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ABSTRACT: We determined bioavailable, dissolved organic phosphorus (BAP) by measuring changes
in dissolved organic phosphorus (DOP) in experiments using 0.8 µm filtered seawater, representing
the free bacteria fraction, with the addition of carbon and nitrogen. Experiments were conducted at
3 stations in the central Baltic Sea from May to July 2004, a period characterized by a decrease in
phosphate concentrations, and the development of diazotrophic cyanobacteria blooms. DOP concentrations ranged between 0.32 and 0.52 µM in May, and declined to 0.20 µM in July. Changes in DOP
were caused by fluctuations in the BAP decreasing from 0.34 µM in May to 0.03 µM in July. The
refractory DOP pool ranged from 0.14 to 0.21 µM, and did not vary seasonally. The DOP turnover and
P release from BAP was calculated using 2 different approaches: (1) [γ-33P]ATP hydrolysis time, and
(2) the time needed for DOP degradation in the experiments. Based on [γ-33P]ATP hydrolysis times,
BAP is recycled several times per day, except at 2 stations in May when the time is longer. According
to the second approach, BAP is recycled within 3 or 4 d without seasonal differences. The fast [γ33
P]ATP turnover indicates that BAP comprises a fraction of compounds (such as ATP) that are
degraded very rapidly. Another pool of BAP compounds exists which are turned over at a slower rate.
Thus, the [γ-33P]ATP does not represent the total BAP turnover.
KEY WORDS: Bioavailable dissolved organic phosphorus · BAP · DOP turnover · [γ-33P]ATP hydrolysis ·
Baltic Sea
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Dissolved inorganic phosphorus (DIP) and dissolved
organic phosphorus (DOP) are the main phosphorus
(P) sources that sustain phytoplankton and bacterial
growth in aquatic ecosystems. If available, DIP is preferred to DOP (Bentzen et al. 1992, Nausch & Nausch
2004). DOP becomes the most important source under
DIP-depleted conditions (Thingstad et al. 1993, Monagha & Ruttenberg 1999, Cavender-Bares et al. 2001)
and can prevent or delay phosphorus limitation. Therefore, when discussing reservoirs of bioavailable P, DOP
has to be taken into account, as otherwise a serious
underestimation of the reservoir and the resulting productivity can occur (Monagha & Ruttenberg 1999).
However, DOP is not completely bioavailable. It is
partly comprised of inert compounds (Jackson & Williams 1985, Hino 1989) that persist over longer periods.

Consequently, in addition to DIP concentrations, data
on the amount of bioavailable DOP (BAP) are necessary to determine if phosphorus limits plankton production.
Karl & Björkman (2002) reviewed DOP distribution
on a global scale. With few exceptions, clear depth
profiles exist, with highest concentrations in the surface layer (Jackson & Williams 1985, Karl & Björkman
2002, Põder et al. 2003). According to the review by
Karl & Björkman (2002), DOP concentrations range
between 0.10 and 0.44 µM in the open Pacific and
Atlantic Oceans, and the continental shelf regions.
Mulholland et al. (2002) and van der Zee & Chou
(2005) found higher DOP concentrations between 0.35
and 0.87 µM off the coast of northern Australia, and
from 0.20 to 0.80 µM in the Belgian coastal zone. DOP
concentrations up to 0.60 µM were found in semienclosed bays such as the Chesapeake Bay (Conley et
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al. 1995), Xiamen Bay (Huang & Hong 1999) and
Tokyo Bay (Suzumura et al. 1998). For the Baltic Sea,
DOP concentrations between 0.48 and 0.98 µM have
been given for the Aarhus Bay (Thingstad et al. 1996)
and 0.50 and 0.90 µM for the Gulf of Riga (Põder et al.
2003). In contrast, in the central Baltic Sea, spring to
summer concentrations in 2001 ranged between 0.20
and 0.23 µM, except in buoyant cyanobacterial surface
blooms, where higher concentrations were recorded
(Nausch et al. 2004).
Whereas information about DOP concentrations in
marine systems is relatively abundant, data on the bioavailable fraction are rare. Reynolds & Davies (2001) defined the BAP as ‘those fractions of the total mass of
phosphorus present in a system that are readily assimilable by organisms, or are made more assimilable
through the activities of the organisms themselves (for
instance, through the production of phosphatases) and
that portion of phosphorus which has been already assimilated and is intracellular’. However, at the time of estimation, the assimilated phosphorus is attributed to the
particulate portion and is not a portion of DOP. Techniques to determine the bioavailable amount of DOP or
the usage of DOP by microorganisms include DIP increase after enzyme (phosphatase, phosphodiesterase)
additions (Strickland & Solórzano 1966, Hino 1989,

Suzumura et al. 1998, Hernandez et al. 2000), and the inhibition of [33P]–PO4 uptake by selected organic phosphorus compounds (mostly phosphoesters, nucleic acids)
(Berman 1988, Björkman & Karl 1994, Hernandez et al.
1996, Huang & Hong 1999). Björkman et al. (2000) used
specific labeling of ATP in the γ position to assess the size
of the bioavailable pool. All these techniques may detect
the amounts and usage of selected compounds, rather
than the total BAP pool. More directed to the detection of
total BAP is the method used by Stepanauskas et al.
(2002), who incubated water samples with the addition
of cultured bacteria. Carbon and nitrogen was supplied
to obtain a P-limited medium, and the bioavailable
amount was derived from bacterial growth.
Previous investigations (Nausch & Nausch 2004), demonstrated that experiments with 0.8 µm filtered seawater, incubated with an additional carbon and nitrogen supply, are well suited for the determination of
BAP. In contrast to the approach of other authors, BAP
is calculated directly from changes in DOP. A similar
method was used by Søndergaard et al. (1995) to
detect the bioavailable amount of DOC.
In the present study, we determined the BAP in the
central Baltic Sea using this experimental design. The
investigations were conducted during a period characterized by a DIP decline to the detection limit, and the
development of a nitrogen fixing cyanobacteria bloom.
For the first time BAP data for the central Baltic Sea are
presented, and the role of DOP as a potential source
for diazotrophic cyanobacterial growth and nitrogen
fixation is suggested.

MATERIALS AND METHODS

Fig. 1. Baltic Sea, and the 4 sampling stations

Sampling sites. During 4 cruises from May until July
2004, 12 experiments were conducted at 3 central stations in the Baltic proper: Stn 213 in the Bornholm
Basin, Stn 259 in the southeastern Gotland Basin, and
Stn 271 in the eastern Gotland Basin (Fig. 1). An additional experiment was conducted in the eastern Gotland Basin at Stn L1 during the third cruise at the
beginning of July.
Water was sampled at a depth of 1 to 2 m using a
rosette sampler (Hydrobios) combined with a Seabird
SBE911 equipped with sensors for conductivity, temperature and depth (CTD). Temperature, salinity and
ambient nutrient concentrations during water sampling are summarized in Table 1.
Experimental design. Immediately after sampling,
water for the time-course experiments was filtered
through 0.8 µm cellulose nitrate filters using a vacuum
of –200 mbar. The filters were tested for P release and
rinsed additionally with Milli-Q water. The filtrate was
bottled in precleaned (1 M HCl and Milli-Q water) and
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Table 1. Hydrographical conditions, inorganic nutrient and chl a concentrations, and bacterial abundance in ambient water
during sampling
Stn

Salinity

T
(°C)

DIP
(µM)

NH4
(µM)

NO2 + NO3
(µM)

Chl a
(µg l–1)

Bacterial counts
(106 cells ml–1)

213
259
271

7.4
7.0
7.1

06.3
07.7
06.8

0.29
0.05
0.15

0.23
0.29
0.29

0.00
0.05
0.04

3.47
13.430
5.63

0.3
1.3
0.4

18 Jun
18 Jun
19 Jun

213
259
271

7.4
7.1
7.1

11.9
10.2
11.8

0.15
0.13
0.05

0.15
0.17
0.12

0.05
0.05
0.05

1.23
3.18
3.86

1.4
1.9
2.1

29 Jun
30 Jun
2 Jul
5 Jul

213
271
L1
259

7.4
6.8
6.3
7.1

13.2
13.7
13.5
13.9

0.18
0.05
0.01
0.14

0.20
0.22
0.17
0.24

0.07
0.06
0.07
0.13

1.61
3.58
4.12
2.55

2.5
3.5
3.4
1.2

16 Jul
17 Jul
18 Jul

213
259
271

7.4
7.2
6.6

14.8
14.7
15.6

0.21
0.34
0.01

0.17
0.14
0.18

0.00
0.01
0.01

1.66
1.67
1.87

1.4
1.4
3.4

Date
(2004)
3 May
3 May
4 May

sterilized Duran flagons, 5 l in each. Ammonium chloride (Merck 10145) and D-(+)-glucosemonohydrate
(Merck 4074) were added at concentrations of 7 µM
and 1 mg l–1 (≡ 30 µM C), respectively, resulting in a
C:N addition of 4.3:1. The bottles were incubated in
the dark for 4 to 6 d at room temperature (ca. 16°C),
and aerated with air passed through a 0.2 µm filter.
Experiments were performed in duplicate.
Duplicate subsamples of each flagon were taken for
determination of DIP, ammonium (NH4), DOP and bacterial P immediately after substrate addition, and daily
during the incubation period.
Analysis of ambient water samples. Analyses of inorganic nutrients (dissolved inorganic nitrogen [DIN],
DIP) were done with standard colorimetric methods
(Rohde & Nehring 1979, Grasshoff et al. 1983) employing either manual methods for unfiltered water or the
autoanalyzer system ‘Evolution III’ with GF/F filtered
water immediately after sampling.
For chl a determination, samples were filtered onto
Whatman GF/F-filters and stored in liquid nitrogen.
After extraction with 96% ethanol for at least 4 h, fluorescence was measured at an excitation wavelength of
450 nm and an emission of 670 nm (HELCOM 2001,
available at www.helcom.fi/Monas/combineManual2/
CombineHome.htm).
Phytoplankton composition and biovolumes were
determined according to HELCOM (1988). Phytoplankton was preserved with acetic Lugol’s solution
(KI/I2) and counted under an inverted microscope
(Leica) (Utermöhl 1958). The cell volume was calculated from the size measurements by using the appropriate stereometric formula. It was converted to wet
weight (WW, mg m– 3), assuming that the density of the
plasma is equal to that of water (approx. 1 mg mm– 3).

For bacterial abundances, samples (4 ml) were fixed
with 50 µl formaldehyde (0.5% v/v final concentration),
shock frozen in liquid nitrogen and stored at –70°C until
measurement. Abundances were analyzed using a flow
cytometer (FacsCalibur, Becton Dickinson) according to
Gasol & del Giorgio (2000). SYTO-13 (Molecular Probes)
at a final concentration of 5 µM were used to stain the
bacteria. After addition of fluoresbrite microspheres
(Polysciences), measurements were performed at a
low flow rate. Measurements and calculations were done
using the software program ‘CellQuestPro’.
[γ-33P]ATP hydrolysis was measured according to
Ammerman (1993). Triplicate 40 ml subsamples were
incubated with 185 kBq [γ-33P]ATP (Hartmann Analytics; specific activity = 92 TBq mmol–1) corresponding to
a final concentration of 50 pM [γ-33P]ATP. Incubation
was in the dark for 1 h, and was stopped by the addition of 100 µM of carrier-free ATP. A 10 ml sample was
filtered through a 0.2 µm polycarbonate filter. The filter and 1 ml of the filtrate (first filtrate) were counted in
a liquid scintillation counter. The other 9 ml of the first
filtrate were mixed with 20 mg of activated charcoal
and 1 ml 0.03 N H2SO4, filtered through a 0.45 µm filter (second filtrate containing only DIP), and 1 ml was
counted. For blanks, 100 µl formaldehyde was added
15 min before the addition of the radiotracer. ATP
hydrolysis was calculated using the equations of
Ammerman (1993):
ATP hydrolysis (% h–1) = (counts on filters + counts
of second filtrate)Ⲑ(counts on filters + counts of first
filtrate) × 1 h
Uptake of P released by ATP hydrolysis = counts on
filtersⲐ(counts on filters + counts of first filtrate) × 1 h.

Phosphorus concentrations (μM)
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Fig. 2. Experiment at Stn 213 in May 2004, shown as example
of change in phosphorus pools (mean ± SD, n = 4) during
the time course experiments. DIP, DOP: dissolved inorganic
and organic phosphorus, respectively; bact. P: bacterial
phosphorus

An example of the changes in DIP, DOP and phosphorus in the bacterial fraction during the course of the
experiments is given in Fig. 2. DIP and DOP concentrations decreased in parallel with bacterial P increase.
After reaching maximum values, usually after 3 to 5 d,
P in the bacterial fraction decreased slightly in some
experiments, resulting in a marginal increase in DIP
and DOP concentrations. In the example shown in
Fig. 2, DOP declined between the second and the
fourth day from 0.32 to 0.14 µM, resulting in a BAP of
0.18 µM and a degradation time of 48 h.

DOP concentration and bioavailable DOP

Ambient DOP concentrations in seawater samples of
Analysis during experiments. During the course of
0.32 to 0.52 µM were measured in May. They declined
the experiments, DIP and NH4 were measured manuto concentrations between 0.20 and 0.24 µM in July,
ally immediately after subsampling. Bacterial P and
a pattern that was apparent at all 3 stations (Fig. 3,
DOP were determined using different filtrate fractions:
Table 2).
the 0.8 µm filtrate included bacteria, DOP and DIP;
The amount of BAP was strongly correlated with the
additional filtration through 0.2 µm cellulose nitrate filambient DOP concentrations at the beginning of the
ters yielded a fraction that contained only DOP and
experiments (r2 = 0.948, p < 0.01, n = 13) (Fig. 3). The
DIP. Samples (40 ml) of each fraction were stored at
relationship between them is given by the linear equa–20°C until determination. The thawed samples were
tion BAP = 1.006 × DOP – 0.175. The regression slope
oxidized with potassium peroxidisulfate in an alkaline
of 1.006 indicates that all DOP above the intercept with
medium (Grasshoff et al. 1983). The subsequent DIP
the abscissa is bioavailable (Fig. 3). In May, BAP acdetermination was done using a 10 cm cuvette. The
counted for 0.18 and 0.20 µM at Stns 213 and 271,
detection limit was 0.01 µM. Determinations were perrespectively, and 0.34 µM at Stn 259, where a phytoformed in duplicate from each incubation flagon. Bacterial P was determined as the difference between the P concentrations in
the 0.8 µm prefiltered and in the
0.2 µm filtered water. DOP was calculated as the difference between
the total P concentration in the
0.2 µm filtered water and the DIP
concentration.
The amount of BAP was defined as
that part of DOP which is decomposed by bacteria. It was calculated
as the difference between the DOP
concentration at the beginning of
the experiment and that at the time
the DOP concentration was lowest.
The remaining DOP is the ‘refractory’ DOP part. The period of DOP
decrease is called degradation time.
Fig. 3. Relationship between ambient DOP and dissolved bioavailable organic
Photochemical DOP degradation,
phosphorus (BAP) concentrations (determined from time-course experiments) in
e.g. by UV light (Francko & Heath
the central Baltic Sea from May to July 2004. Slope of 1.006 of regression line indi1979, 1982, Wetzel et al. 1995), was
cates that variations of DOP are caused by fluctuations in BAP; intercept with
x-axis marks amount of refractory DOP
not considered.
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Table 2. Dissolved inorganic (DIP) and organic (DOP) phosphorus concentrations at beginning of experiments, and BAP (absolute
and as percentage of total DOP) and refractory (Refr.) DOP. Data are means ± SD (n = 4)
Date
(2004)

Stn

DIP
(µM)

DOP
(µM)

213
259
271

0.27 ± 0.01
0.05 ± 0.00
0.18 ± 0.00

0.32 ± 0.01
0.52 ± 0.03
0.36 ± 0.00

0.18 ± 0.03
0.34 ± 0.01
0.20 ± 0.00

56.8 ± 4.9
65.4 ± 3.0
55.2 ± 0.4

0.15 ± 0.00
0.18 ± 0.02
0.16 ± 0.00

18 Jun
18 Jun
19 Jun

213
259
271

0.17 ± 0.00
0.15 ± 0.00
0.06 ± 0.00

0.29 ± 0.03
0.30 ± 0.01
0.28 ± 0.01

0.12 ± 0.02
0.10 ± 0.02
0.08 ± 0.02

40.3 ± 4.0
33.3 ± 3.6
29.1 ± 6.0

0.18 ± 0.02
0.20 ± 0.01
0.20 ± 0.00

29 Jun
30 Jun
2 Jul
5 Jul

213
271
L1
259

0.18 ± 0.00
0.05 ± 0.00
0.02 ± 0.00
0.16 ± 0.00

0.22 ± 0.01
0.24 ± 0.01
0.22 ± 0.02
0.20 ± 0.01

0.02 ± 0.01
0.06 ± 0.01
0.05 ± 0.01
0.04 ± 0.01

9.1 ± 3.8
23.6 ± 2.4
23.7 ± 4.5
18.8 ± 3.2

0.20 ± 0.01
0.19 ± 0.01
0.17 ± 0.01
0.16 ± 0.01

16 Jul
17 Jul
18 Jul

213
259
271

0.18 ± 0.00
0.30 ± 0.01
0.02 ± 0.00

0.23 ± 0.01
0.23 ± 0.00
0.23 ± 0.01

0.08 ± 0.01
0.03 ± 0.01
0.08 ± 0.00

33.7 ± 6.8
8.5 ± 8.1
33.3 ± 2.0

0.15 ± 0.02
0.21 ± 0.03
0.14 ± 0.03

3 May
3 May
4 May

plankton bloom was observed. In May, the proportion
of BAP ranged between 55.2 and 65.4% (Table 2).
From the end of June onward, the BAP declined to between 0.02 and 0.08 µM, and its proportion ranged
between 8.5 and 33.7%.
The remaining refractory DOP pool varied between
0.14 and 0.21 µM (mean 0.17 µM). This concentration
range was similar during all experimental periods,
indicating that this fraction remains more or less constant (Table 2). In Fig. 3, the refractory fraction is indicated by the intercept with the x-axis.

Relationship between BAP, nutrients and chl a
during sampling
In 2004, a DIP decrease to the detection limit (as reported for previous years for the whole central Baltic
Sea) was only observed in the eastern Gotland Basin
(Stn 271), where DIP concentrations of 0.15 µM measured in May had declined to 0.01 µM in July. In the SE
Gotland Basin (Stn 259), lowest values were measured
in May, as a result of an intense phytoplankton bloom
(Table 1), increasing to 0.34 µM in mid July. In the
Bornholm Basin (Stn 213), DIP was never depleted,
with concentrations ranging between 0.15 and 0.29 µM.
DIN concentrations were low at all stations during the
whole investigation period.
Chl a was highest in May (3.47 to 13.43 µg l–1) at all
stations, and declined to 1.66–1.87 µg l–1 in mid July.
The extremely high concentration of 13.43 µg l–1 measured at Stn 259 was caused by a dinophyceae bloom
associated with autotrophic ciliates of the genus
Mesodinium. During the third cruise in June/July,
chl a concentrations in the eastern Gotland Basin

—————— BAP ——————
(µM)
% of total DOP

Refr. DOP
(µM)

(Stns 271 and L1), exceeded those at the other stations
(Table 1). Here, blooms of filamentous cyanobacteria
occurred, reaching a biomass of 300 mg m– 3 WW
(Stn 271) and 806 mg m– 3 WW (Stn L1). The blooms
consisted of the heterocystous species Aphanizomenon baltica, Nodularia spumigena and Anabaena sp., as well as the non-heterocystous species
Planktolyngbia sp. and Pseudoanabaena sp. At the
other stations during this cruise and during the other
cruises, adundances of filamentous cyanobacteria
remained at a lower level, with biomasses ranging
between 0.5 and 170 mg m– 3 WW. Cyanobacteria
never formed a buoyant surface bloom, as they were
dispersed in the surface layer.
Heterotrophic bacteria were found at relatively constant abundances of 1.3 to 1.9 × 106 cells ml–1 at Stn 259
during all investigation periods. At the other stations,
they reached abundances of 3.4 × 106 cells ml–1 toward
the end of June and the beginning of July, when diazotrophic cyanobacteria were present (Table 1). They
remained at this high level after the collapse of the
cyanobacterial bloom in the middle of July.
No relationship could be established between total
DOP and DIP in the ambient water, nor between BAP
and DIP. Spearman rank correlation shows a relationship between temperature and DOP (p < 0.01), as well
as between temperature and BAP (p < 0.01) (Fig. 4),
consistent with the view that degradation processes
were enhanced in summer. There were elevated BAP
values at high chl a concentrations, but no correlation
was found between them (Fig. 4). It is evident from
Table 2, that BAP was low in summer, independent of
the concentrations of filamentous or nitrogen fixing
cyanobacteria. Furthermore, DOP and BAP did not
show any relationship with bacterial abundance.
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41.0 nM h–1, meaning that between 0.2 and
20.5% h–1 of DOP was degraded. The highest
value of 41.0 nM h–1 was calculated during the
16
12
phytoplankton spring bloom. When cyanobacteria were present in June/July at Stns 271 and
12
L1, 11.9 and 8.1 nM P h–1 were released from
8
DOP (Table 3).
8
According to the second approach, DOP
degradation times ranged between 70 and 96 h
4
in most experiments, with 3 exceptions when the
4
time was shorter (Table 3). A P release ranging
between 0.4 and 4.9 nM h–1 (= 10 and 116 nM
0
0
d–1) was calculated, meaning that between 0.2
0
0.1
0.2
0.3
0.4
and 1.2% h–1 of the DOP was converted. These
BAP (μM)
results indicate that more P was released from
Fig. 4. Relationship between BAP determined in experiments and
DOP in May than in June and July (i.e. summer).
ambient chl a and temperature during water sampling
The P release from DOP in summer was in the
same range at stations where diazotrophic
cyanobacteria occurred and at stations where the
Calculated DOP turnover
cyanobacteria did not dominate the phytoplankton.
It is evident from the comparison of both methods
DOP turnover was calculated using 2 different ap(Table 3), that the DOP turnover estimated by
proaches: (1) the [γ-33P]ATP hydrolysis rate and (2) the
[γ-33P]ATP hydrolysis rates is 1 order of magnitude
DOP degradation time during the course of the experishorter, with 1 exception in May. P release and the
ments.
amount of converted DOP calculated by this method
The [γ-33P]ATP hydrolysis rate was investigated in
samples from surface waters at the same stations durwere 2 to 18 times higher.
ing 3 of the 4 cruises. The calculation was based on 3
assumptions: (1) that [γ-33P]ATP hydrolysis is representative of the total BAP hydrolysis; (2) that BAP is comDISCUSSION
pletely hydrolyzed; and (3) phosphorus from DOP must
be released before it can be taken up. According to the
The nutrient cycle from spring to summer in the cen[γ-33P]ATP hydrolysis time (Table 3), BAP had to be
tral Baltic Sea has for many years been characterized
converted once within 5 to 11 h, except on 2 dates in
by a more rapid decrease of inorganic nitrogen comMay, when the conversion time was longer. The calcupounds than of phosphate, as a result of the low DIN/
lated P released from DOP ranged between 0.7 and
DIP ratio of winter surface waters (Matthäus et al.
16

20

Chl a
Temperature

-1
Chl a (μg l )

Temperature (°C)

Table 3. DOP turnover and P release from dissolved bioavailabe organic phosphorus (BAP) calculated from [γ33P]ATP hydrolysis
time, and time required for DOP degradation. DOP conver.: proportion of total DOP converted to BAP; nd: not determined
Stn

——— [γ33P]ATP hydrolysis ———
Time
P release
DOP conver.
(h)
(nM h–1)
(% h–1)

213
259
271

2760
08
30

0.7
41.00
6.6

0.2
7.9
1.8

48
70
72

3.8
4.9
2.8

1.2
0.9
0.8

18 Jun
18 Jun
19 Jun

213
259
271

nd
nd
nd

–
–
–

–
–
–

70
72
72

1.7
1.4
1.1

0.6
0.5
0.4

29 Jun
30 Jun
2 Jul
5 Jul

213
271
L1
259

11
05
06
11

1.8
11.90
9.0
3.8

0.8
4.9
20.50
1.9

24
48
96
96

0.8
1.3
0.5
0.4

0.4
0.5
0.2
0.2

16 Jul
17 Jul
18 Jul

213
259
271

05
09
05

15.00
3.3
17.50

6.5
1.4
5.5

96
72
72

0.8
0.4
1.1

0.4
0.2
0.5

Date
(2004)

3 May
3 May
4 May

———— DOP degradation ————
Time
P release
DOP conver.
(h)
(nM h–1)
(% h–1)
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2001). The DIN concentrations were completely
exhausted after the spring bloom, whereas a distinct
DIP reservoir of around 0.10 µM remained. Between
May and July, this excess DIP is normally consumed in
parallel with the growth of nitrogen fixing cyanobacteria (Matthäus et al. 2001). C:P ratios reaching values
of 300 or higher (e.g. Larsson et al. 2001, Nausch et al.
2004) are indicative of P-limitation of cyanobacteria.
The high alkaline phosphatase activity associated with
the cyanobacteria when DIP is depleted (Paasche &
Erga 1988, Graneli et al. 1990) is interpreted as P-stress
of the organisms and as the ability to use DOP as P
source (Connors at al. 1996, Reynolds & Davies 2001,
Mulholland et al. 2002). During our 2004 study, the
inorganic nutrient status differed somewhat from that
in previous years. The usual decrease in DIP concentrations down to the detection limit (Matthäus et al.
2001, Nausch et al. 2004) in parallel with the development of diazotrophic cyanobacteria was observed only
in the eastern Gotland Basin (Stns 271, L1) and did not
occur at the other stations.
The amount of DOP and of BAP declined at all stations from spring to summer, independent of the variation in DIP concentrations. In May, DOP concentrations
exceeded those previously measured in the open
waters of the Baltic Sea (between 0.20 and 0.30 µM,
with no strong interannual fluctuations: own unpubl.
data). Nevertheless, higher values can occur temporally and spatially, as evidenced by the present study
and by measurements made in 2001 of buoyant
cyanobacterial surface blooms (Nausch et al. 2004).
Furthermore, Põder et al. (2003) reported higher concentrations in the Gulf of Riga from May to July 1999.
According to the results of the present study, variations
within the DOP pool may have been due to fluctuations
in the bioavailable fraction. The refractory DOP of 0.14
to 0.21 µM is relatively constant. It is unclear whether
the refractory DOP is inert or merely not utilizable for
bacteria within the short period covered by our experiments. DOP in the deep ocean below 1000 m can be
assumed to be inert. The remaining DOP concentrations in our experiments are in the same range as in
some regions of the deep ocean (Karl & Björkman
2002), an indication that the refractory DOP in the
Baltic Sea could really be inert.
The elevated DOP concentrations at Stn 259 in May
2004 can be attributed to a spring phytoplankton
bloom. Extremely high DOP concentrations were observed in cyanobacterial surface blooms in summer
2001 (Table 4). Therefore, BAP in the surface layer of
the open Baltic Sea may be predominantly a result of
autochthonous production, although other influences
such as lateral exchange cannot be excluded. Phytoplankton as the main DOP source was also reported by
Karl & Björkman (2002) and Põder et al. (2003). From

Table 4. Calculation of BAP at Stn 271 in 2001 using equation
(y = 1.006 DOP – 0.175) established in present study. Blooms:
buoyant cyanobacterial surface blooms
Date
(2001)

DOP
(µM)

BAP calculated
(µM)

09 – 15 May
09 – 12 Jun
10 – 14 Jul
02 – 05 Aug

0.25
0.23
0.22
0.20

0.07
0.06
0.04
0.03

0.75
0.35

0.58
0.18

10 July

Bloom A
Bloom B

May to July, the composition of the phytoplankton
community changed. In May, dinophyceae dominated
the plankton and filamentous cyanobacteria were
sparse, whereas at the beginning of July, filamentous
cyanobacteria occurred in high concentrations in the
eastern Gotland Basin. In contrast to the spring phytoplankton, no elevated DOP or BAP concentrations
were observed when diazotrophic cyanobacteria were
dispersed in the euphotic layer. Either the cyanobacteria release lower amounts of DOP or degradation and
uptake processes balance out in summer. The inverse
relationship between temperature and BAP concentrations and the short [γ-33P]ATP hydrolysis times
recorded in our study suggest the latter. High DOP
concentrations were measured when cyanobacteria
accumulated in buoyant surface blooms, as observed
in 2001 (Nausch et al. 2004). It is often speculated that
cyanobacteria in the buoyant surface blooms are
senescent. If so, DOP is mainly released when they die.
The BAP concentrations measured in the central
Baltic Sea in 2004 are similar or higher than the values
of 13 to 111 nM reported for the surface layer of the
North Pacific Subtropical Gyre (Björkman et al. 2000),
where BAP accounted for between 9 and 38% of the
total DOP. According to Stepanauskas et al. (2002),
about 75% of the DOP was bioavailable in rivers entering the Baltic Sea. In 2001, we measured DOP concentrations at Stn 271 during the same period of year
(Nausch et al. 2004) (Table 4). Comparison of the 2
years shows that lower DOP concentrations occurred
in May 2001, whereas DOP concentrations were similar in summer. Applying the equation for the relationship between DOP and BAP (BAP = 1.006 × DOP –
0.175) established in this study, the calculated BAP
concentrations differed only marginally from May to
July 2001 (Table 4).
The DOP concentrations measured are the net result
of production and consumption processes. This raises
the question of BAP turnover rates. The results arising
from the 2 approaches used in our calculations differed. The method using [γ-33P]ATP hydrolysis times
indicated that BAP is converted several times a day.
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The long hydrolysis times in May at Stns 271 and 213
could be due to the low water temperatures of 6 to 7°C,
higher BAP concentrations than in summer and low
heterotrophic bacterial numbers (data not shown),
yielding a calculated P release rate of between 0.7 and
6.6 nM h–1. However, high BAP concentrations and low
temperatures are not always reflected in longer turnover times. This was evident in the spring bloom at Stn
259, where a high BAP concentration was coupled with
a hydrolysis time similar to that in summer, resulting in
a high P release of 41 nM h–1. In summer, short hydrolysis times were combined with increased P release,
whereby BAP concentrations were relatively low. The
DOP degradation experiments indicated that BAP was
converted mostly within 3 or 4 d, and this time period
was not shorter in summer. The amount of released P
varied between 0.4 and 4.9 nM h–1. Because of
decreasing BAP concentrations, a trend to lower P
release was evident in summer; an exception seems to
be Stn 271, where the P release was relatively constant
in June and July.
Both calculation methods indicated elevated P release
during the phytoplankton spring bloom. The largest
differences occurred in summer at low BAP or DOP
concentrations. The [γ-33P]ATP method resulted in an
overestimation of BAP turnover. ATP and other nucleotides — substrates of the [γ-33P]ATP assay — comprise
only a small fraction of BAP that is converted rapidly.
According to Ammerman & Azam (1985), 5’-nucleotide
concentrations in seawater ranged between 10 and
20 nM. Karl & Björkman (2002) reported dissolved ATP
concentrations between 400 and 800 pM in the upper
100 m depth at 2 stations in the North Pacific. Assuming similar concentrations in the Baltic Sea, 5’-nucleotide and dissolved ATP concentrations amount for less
than 10 and 0.5% of DOP, respectively. However, the
time course experiments showed that there is another
pool of BAP that is converted much slower than ATP or
nucleotides. According to our results, the ATP turnover
is not representative of the total DOP pool. In the time
course experiments, grazers of bacteria were excluded,
and nitrogen and carbon was added to avoid limitation
by these elements. Supply of these substrates can
induce a higher P demand than under unaffected conditions, as shown in Nausch & Nausch (2004). Therefore, the utilization of DOP by bacteria may be lower
under in situ conditions than in our experiments.
With respect to the importance of DOP as supplier of
P to diazotrophic cyanobacteria, no elevated DOP or
BAP concentrations occurred when cyanobacteria were
abundant in the euphotic layer, except when cyanobacteria accumulated in buoyant surface blooms. Seasonal changes in ATP turnover indicated that ATP or
nucleotides may serve as a preferential P source for
cyanobacteria in the Baltic Sea.
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