the resulting budget.
TDOC was the dominant carbon source in ÖE, but the losses of carbon through advection to offshore
areas and sedimentation was high. The evidence of net heterotrophy in ÖE was therefore weaker
than in BB. In BS the input of TDOC was less important, and the carbon used for secondary production originated mainly from autochthonous primary production. Our results suggest that the supply of
TDOC is of great importance for the abundance of plankton and as a structuring factor for the aquatic
food webs in the Gulf of Bothnia.
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On a global scale, allochthonous carbon of terrigenous origin has been suggested to significantly contribute to the supply of reduced organic carbon to the
sea (Smith & Mackenzie 1987). This insight is part of
an ongoing revision of the traditional view that humic
riverine organic carbon is not a readily available

(recalcitrant) carbon source to the marine food web.
This revision of the importance of terrigenous organic
carbon is further nurtured by evidence that allochthonous organic matter can support the growth of
secondary producers in lakes (Tranvik & Höfle 1987,
Salonen et al. 1992), streams (Leff & Meyer 1991) and
coastal waters (Carlsson & Granéli 1993, Moran &
Hodson 1994). Secondary producers in coastal waters
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may be promoted by the increase in bioavailability
when terrestrial dissolved organic matter (DOM)
enters estuarine environments (Stepanauskas et al.
1999, Wikner et al. 1999). Photochemical oxidation of
humic substances may further promote their biological
utilisation (Kieber et al. 1990).
Spatial differences in the relative contribution of
terrigenous dissolved organic matter (TDOC) and
indigenous primary production as sources of energy to
secondary production may affect overall food web
structure and processes in aquatic ecosystems. For
instance, in aquatic ecosystems with low phytoplankton carbon fixation (< 70 to 120 µg C dm– 3 d–1), bacterial
respiration exceeds net primary production (del Giorgio et al. 1997), and total community respiration
exceeds gross primary productivity (Duarte & Agusti
1998). Secondary producers in such ecosystems, e.g.
bacteria, are thus thought to require external inputs of
organic carbon in order to support the estimated net
heterotrophy of the system. Similarly, in lakes the relative supply of organic carbon from autochthonous or
allochthonous sources to secondary producers may
determine the degree of recycling of nutrients and
materials (Jansson 1998) and the transfer efficiency of
energy to higher trophic levels in food webs (Hessen
1998).
In the Baltic Sea, indigenous phytoplankton carbon
fixation has been estimated to constitute the major
carbon input to secondary producers (Elmgren 1984).
However, variations in the carbon budget exist
between the major basins of the Baltic. The northernmost basin (Bothnian Bay [BB]; 1417 km3) is characterised by a 3-fold higher freshwater discharge per volume than the adjacent Bothnian Sea (BS; 4817 km3).
This creates a clear difference in the load of TDOC to
the basins, as well as a relatively stable salinity gradient, which ranges from 2 psu in the north to 7 psu in
the south. Furthermore, measurements show lower
phytoplankton carbon production, lower phosphate
and higher nitrate concentrations in BB than in BS.
Several studies suggest that the input of TDOC may
explain (1) the high biomass and productivity of mesozooplankton relative to primary production in the Gulf
of Bothnia (Ackefors et al. 1978), (2) that bacterial carbon demand exceeds autochthonous primary production in a coastal area (Öre Estuary; ÖE) (Zweifel et al.
1995) and (3) that 15 to 37% of the mesozooplankton
biomass in BB could be attributed to consumption of
prey utilising TDOC (Rolff & Elmgren 2000). In other
areas of the Baltic, such as the Gulf of Finland, TDOC
has also been suggested as a potentially important
source of carbon to meet heterotrophic carbon demand
in the pelagic food web during spring (Lignell et al.
1993) and summer (Uitto et al. 1997) conditions. Especially in the eastern part of the Gulf of Finland, the

high input of organic material from the River Neva has
been addressed as an important factor influencing
trophic conditions in that area (Pitkänen et al. 1993).
Also, in the northernmost Gulf of Bothnia, the relative
importance of TDOC to bacteria and the heterotopy of
the ecosystem have been studied (Zweifel et al. 1995,
(Wikner & Hagström 1999). However, none of these
studies have directly and quantitatively addressed the
relative importance of TDOC for the whole pelagic
carbon budget covering a full seasonal cycle.
The objective of this study was to quantitatively
assess the relative importance of TDOC as a carbon
source for secondary producers in the pelagic food
web in the Gulf of Bothnia. Our working hypothesis
was that areas with a high contribution of riverine
organic carbon and long residence time should present
an uncoupling of bacterio- and phytoplankton productivity, similar to the suggestion for zooplankton (Ackefors et al. 1978, Rolff & Elmgren 2000). If bacterial production were uncoupled from primary production, it
would suggest a relatively higher importance of
heterotrophic processes compared to areas with low
external energy inputs of carbon. In order to explore
these questions, TDOC data and biological variables in
the pelagic zone, gathered during the ‘Gulf of Bothnia
year 1991’ at 3 sites with markedly different freshwater
load and residence time (BB, ÖE and BS), were used.
In the ‘Discussion’, we present a hypothetical model of
how carbon at the bottom of the food web, e.g. primary
producers, TDOC and bacteria, is used and allocated
to higher trophic levels in the pelagic food web, and
we highlight the importance of TDOC for food web
structure and processes in the Gulf of Bothnia.

MATERIALS AND METHODS
The sampled stations A13 (Bothnian Bay; 64° 42.50’ N;
22° 04.00’ E), C1 (Bothnian Sea; 62° 35.22’ N; 19° 58.41’ E)
and B3 (Öre Estuary [ÖE]; 63° 29.98’ N; 19° 49.14’ E)
are shown in Fig. 1. Data on size-fractionated phytoplankton biomass data have already been presented in
Andersson et al. (1996), whereas bacterial biomass and
productivity data are available in Zweifel et al. (1995)
and Wikner & Hagström (1999). In this study, these
data were complemented with data on sedimentation,
the biomass of 3 size classes of flagellates and zooplankton, as well as calculated zooplankton productivity measured during 1991. The relative importance
of TDOC for bacteria and other heterotrophs in the
pelagic food web is discussed primarily from measured
data, but also in terms of a simplified carbon budget
presented in the ‘Discussion’.
Viruses. Virus production data were derived from
literature values reported by Steward et al. (1993).
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Hydrographic data, DOC, bacterial biomass and
production. Hydrographic and morphometric data,
such as mean and maximum depths, total volume, ice
coverage, and freshwater- and DOC discharge for
each area were taken from Wikner & Hagström (1999)
(Table 1), as well as data on water temperature, salinity
and light irradiation measurements (Table 2). Data on
bacterial biomass and productivity, as well as methodology used, are also available in Wikner & Hagström
(1999). In this study, those values were integrated over
the average water column in each area (Table 1). Bacterioplankton samples were collected from the depths
of 0, 4, 8, 14, 20, 40, 60, 80 and 100 m.
Sedimentation. Sediment traps with parallel replaceable tubes (with a height:diameter ratio of 5)
were used. The mooring system was based on
an anchor, a buoy with a flag and radar reflector and a
free-floating trap at a fixed depth. The tubes were
maintained in a vertical position with gimbal suspension (Larsson et al. 1986). Sediment traps (winter traps)
used during the ice-cover period were equipped with
one tube instead of parallel tubes, and a mooring system without a surface buoy; instead of pulling the trap
up from the surface, it was dragged up. At B3 the
traps were placed at a depth of 14 m, and at 30 m for
Stns A13 and C1.
The sediment traps were replaced every 2 wk from
May to December in BS and June to November in BB.
The rest of the year the traps were replaced once a

Fig. 1. Map of the Gulf of Bothnia showing sampling
stations. Station names are according to the nomenclature
of the station network of the Helsingfors Commission
(HELCOM 2002)

Table 1. Morphometric and hydrographic data of the study sites in the Gulf of
Bothnia. Morphometric values, ice coverage and freshwater discharge from
HELCOM (1990) and Forsgren & Jansson (1992). Discharge of dissolved organic
carbon (DOC) to the Öre Estuary is based on Pettersson et al. (1997)
Stn

A13 (BB)
B3 (ÖE)
C1 (BS)

Mean
depth
(m)

Max.
depth
(m)

41
16
66

146
33
294

Volume
(km3)

Ice
cover
(wk)

1481
1.0
4308

4
6
0

Freshwater
discharge
(km3 yr–1)
98
1.2
95

DOC
discharge
(mmol C dm–2 yr–1)
18
208
7.7

Table 2. Temperature, salinity and light influx (mean and range) during 1991 at
the 3 sampling stations. Temperature and salinity are annual averages in the
depth interval, and light influx is the integrated average in the 0 to 20 m surface
layer. Data are given separately for the depth intervals 0 to 20 m and 20 to 100 m
Stn
A13 (BB)
B3 (ÖE)
C1 (BS)

0–20 m
20–100 m
0–20 m
20–25 m
0–20 m
20–100 m

15

Temperature
(°C)

Salinity
(‰)

Light influx
(µE m–2 s–1)

6.8 (–0.1 to 18.0)
2.4 (–0.1 to 10.3)
6.6 (–0.2 to 17.3)
4.3 (0.0 to 7.4)
7.8 (1.0 to 18.3)
3.3 (1.0 to 8.6)

3.2 (2.9 to 3.4)
3.6 (3.5 to 3.7)
4.3 (1.2 to 5.7)
5.2 (4.8 to 5.5)
5.4 (3.5 to 5.9)
6.0 (4.2 to 6.4)

33 (0.7 to 91)
–
93 (0.6 to 283)
–
151 (6.4 to 440)
–

month. Winter traps were set out in December, and replaced when the station
became ice-free (April or May). To stop
breakdown of organic material during
the exposure period, 3 ml of chloroform
was added into each tube. When collecting the tubes, the water column was
decanted from the sediment and then
sediment was centrifuged (20 400 × g at
rmax, 10 to 15 min, at 4°C) and freezedried. The dry weight was corrected for
the salt content of the seawater remaining in the sediment, and the result
given to the nearest 0.1 mg.
Phosphorus, iron and aluminium
were determined by inductively coupled plasma–atomic emission spectroscopy (ICP-AES). Sediments were
fused with lithium metaborate at 960°C
and subsequently dissolved in nitric
acid (Boumans 1987). Certified reference materials from the National
Research Council of Canada were used
for standardisation. Analyses of carbon
and nitrogen in sediments were per-
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formed with a Carlo Erba Model 1106 high-temperature combustion elemental analyser, using standard
procedures. Acetanilide was utilised for standardisation. Sedimentation was corrected for resuspension
according to Blomqvist & Larsson (1994).
Phytoplankton biomass and productivity. The
methodology for and seasonal dynamics of phytoplankton >10 µm, between 2 and 10 µm, and < 2 µm
have been presented in Andersson et al. (1996). As
described there, the phytoplankton was collected with
a 20 m plastic hose (Ø 2.5 cm) and preserved with
Lugol’s solution and formaldehyde (2% final conc.).
Eukaryotic phytoplankton was identified using the
Utermöhl technique. Cyanobacteria were collected on
0.2 µm polycarbonate filters and counted by epifluorescence microscopy. At least 500 eukaryotic algal and
300 cyanobacterial cells were counted per slide.
Phytoplankton biomass was calculated via determined biovolumes and published relations (Strathmann 1967, Verity et al. 1992) between biovolume and
carbon content for pico- and nanoplankton, diatoms
and other microplankton, as described by Andersson
et al. (1996). The SD for the phytoplankton estimates
were ± 27% (algae >10 µm), ±18% (2 to 10 µm algae)
and ± 6% (cyanobacteria) (Andersson & Rudehäll
1993). Under the thermocline, values were based on
the results from 2 profiles of phytoplankton conducted
down to 100 m (data not shown), assuming a similarly
low occurrence year-round.
In this study phytoplankton photosynthesis was
determined by 14C bicarbonate techniques (Gargas
1975, Larsson & Hagström 1982, Andersson et al.
1996). Radioactive carbonate (6 µCi, 0.1 mCi mmol–1)
was added to samples collected from depths of 0, 1, 2,
4, 6, 8, 10, 14 and 20 m and incubated in situ for 3 to 4 h
around noon. The incorporation of the isotope into
whole water was determined in 5 ml acidified sub-

samples. Incorporation into size fractions was determined by post-filtration through 10, 2, 0.6 and 0.2 µm
polycarbonate filters (MSI™) at 100 mm Hg. Values
were transformed to daily rates after multiplying by
the ratio of daily irradiation to insolation during the
incubation period (Andersson et al. 1996). The squared
sum SD of light and dark triplicates was determined to
average ± 52% (n = 30), with a substantial variation
in SD between the samples.
Protozooplankton. Flagellate abundance was determined from integrated samples taken with the
20 m hose. Flagellates reported in the literature to be
potential phagotrophs (whether strictly heterotrophic
or mixotrophic) were identified by inverted microscopy in Lugol-preserved samples as described for
phytoplankton. The phagotrophs were operationally
classified into 3 trophic levels (Rassoulzadegan &
Sheldon 1986, Rassoulzadegan et al. 1988, Wikner &
Hagström 1988, Kuuppo-Leinikki 1990, Sherr & Sherr
1991) based on size and genus according to Table 3.
SD of ± 20% for flagellate enumeration is normally obtained by using this technique (Andersson & Rudehäll
1993). The sizes of 15 cells per taxonomic group and
sample were measured. Biovolumes were calculated
according to HELCOM (1988) guidelines, and biomass
carbon calculated according to Verity et al. (1992):
log C = –0.363 + 0.863(log CV)
For flagellates, the carbon biomass was ca. 25% of the
wet weight.
Mesozooplankton. Mesozooplankton was sampled
from the bottom to the surface with a vertical nethaul using a WP-2 net (mesh size 90 µm) (Tranter
1968). Samples were taken every 2nd week between
May and October and every 3rd week during winter.
Samples were immediately preserved with 2 to 4%
formaldehyde (di-sodium-tetraborate buffered, Dy-

Table 3. Grouping of phagotrophic flagellates into trophic levels at the sampling sites. For criteria used in grouping the
flagellates, see ‘Materials and methods’
Trophic level

Bothnian Bay

Öre Estuary

Bothnian Sea

Bactivorous

Unidentified heterotrophic a
Unidentified mixotrophic a

Unidentified heterotrophic a
Unidentified mixotrophic a

Unidentified heterotrophic a
Unidentified mixotrophic a

Phagotrophic 2

Chrysochromulina spp.b
Unidentified mixotrophic a,b
Other b

Chrysochromulina spp. a,b,c
Unidentified mixotrophic a,b
Other b

Chrysochromulina spp.a,b,c
Unidentified mixotrophic b
Other b

Phagotrophic 3

Cryptophyceans b,c
Dinoflagellates c
–
Choanoflagellates c
–
–

Cryptophyceans b,c
Dinoflagellates c
Dinophysis sp.c
Choanoflagellates c
Dinobryon sp.c
Eutreptiella sp.c

Cryptophyceans b,c
Dinoflagellates c
Dinophysis sp.c
Choanoflagellates c
Dinobryon sp.c
Eutreptiella sp.c

Size ranges: a1–5 µm, b5–10 µm, c >10 µm
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bern et al. 1976). Sub-samples were analysed in an
inverted microscope and at least 500 specimens
counted from each sample. Species were identified as
in Johansson (1992) and references therein. The
length of the zooplankton was measured with calibrated microscopic scales at 100× magnification (n = 5
to 10). The biomass was calculated by weight-length
regressions according to Hernroth (1985) and Kankaala & Johansson (1986). From these biomass estimates, mesozooplankton production was estimated
from calculated biomass and equations for temperature-dependent growth rates, assuming steady-state
conditions (Johansson 1992).
Fish. The herring biomass (dominant fish species in
each area) was taken from the ICES Advisory Committee on Fishery Management (ACFM) report for
the year 1991 (ICES 2001). It was assumed that carbon content was 10% of the wet weight of the fish
biomass. It was further assumed that besides herring,
an additional 20% of the total fish biomass constitutes
other fishes according to the assumptions made by
Elmgren (1984). On an areal basis it was assumed
that the biomass was equal in ÖE and BS.
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Sedimentation
The resuspension corrected-sedimentation rates
measured by the traps were clearly different among
the 3 areas. The total sedimentation was 10 mmol C
dm–2 yr–1 in BB (0 to 30 m), 69 mmol C dm–2 yr–1 in ÖE
(0 to 14 m) and 17 mmol C dm–2 yr–1 in BS (0 to 30 m).
Since these values do not correspond to the sedimentation of carbon in the whole water column (41, 16 and
66 m in BB, ÖE and BS, respectively) used in the carbon budget (see ‘Discussion’), additional utilisation of
organic carbon below the sediment trap measurements
had to be assumed from bacterial production data. A
rough estimation suggests that bacteria may consume
some 7 mmol C dm–2 yr–1 of the sedimentation values
(between 30 and 41 m) in BB, leaving 3 mmol C dm–2
yr–1 for export. Bacterial degradation was further estimated to be 19 mmol C dm–2 yr–1 (102%, between 30
and 66 m) of the carbon settling from the euphotic zone
in BS. Contribution from the 14 to 16 m layer in the ÖE
to carbon degradation was assumed to be negligible.

Phytoplankton
RESULTS
During 1991 the annual average temperature in the
0 to 20 m layer was slightly below 7°C both in BB and
the coastal station ÖE (Table 2), and ca. 1°C higher in
BS (p < 0.05, Wilcoxon’s signed rank test). The maximum surface temperature at the offshore stations
exceeded that at the coastal station. Subsurface minimum values never dropped below 1.0°C in BS. A very
mild ice winter caused a short period of ice coverage
compared to the BB average and coastal areas of the
Bothnian Sea. No continuous ice cover occurred in the
central Bothnian Sea.
Salinity was > 2 psu lower in BB than in BS over the
whole water column, with intermediate salinity at ÖE.
Due to the high freshwater input from the Öre River,
salinity in ÖE was more variable.
As described in Andersson et al. (1996), light influx
to the euphotic zone (0 to 20 m layer) was 5-fold lower
in BB than BS. The coastal station showed an intermediate value. All differences were statistically significant according to a Wilcoxon signed-rank test (p <
0.015). The differences were mainly due to different
light intensities during the ice-free season, rather than
to differences in the period of ice coverage, and also as
a consequence of lower incident light influx (i.e. I 0
value) rather than a higher attenuation coefficient
(Beer’s law, cited in Andersson et al. 1994). Maximum
and minimum light influx values in BB were also
clearly lower than at the other locations.

Cells larger than 10 µm (primarily diatoms and
dinoflagellates) generally dominated the phytoplankton biomass at all stations, and constituted 63, 73 and
61% of the total annual average phytoplankton
biomass in BB, ÖE and BS, respectively (Table 4).
An exception was that unicellular cyanobacteria accounted for a large fraction of the total phytoplankton
biomass in late summer at the offshore station in BS.
Flagellated phytoplankton (2 to 10 µm) generally constituted a small proportion of the biomass (12% of total
biomass in BB and BS and 8% in ÖE), especially when
compared to the estimated production in this size
fraction. Cyanobacteria accounted for ca. 25% of the
phytoplankton biomass in BB and BS, and ca. 20%
in ÖE. Thus the proportions of the 3 size classes of
phytoplankton were similar in all areas.
Phytoplankton succession showed a clear spring
bloom in BS, with a peak of algae >10 µm. Large algae
also dominated the phytoplankton biomass during
spring at the coastal station, while no clear spring
bloom was observed in BB. Phytoplankton taxonomy
and ecology are presented in greater detail in Andersson et al. (1996).
The total annual phytoplankton carbon fixation in BB
was only 1⁄4 of that in the open BS, with the coastal
station in BS having intermediate values (Table 4).
The 95% CIs of the annual estimate was calculated to
average ± 8% (n = 152) based on estimated SD, which
suggested that these differences were statistically
significant.
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Table 4. Average biomass carbon demand, annual production, respiration, excretion of dissolved organic carbon (DOC) (all mmol
C dm–2 yr–1), biomass (mmol C dm–2), and production to biomass ratio (P:B) (yr–1) for the trophic components in the food web.
Measured values are shown in bold, whereas modelled flows are shown as plain text (see ‘Discussion’ for details)
Stn

Trophic component

A13 (BB)

Primary production
Pelagic carbon fixation
Algae > 10 µm
Algae 2–10 µm
Cyanobacteria unicell.
Exudate
Total autotrophic

Carbon
demand

Allochthonous organic matter

B3 (ÖE)

C1 (BS)

Production

Respiration

Excretion DOC

Biomass

P:B

4.7
4.7
2.3
12
23.7

0.80
0.15
0.32

5.9
31
7.4
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111

1.3

Secondary production
Virioplankton
Bacterioplankton
Bactivorous flagellates
Phagotrophic flagellates 2
Phagotrophic flagellates 3
Microzooplankton
Mesozooplankton
Fish

2.9
58
13
6.6
4.7
4.8
5.9
1.5

0.23
17
5.0
2.7
1.9
1.9
1.5
0.22

0.0
40
1.3
0.7
0.5
0.5
1.5
1.0

2.7
–
6.3
3.3
2.4
2.4
3.0
0.3

0.03
0.57
0.03
0.04
0.19
–
0.04
0.09

Total heterotrophic

97

31

46

20

1.0

Primary production
Pelagic carbon fixation
Algae > 10 µm
Algae 2–10 µm
Cyanobacteria unicell.
Exudate
Total autotrophic

10.2
4.5
3.6
15.1
33.3

1.02
0.11
0.26

Allochthonous organic matter

208

66

7.4
31
151
73
10
–
41
–

10
40
14

1.4

Secondary production
Virioplankton
Bacterioplankton
Bactivorous flagellates
Phagotrophic flagellates 2
Phagotrophic flagellates 3
Microzooplankton
Mesozooplankton
Fish

3.2
45
10
5.8
4.5
5.8
8.9
2.2

0.18
13
4.1
2.3
1.8
2.3
2.2
0.3

0.0
31
1.0
0.6
0.4
0.6
2.2
1.4

3.0
–
5.1
2.9
2.2
2.9
4.4
0.4

0.02
0.24
0.04
0.04
0.16
–
0.08
0.44

Total heterotrophic

85

27

38

21

1.0

Primary production
Pelagic carbon fixation
Algae >10 µm
Algae 2–10 µm
Cyanobacteria unicell.
Exudate
Total autotrophic

22
13
12
44
91

3.33

Allochthonous organic matter

7.7

177

2.04
0.39
0.89

Secondary production
Virioplankton
Bacterioplankton
Bactivorous flagellates
Phagotrophic flagellates 2
Phagotrophic flagellates 3
Microzooplankton
Mesozooplankton
Fish

8
112
26
16
13
15
21
5.3

0.45
34
10
6.3
5.0
6.1
5.3
0.8

0.0
78
2.6
1.6
1.3
1.5
5.3
3.5

7.6
0.0
13
7.9
6.3
7.6
10.7
1.1

0.04
0.82
0.09
0.16
0.45
–
0.07
0.44

Total heterotrophic

216

68

94

54

2.1

11
56
115
52
12
–
26
–

11
33
14

10
41
117
81
22
–
77
–
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The productivity in each size class of phytoplankton
differed more among areas than the biomass. Cyanobacterial production was similar in all areas, and
ranged between 10 and 13% of total carbon fixation.
Phytoplankton (2 to 10 µm) had the highest relative
productivity in BB (20%), but this was lower (13 to
14%) in the other 2 areas (Table 4). The 2 to 10 µm size
fraction had the highest productivity:biomass (P:B)
ratio at all sites (Table 4). Carbon fixation by phytoplankton >10 µm equalled that of the 2 to 10 µm size
class in BB (20%), and dominated particulate productivity in ÖE (30%) and BS (24%, Table 4).
A pronounced spring bloom with high CO2 fixation
(dominated by large algae) was only apparent at the
offshore station in BS. On an annual basis, nearly half
of the total phytoplankton carbon fixation resulted in
DOC at all stations (50, 45 and 48%, respectively)
(Table 4). This estimate includes 14C in the bacterial
size fraction (0.2 to 0.6 µm), assuming 50% bacterial
assimilation efficiency of this substrate (within the
range reported in del Giorgio & Cole 1998). These values should be treated with some caution, as our own
control experiments and communication with other
investigators suggest that post-filtration occasionally
gives rise to artefacts, especially in the smaller size
fractions.
A strong correlation was observed between total carbon fixation and light influx to the euphotic zone, suggesting that the difference in light intensity between
stations could explain 90% of the variability in phytoplankton carbon fixation (r2 = 0.90, p < 0.001). The data
not only represented the full seasonal cycle at all stations, but also data from parts of 1992 and 1993, when
simultaneous measurements of light influx and carbon
fixation were made.

Bacteria
The annual bacterial biomass was 0.57, 0.24 and
0.82 mmol C dm–2 in BB, ÖE and BS, respectively
(Table 4). This was mainly a consequence of average
depths, as volume-based concentrations were relatively similar among areas. ÖE had the highest volumetric concentration of 1.50 × 109 cells l–1 followed by
BB and BS (1.34 and 1.24 × 109 cells l–1, respectively).
The bacterial biomass was comparatively high in relation to the total standing stock of phytoplankton in BB
(approximately 44% of total phytoplankton biomass),
but lower in the ÖE and BS (17 and 25%, respectively).
Among the heterotrophic organisms, bacteria had the
largest biomass in the offshore areas (BB 48%, BS
36%). Wikner & Hagström (1999) provide a more
detailed analysis of the intra-annual variability of
bacterioplankton.
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Annual integrated bacterioplankton carbon production was clearly highest in BS and lowest in ÖE, covarying with the average depth of the water column
(Table 4). On a volumetric basis, growth rates in the
surface water were clearly lower in BB than the other
sites. Considering the uncertainty of the thymidine and
biomass conversion factors, the bacterial production
per volume at ÖE was not significantly lower (12%)
than at the offshore BS station. In the deep water,
growth rates were, however, 50% higher in BB than
BS. The 95% CI of the annual estimate was calculated
as ± 4% (n = 140). This was based on the sum of depth
and time variance, assuming that a running 3-point
average approximately reflected the true seasonal
variability.
Bacterial carbon production amounted to ca. 74, 40
and 37% of the total phytoplankton carbon production
in BB, ÖE and BS, respectively. Consequently, heterotrophic bacterial growth alone could consume most of
the available autochthonous carbon production in BB,
suggesting allochthonous sources to be of particular
importance in this basin.

Protozooplankton
The distribution of biomass among the 3 operationally defined size classes of protozooplankton was
similar in all areas. The highest flagellate trophic
level comprised mostly of the total phagotrophic flagellate biomass at all stations (Table 4). Bacterivorous
flagellates had a similar biomass as Category 2 flagellates in BB and ÖE. In BS, however, bacterivorous
flagellates comprised only half the Category 2 flagellates. The highest concentration of biomass was found
at the coastal station for all categories (data not
shown). The seasonal variations of the different phagotrophic flagellates were generally similar, with the
differences being mainly in the magnitude of the biomass peaks (J. Wikner unpubl. data). For most
genera, the dominating biomass was within a single
defined size range (Table 3). However, Chrysochromulina spp. periodically covered all 3 size classes.
Also, seasonal variation co-varied within each genus,
irrespective of size class (data not shown). Therefore,
each genus was assigned to a single functional group
(e.g. trophic level), although we recognise that larger
cells might prefer larger prey.
With the applied classification, the composition of
the dominating bacterivorous flagellates and their primary predators was similar for all stations (Table 3).
The number of genera in the group of largest flagellates was greater at BS stations than in BB. Three
phago- or mixotrophic flagellate genera in the highest
trophic level were abundant at all stations.
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Mesozooplankton
The mesozooplankton community was characterised
by a few dominating species in each area. In terms of
total biomass the zooplankton community in BB was
about half of that found in ÖE and BS (Table 4). Rotatoria constituted the smallest share of the total zooplankton biomass in each area (2 to 4%), and were
dominated by Synchaeta spp. Cladoceran biomass
was dominated by Bosmina longispina maritima in all
areas, but its contribution to total zooplankton biomass
was higher (25%) in ÖE compared to BB and BS (8 to
9%). Copepods clearly dominated the zooplankton
community in all areas, being relatively more important in BB and BS (87 to 91%) thanin ÖE (71%). Limnocalanus macrurus dominated copepod biomass in
BB, while Eurytemora affinis dominated in ÖE and BS.
The biomass of Eurytemora affinis in BB and Acartia
bifilosa in ÖE and BS constituted about half of the
dominating zooplankton in the respective areas.
Integrated annual mesozooplankton growth rates,
calculated from measured biomass and reported temperature dependent growth rates, showed higher values in BS than in BB. Total zooplankton production
was found to be 1.7, 2.6 and 4.4 mmol C dm–2 yr–1 in
BB, ÖE and BS, respectively.

DISCUSSION
Does TDOC input enhance bacterial biomass and
production in the Gulf of Bothnia?
The main objective of this study was to elucidate
how riverine TDOC influences food web structure and
processes in the Gulf of Bothnia. As outlined in the
‘Introduction’, we hypothesised that in areas with a
high contribution of riverine organic carbon and a long
residence time, TDOC would be an important source
of carbon and energy for the pelagic food web. As a
consequence, the alternate source of dissolved substrate provided by TDOC, would lead to an uncoupling
of bacterio- and phytoplankton productivity. According to our hypothesis, the results for BB particularly
corroborate previous studies, showing that high input
of TDOC leads to an uncoupling of bacterial productivity and biomass from phytoplankton productivity
(Findlay et al. 1991). A cross-ecosystem analysis of the
ratio of bacterial to phytoplankton productivity in fresh
and saltwater ecosystems suggested this ratio to be
approximately 30% (Cole et al. 1988). In our study, it
was markedly higher in BB (75%) than found by Cole
et al. (1988), but only slightly higher in ÖE (41%) and
BS (37%). Likewise, the ratio of bacterial to phytoplankton biomass was higher in BB (44%) than in ÖE

(17%) and BS (24%). The bacterial-to-phytoplankton
productivity and biomass ratios strongly suggest that
resources other than phytoplankton carbon must fuel
bacterial carbon demand in these ecosystems. These
relationships also hold on a longer time perspective, as
long-term monitoring at ÖE (1987 to 2001) and BB and
BS (1991 to 2001) confirms the uncoupling between
bacterial and primary production (J. Wikner unpubl.
monitoring data). This supports the hypothesis that
input of TDOC causes these relationships, since it is
unlikely that episodic internal releases from benthos
or senescence from fish or other long-lived organisms
would support such a high bacterial biomass and
productivity.
Extensive utilisation of TDOC will have marked
implications for the carbon and energy balance at the
ecosystem level. Net ecosystem production (NEP) is
defined by Howarth & Michaels (2001) as the difference between NPP and the respiration of all heterotrophs in the ecosystem (equivalent to the difference between GPP and all respiration by both
autotrophs and heterotrophs). A negative NEP would
infer that alternative sources of carbon, besides primary production, are available to the heterotrophic
community and thereby sustain higher respiration
rates and net heterotrophy of the ecosystem. We
assumed that the C-14 technique used in this study
approximately measured NPP (Howarth & Michaels
2001). Applying a net growth efficiency of 30% for
bacteria, experimentally determined for the Gulf of
Bothnia area (Zweifel et al. 1993), to the bacterial production rates presented (Table 4), would lead to an
estimate of bacterial respiration alone to be 70%
higher than the total primary production in BB. The
corresponding value for ÖE and BS amounted to 90%
of the primary production in both cases. Consequently,
adding respiration from other secondary consumers, it
is likely that NEP is negative at all stations, and that
especially the BB ecosystem is clearly net heterotrophic. This suggested that sources of carbon other than
that supplied from primary production were available
to bacteria. The most likely explanation would be
TDOC discharge, which, during the year of this study,
constituted ca. 43, 86 and 8% of the pelagic primary
production in BB, ÖE and BS, and made up for the
missing requirements fairly well.
The above reasoning relies on the reliability and
validity to extrapolate the field data to the whole
ecosystem. For instance, some sources of carbon may
have been underestimated or overlooked, or bacterial
respiration may have been overestimated. The bacterial thymidine conversion factor (TCF) and carbon
density used per cell (average 15 fg cell–1) was in the
lower range of factors reported (Bell 1993, Norland
1993). Using a lower factor of 1.0 × 1018, instead of
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1.5 × 1018 cell–1 mol thymidine–1 measured in the area
by Wikner & Hagström (1999), would still result in a
net heterotrophic system in BB (data not shown). Also,
using a similar TCF, the balance between bacterial
productivity and mortality has been shown to match
net change in bacterial abundance on an annual basis
(Wikner & Hagström 1991). Taken together, it was not
likely that bacterial productivity was overestimated.
The estimated bacterial respiration is obviously quite
sensitive to variations in the accuracy of the net
growth-efficiency applied. For instance, the 30%
growth efficiency used here varies intra-annually
between 11 and 54% (Zweifel et al. 1993). Using a
growth efficiency of 40% decreases the total carbon
demand to ca. 110% of the primary production in BB
and 60% in the ÖE and BS areas. However, on a yearly
basis it is probable that a true annual average value
would approach 30%, and we cannot satisfactorily
explain the discrepancy in available carbon in the BB
ecosystem with erroneous growth efficiency. The large
fraction of humic compounds and low phosphorus content in the substrate pool of BB is expected to result in
lower growth efficiency than used in this study. The
consequence of this would be an even higher carbon
demand, and thereby a larger discrepancy between
demand and availability of carbon. Also, the applied
growth efficiency was empirically determined and in
good accordance with current values in the literature
(delGiorgio & Cole 1998). Monitoring data for BB, ÖE
and BS shows that the annual bacterial carbon demand
would probably be higher since the bacterial productivity to carbon fixation ratio was low in 1991 when
compared to a 14 yr average (J. Wikner unpubl. monitoring data).

Relative importance of TDOC for other food web
components in the Gulf of Bothnia
For other instances in the pelagic food web it was not
possible to see any direct connections between food
web structure and discharge of TDOC. Dominance
relationships in terms of biomass between major functional groups were remarkably similar. Even though
the biomass in the 3 size classes of phytoplankton differed among areas in absolute terms, each size class
was proportionally similar. Organisms larger than
10 µm (primarily diatoms and dinoflagellates) dominated the phytoplankton biomass at all stations
(Table 4). Flagellated phytoplankton (2 to 10 µm in
size) generally accounted for a small proportion of the
biomass, especially compared to the estimated production in this size fraction. Unicellular cyanobacteria
constituted the second largest phytoplankton group
(ca. 25%).

21

The similar relative dominance of organisms in each
size class in the 3 areas suggested that the controlling
factors regulating biomass of major functional groups
was comparable, irrespective of TDOC discharge and
other differences between the basins. Among the heterotrophic organisms, the biomass patterns were also
similar (Table 4). However, the relative share of small
heterotrophs (less than zooplankton) of the total heterotrophic biomass (microzooplankton excluded) was
ca. 87, 49 and 75% in BB, ÖE and BS, respectively.
Thus, in BB and BS there seems to be a dominance
of relatively small organisms in the heterotrophic
community.
The lower total carbon fixation towards the north of
the Gulf of Bothnia was most likely due to the lower
light influx in this area, as suggested by Andersson et
al. (1996). Total carbon fixation by phytoplankton was
4-fold higher in BS than in BB (Table 4), with intermediate values in ÖE. For example, insolation differed
significantly among areas (Wilcoxon signed rank-test)
and was approximately 3- and 5-fold lower in BB than
in ÖE and BS, respectively (Table 2).
The measured size-fractionated primary production
and estimated exudate production was proportionally
similar in the 3 areas. The only difference was a
slightly higher proportion of carbon fixation in the 2 to
10 µm size fraction, and a lower proportion in the
largest size fraction in BB. The results suggest that
most of the primary production in all areas would contribute to the food resources of smaller heterotrophic
organisms. Exudates or phytoplankton less than 10 µm
comprised the major fraction of the total primary production (Table 4). As much as 50, 45 and 48% of the
carbon fixation was lost through exudates, in BB, ÖE
and BS. This must be considered rather high compared
to an average of 13%, compiled from several ecosystems (Baines & Pace 1991). The stress of inorganic
nutrient limitation as a result of competition with
carbon- and energy-replete bacterioplankton could
possibly promote a high exudation rate by phytoplankton (Joiris et al. 1982). Thus, no clear direct TDOC
effect on the size distribution of phytoplankton carbon
fixation could be demonstrated.
An indirect effect of high TDOC discharge on phytoplankton productivity, in addition to lower light influx,
could be that as a consequence of the alternate carbon
source of TDOC, bacteria might compete more intensively with phytoplankton for phosphorus in BB.
Chemostat studies have also shown that bacteria may
outcompete phytoplankton when provided with an
alternate carbon source (Currie & Kalff 1984). An alternate DOM resource for bacteria and the relatively high
bacterial phosphorus ratio (C:N:P of 45:10:1, Zweifel et
al. 1993) would partially explain the P limitation of primary production in the area (Andersson et al. 1996).
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For instance, by applying these ratios to the bulk
phytoplankton and bacterial biomass in BB, ÖE and BS
(Table 4), the ratio of the phosphorus bound in phytoplankton to that in bacteria would be about 0.9, 2.4,
and 1.7 in BB, ÖE and BS respectively. Therefore a
substantial amount of the total P pool could be bound
into the BB bacterial community compared to the
2 other areas in the Gulf of Bothnia. Taken together
both low light influx and competition between phytoplankton and bacteria for phosphorus would contribute to the low primary production in BB ecosystem.
Furthermore, as shown by Zweifel et al. (1995) in
seawater cultures during 1991–1992, the bacterial
degradation of the DOC pool is partly limited by the
availability of phosphorus and nitrogen.

Relative importance of TDOC to the overall carbon
budget in the Gulf of Bothnia
Most of the reasoning so far is based on the indirect
importance of TDOC based on empirical results from
pelagic biological measurements and also from estimations of bacterial respiration. However, since TDOC
has been regarded as recalcitrant and not biodegradable to the food web, alternative sources of carbon and
its pathways need to be addressed. Here we present a
tentative picture of how carbon flows through the food
webs in the Gulf of Bothnia, since models on carbon
flow budgets of the pelagic zone are presently not
available. The model (Fig. 2) serves 3 purposes: (1) to
present likely pathways of carbon from the bottom of
the food web, e.g. pelagic primary producers and
TDOC, to higher trophic levels; (2) to quantitatively
estimate the relative importance of TDOC in the supply of DOC to bacteria; and (3) to calculate ecosystem

Fig. 2. Model showing the principal structure of the food webs
and organism groups. Arrows indicate fluxes with different type
for estimated and calculated values. The shaded ellipse represents microheterotrophic organisms. The brackets inside the
ellipse refer to the carbon flow
to/from all the microheterotrophs
except viruses. Dotted flows from
the ellipse as well as from mesozooplankton and fish represent
flows to detritus (egestion + other
potential sources) and respiration. DOM: dissolved organic
matter; TDOM: total dissolved
organic matter

carbon balance from inputs of carbon via TDOC,
pelagic and benthic primary production, with carbon
losses via total heterotrophic respiration. In Fig. 2, solid
arrows indicate the carbon flows based on real measurements made during 1991 in the Gulf of Bothnia,
whereas dotted arrows represent modelled flows.
Points (1) to (3) also represent 3 different scales at
which carbon flows were presented and evaluated. In
the following calculations, we do not claim to present
a true picture of carbon flow, but rather a tentative
or heuristic model of the pelagic food web and the
relative importance of TDOC. We consider this exercise to give valuable new information on the impact of
TDOC on estuarine waters by the synthesis of a carbon
budget from earlier reports (Zweifel et al. 1995, Andersson et al. 1996, Wikner & Hagström 1999) and by
including simultaneous estimates of TDOC discharge.
The unique dataset of contemporary measurements of
many variables and 3 sampling sites over a full annual
cycle also provide annual estimates not previously
available.

Estimations of pelagic carbon flow
Carbon flow in pelagic food webs in the Gulf of Bothnia was modelled by simple mass-balance constraints.
For instance, for any predator (j) its carbon demand Qj
can be divided into:
Q j = Pj + R j + E j

(1)

where Pj is biomass productivity, R j respiration and E j
the part of consumption not assimilated. Since no productivity measurements were made on heterotrophs
other than bacteria and zooplankton, the productivity
of flagellates and microzooplankton must be estimated
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indirectly. It was assumed that for each predator j, its
biomass productivity (Pj ) could be calculated according to:
P j = Q j × GEj

flagellates and microzooplankton, the GE used here is
ca. 10% higher than typical rates in nature (Straile
1997). We justify this discrepancy by assuming that
flagellates and microzooplankton are favoured by high
bacterial productivity in these areas.
It was further assumed that Q j could be calculated
from:
n
Q j = ∑ DC ji × Pi
(3)

(2)

where GE j is the percentage of predator carbon
demand allocated to biomass growth. For bacteria, GE
is equivalent to net growth efficiency or the fraction of
total assimilation allocated to growth, whereas for most
other heterotrophs GE is equivalent to gross growth
efficiency or the fraction of total ingestion allocated to
growth. In the model, bacteria were assumed to have a
30% GE, experimentally determined by Zweifel et al.
(1993). For all flagellates and microzooplankton we
assumed a somewhat higher GE of 40%, whereas zooplankton was assumed to have a GE of 25%. For

i =1

DCji represents the fraction of prey i productivity
(Pi) allocated to predator j. Relevant assumptions
on DCji for each predator are available in Table 5.
Mesozooplankton productivity was calculated according to this procedure and compared with the
alternative productivity estimations made in the
methods section.

Table 5. Rows represent partitioning (%) of resources to a certain consumer (A–H). Columns show partitioning of a consumers total carbon demand from different resources. Resource partitioning values, based on measurements in the annual field study, are
shown in bold. Values derived from previous studies in the Baltic are shown in normal font. Predator preference for a certain prey
(%) was in general based on literature values (see notes below the table). Resource partitioning values based on reports from
other environments, or rough estimates, are shown in italic
Resource (prey)

A. Virus
Phyto- and zooplankton exudates
B. Chemotrophic bacteria
Cyanobacteria
C. Bactivorous flagellates
Phytoplankton 2–10 µm
D. Phagotrophic flagellates 2 j
Phytoplankton >10 µm
E. Phagotrophic flagellates 3 j
F. Microzooplankton
G. Mesozooplankton
H. Fish and mysids k
a

Aa

Bb

–
–
10
10

0
100
0
–
–
–
–
–
–
–
–
–

10
10
–
–
–
–

Consumer (predator) (% resource production)
Cc
Dd
Ee
Ff
Gg
0
0
70
20
–
–
–
–
–
–
–
–

0
0
20
30
40
10
–
–
–
–
–
–

0
0
0
20
30
30
50
–
–
–
–
–

0
0
0
20
20
30
30
20
10
–
–
–

0
0
0
0
0
10
10
50
70
80
–
–

Hh

Sum

0
0
0
0
0
0
0
0
0
0
100
–

0
100
100
100
90i
90i
90i
80i
80i
80i
100
100

Virus infections were assumed to be 10% for all phytoplankton groups and bacteria. This was a conservative estimate for
bacteria, based on Steward et al. (1993) and virus correlations with bacteria in the Gulf of Bothnia (Cochlan et al. 1993). A
10% bacterial mortality agrees with Tuomi & Kuuppo (1999) on the Gulf of Finland. This level also matches a previous mortality estimate of bacterioplankton caused by protozooplankton in the Bothnian Sea area (Wikner & Hagström 1991)
b
Bacterial diet was assumed to be DOC
c
Wikner & Hagström (1988, 1991) have estimated that 90% of the carbon demand by bactivorous flagellates (1–5 µm) consist
of picoplankton (similarly: Kuuppo-Leinikki 1990, Sherr & Sherr 1991). It was assumed that 70% of this constituted bacteria
and 20% cyanobacteria (Hagström et al. 1988)
d
Prey size spectrum based on results from Rassoulzadegan & Sheldon (1986), Wikner & Hagström (1988), Sherr & Sherr (1991)
and Dolan & Gallegos (1991)
e
Prey size spectrum based on results from Rassoulzadegan & Sheldon (1986), Wikner & Hagström (1988), Sherr & Sherr (1991)
and Dolan & Gellegos (1991)
f
Prey size spectrum based on results from Fenchel (1980), Jonsson (1986), Rassoulzadegan et al. (1988), Verity & Villareal
(1986) and Dolan & Gellegos (1991). These prey size spectra agree with findings in the Gulf of Finland (Kivi et al. 1996),
where ciliates have strong regulating effects on prey <10 µm in presence of zooplankton
g
Following Kivi et al. (1996), besides large phytoplankton >10 µm, microzooplankton (e.g. ciliates) production is an important
part of zooplankton diets. For simplicity, it was assumed that despite the differences between areas in terms of biomass dominance of different zooplankton, the total predation effect was similar on prey >10 µm
h
Total zooplankton production over the year was assumed to be consumed by planktivorous fish and mysids
i
Remaining fraction exported by sedimentation according to field estimates
j
Phagotrophic flagellate groups 2 and 3 defined in Table 3
k
Carbon demand not satisfied through mesozooplankton production was assumed to be from benthic prey
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Respiration (R) of assimilated carbon and egestion
(E) of ingested carbon by heterotrophs are important
variables to quantify, since total heterotrophic respiration can be used to calculate the NEP of an ecosystem
and recycled carbon can be an important source of
energy for bacterial DOC demand. Ej can be calculated
from:
E j = Q j × AE j

(4)

where AEj is the fraction of total Qj not assimilated.
We arbitrarily assumed a general assimilation efficiency of 50% for all protozoans and crustacean organisms. This might be low for some organisms, but we
assume that the Ej besides egestion also includes
breakdown of prey to DOC via sloppy feeding. Fish
were arbitrarily assumed to have an assimilation efficiency of 80%.
Based on the above assumptions, the modelled carbon flows for the pelagic community are shown as normal font in Table 4. This tentative model suggests that
planktonic organisms that were less than 100 µm in
size accounted for approximately 80% of the carbon
demand in the plankton community in these brackish
water environments. Bacteria were responsible for 60,
53 and 52% of the total carbon demand in BB, ÖE and
BS. In BB, bacterivorous flagellates accounted for an
additional 13% of the total carbon demand, whereas
the carbon demands of mesozooplankton and fish
accounted for only 7.6%. In ÖE and BS, mesozooplankton and fish accounted for approximately 13% of
the total carbon demand. In our calculation, the carbon demands for organisms other than bacteria will,
by definition, always balance since available prey resources, according to Table 5, set the carbon demands.
Any imbalance found between availability and
required carbon would thus be due to bacterial carbon
demands in each area, since bacterial carbon demand
is calculated from measured productivity and literature
values of the net growth efficiency of bacteria. As a
consequence, the carbon demand of other heterotrophs in the model will never exceed prey productivity. This means that the magnitude of productivity of
bacteria, as well as the 3 size classes of phytoplankton,
directly influenced the magnitude of estimated total
carbon demands, and they accordingly constitute a
minimum estimate.
The estimate of bacterial productivity was shown to
have the greatest impact on the budget results. A
simple analysis of the sensitivity of total carbon
demands to variations in productivity of bacteria and
the 3 size classes of phytoplankton suggested that a
given change in bacterial productivity accounted for
approximately 85% of the change in total carbon
demand. Likewise, the same change in particulate productivity of all the phytoplankton together accounts

only for approximately 15%. For example, ± 50% deviations in bacterial productivity correspond to a 43%
change in total carbon demand. The corresponding
change in all the 3 size classes of phytoplankton
(± 50%) leads to a 7% change in total carbon demand,
with only minor variations between BB, ÖE and BS.
The only indirect control of the accuracy of these
estimates were the growth estimates of zooplankton
from biomass measurements and temperature. Total
zooplankton production was found to be 1.7, 2.6 and
4.4 mmol C dm–2 yr–1 in BB, ÖE and BS, whereas the
corresponding modelled productivity was 1.5, 2.2 and
5.3 mmol C dm–2 yr–1, respectively (Table 4). Accordingly, the flow of carbon through the food web from
phytoplankton and bacteria did not seem to be unrealistic. The applied diets (Table 5), growth and assimilation efficiencies thus seemed to result in reasonable
losses in each trophic link from the base of the food
web before reaching the zooplankton compartment.

Estimations of the relative importance of TDOC in
bacterial DOC demand
The DOC pool in aquatic systems can be supplied
via phytoplankton exudates, TDOC, sloppy feeding,
heterotrophic excretion and advection from adjacent
ecosystems (see Fig. 2). Exudate production is available from this study, and sloppy feeding was assumed
to be part of the estimated excretion. Details of the
TDOC supply for BB and BS are available in Pettersson
et al. (1997), which were used to estimate the areaspecific river input of organic carbon (24 Swedish and
Finnish rivers). The input of TDOC to ÖE was estimated from the monitoring program of Swedish rivers
(Department of Environmental Assessment, Swedish
University of Agricultural Science, available at www.
ma.slu.se/) during 1991 and the export of carbon from
ÖE was assumed to be 90% of the TDOC input (Forsgren & Jansson 1992). The advective carbon flow
between the Bothnian Bay (BB) and the Bothnian Sea
(BS) was estimated by assuming that the export of carbon from each basin was proportional to the basin
DOC concentration. These values were multiplied by
the advective flow of water between BB, BS and the
Baltic Proper (BP) basins (Wulff et al. 1994). DOC concentrations for the BB and BS basins were taken from
this study, while an annual average of 0.31 mmol C
dm– 3 (Stn BY31, 1998) was assumed for the northern
BP (U. Larsson 1999 pers. comm.). These estimates
were calculated on a dm2 basis and for a water column
corresponding to the average depth of each area
(Table 1).
A compilation of all the sources of DOC available to
bacteria in the pelagic zone and other losses (e.g.
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inputs and demands of carbon to an approximate
steady state in the 2 open sea systems. However, we
chose not to do so, since we do not really know
whether the discrepancies are primarily due to underestimations of carbon inputs or to errors in the estimates of organism carbon demand and respiration.
These results suggest that essentially all of the annual
TDOC supply needs to be bioavailable in order to
explain the estimated bacterial carbon demand.

Estimations of ecosystem carbon balance

Fig. 3. Ecosystem carbon budget, showing the balance
between total input and output of organic carbon in Bothnian
Bay, Öre Estuary and the Bothnian Sea. Model structure and
arrows correspond to the outer compartment in Fig. 2. All
values are given in mmol C dm–2 yr–1

advection in BB) are presented for each area in Fig. 3.
The result shows a lack of some 12 mmol C dm–2 of
input in the DOC budget of BB, while in ÖE there was
a surplus of some 16 mmol C dm–2 yr–1. In BS, the DOM
surplus was ca. 17 mmol C dm–2 yr–1. Given the uncertainties involved in these calculations, it would probably have been possible to tune the utilised growth efficiencies and assimilation efficiencies so as to bring

A similar calculation can be made at the ecosystem
level. The ecosystem carbon flows (outer frame Fig. 2),
e.g. TDOC input and advection, have been described
above. Indigenous primary production was calculated
from the measurements of 14CO32 – uptake. Total phytobenthic production (including macrophytes, annual
filamentous algae and microphytes) was assumed to be
proportional to coastal primary production, as given in
Kautsky (1995). In his estimation, phytobenthic production amounted to ca. 80% of the pelagic primary
production in coastal areas at depths between 0 and
25 m (Swedish coastline) in BB, and 29% in BS. From
these crude relationships, phytobenthic primary production was estimated on the basis that these areas
(0 to 25 m) constitute ca. 40% of the total basin area in
Bothnian Bay, and ca. 9% in Bothnian Sea (calculated
from a hypsographic database, available at http://
data.ecology.su.se/Models/bed.htm). Despite the crudeness of these estimates, they are included as an illustration of the potential importance of phytobenthic
carbon for basin-wide carbon flows. Estimations of
pelagic heterotrophic respiration have been described
above, while benthic macrofauna and meiofauna was
taken from Elmgren (1984). Following estimations in
Mohammadi et al. (1993), benthic bacterial respiration
was assumed to be 20% of total benthic respiration.
The amount of carbon sequestered in the sediments
was estimated to be ca. 9% of the sedimentation supply in BB and 5% of the supply in BS (Elmgren 1984).
These assumptions and the measured sedimentation
rate were applied to estimate sequestered carbon in
the sediments in each area (ÖE was assumed to
sequester carbon in the same proportion as BS). All
data were integrated over the average depth of each
area (Table 1).
The ecosystem carbon budget (outer frame Fig. 2)
showed that the net carbon input was estimated to be
48 (BB), 250 (ÖE) and 119 (BS) mmol C dm–2 yr–1,
respectively (Fig. 4). The contribution of TDOC from
rivers constituted 37, 83 and 7% of the total carbon
input in BB, ÖE and BS, respectively. ÖE showed a
marked net output advection (75% of total input),
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Fig. 4. Dissolved organic matter (DOM) carbon budget (see
DOM compartment Fig. 2) in Bothnian Bay, Öre Estuary and
the Bothnian Sea. The carbon balance in the pelagic zone is
calculated from total DOM inputs and outputs. All values are
given in mmol C dm–2 yr–1

while the corresponding value in BB was smaller
(15%, Fig. 4). BS, on the other hand, showed a net
input. The resulting carbon availability within each
system was therefore 41, 63 and 119 mmol C dm–2 yr–1
in BB, ÖE and BS, respectively.
Total carbon losses through heterotrophic respiration, sequestration of carbon in sediments and advection (only BB and ÖE) in each system were, on the
other hand, 55, 258 and 125 mmol C dm–2 yr–1 (Fig. 4).
Thus, the calculated total carbon loss exceeded total
carbon availability by some 7, 8 and 6 mmol C dm–2 yr–1
in BB, ÖE and BS, respectively. Bacterial respiration
accounted for almost all of the carbon loss (40 mmol C
dm–2 yr1) in BB. Bacterial respiration in ÖE and BS
areas was 31 and 78 mmol C dm–2 yr1, respectively.
This corresponded to 84, 45 and 61% of total respiration in BB, ÖE and BS, respectively. The total respiration for all other pelagic heterotrophs was ca. 4, 6 and
19 mmol C dm–2 yr–1 in BB, ÖE and BS, respectively.
Based on a very rough estimate, benthic respiration
was 6% in BB, but corresponded to ca. 45 and 24% of
the total heterotrophic respiration (Fig. 4) in ÖE and BS.
These results indicate that total carbon availability
and carbon losses were approximately balanced in

these ecosystems, even though there was a slight
nominal deficiency in carbon availability (Fig. 4).
Consequently, the carbon budget suggested that
TDOC must be included in the ecosystem carbon budget as an important source of carbon for the brackish
water ecosystem.
The balance found in BS in our study contradicts the
clear net heterotrophy suggested by Zweifel et al.
(1995). They compared bacterial carbon demand,
rather than respiration alone, with autochthonous carbon fixation, which typically results in an overestimate
of the heterotrophic processes (cf. Strayer 1988). Furthermore, the fact that we included the retention of the
system (i.e. metabolism of sedimenting matter), and
used a bacterial carbon content based on measured
biovolume, amounting to half of that used by Zweifel
et al. (1995), may explain the different budget results
obtained.
Among other potential carbon resources, besides
TDOC, neither carbon fixation by chemoautotrophic
processes nor POM and DOM supply by precipitation
were taken into account in our compilation, and
could add to the DOM input. Estimates of annual
average inputs of carbon through autochthonous primary production (TDOC and advection), expressed
as mmol C dm–2, will obviously be uncertain. The
source of errors in primary production measurements
may arise from a lack of spatial coverage in favour of
high temporal resolution. Bathymetric effects, such as
the actual volume of water in which primary production occurs, in relation to the volume in which bacterial production occurs, may influence our understanding of the input/carbon demand balance in the
Gulf of Bothnia. Further, the input of carbon via
resuspension could be another important carbon supply to the pelagic food web. This could be especially
important in ÖE due to the shallowness of the water
column, as suggested by Zweifel et al. (1995), but
would probably be of less importance at the offshore stations. Our sedimentation rate estimates
were, however, corrected for resuspension, so this
could therefore not be an additional source of
carbon, as opposed to Zweifel et al. (1995).
Despite remaining uncertainties, we consider the
food-web structure presented, based on new contemporary measurements with good annual coverage and
integrated river discharge estimates, to provide a
clearly more realistic picture of the carbon flows in the
northern Baltic than previously available. In addition,
the modelled zooplankton productivity correlated well
with calculations from biomass estimates and growth
functions from culture studies. This suggested that the
modelled carbon flows and growth efficiencies we
used were plausible. Furthermore, in this study the
inclusion of 3 trophic links (flagellates) between bacte-
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ria and microzooplankton as well as viral infections
have, in line with the suggestions made by Sandberg
et al. (2000), improved the overall carbon budget considerably compared to those presented by Elmgren
(1984).
The results of the whole-year field study of 3 different brackish water environments suggested that
TDOC constituted an important carbon and energy
resource, and the supply was an important part of the
total input. This supported conclusions from earlier
studies suggesting that the TDOC input must be an
additional energy source enhancing zooplankton productivity in the Bothnian Bay (Ackefors et al. 1978,
Rolff & Elmgren 2000). High TDOC discharge consequently created net heterotrophy in the ecosystem, in
accordance with conclusions from oxygen balance
estimates at the water–air interface (Stigebrandt
1991). The carbon budget suggested that bacteria
dominated total carbon consumption and respiration in
each area. This was most clearly observed in the basin
that had a high TDOC input and long residence time
(BB). Our results further suggested that essentially all
of the input of TDOC carbon to BB was metabolised in
the food web, rather than exported out of the basin.
This advocates a revision of the view that humus-rich
TDOC is mainly a refractory resource (e.g. Elmgren
1984). Our results also lend support to recent studies
suggesting that humic compounds, especially when
discharged into waters of higher salinity, constitute an
important nutrient and energy source for bacterioplankton (Stepanauskas et al. 1999, Wikner et al.
1999).
In brackish water environments, freshwater input
affects several hydrographic and chemical factors,
salinity being one of the most cited. The species composition of bivalves, macrophytes, large phytoplankton
and protozoa in brackish water environments is mainly
thought to be a consequence of the lower salinity
(Elmgren 1984). Other differences, like the balance
between heterotrophic and autotrophic production,
and biomass of organism groups, are more likely
explained by differences in the TDOC supply. We can
also not exclude the fact that the occurrence or lack of
some species was associated with the enhanced influence of terrigenous matter. Our study therefore suggested that TDOC, in addition to salinity, should be
considered as a driving force for structural, functional
and biogeochemical characteristics of brackish water
environments.
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