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ABSTRACT: Phosphate uptake rate, alkaline phosphatase activity (APA), nucleotidase activity (ATP-
NA), and nutrient pool sizes were investigated in the eastern Gotland Basin from May until Septem-
ber 2001 to describe the phosphorus dynamics during this period, which is characterized by the tran-
sition from nitrogen to phosphate limitation and the development of nitrogen-fixing cyanobacteria.
Phosphate concentrations declined from 0.1 pM in May to 0.01 pM in June. However, the decrease in
phosphate was not reflected in increasing organic phosphorus pools. Its concentrations remained at
a relatively constant level of 0.4 pM. Development of plankton biomass in July was based on the
intracellular phosphorus pool. The [**P]PO, uptake rate and hydrolytic activities increased from very
low levels in May to a maximum in July, decreasing in the following months. The development of
these activities was associated with the development of heterocystous cyanobacteria. However, size
fractionation showed that the [**P]PO, uptake in the fraction >10 pm accounted for only a small por-
tion of the total [**P]PO, uptake rate, but for 41% of APA. Due to elevated total phosphorus concen-
trations of 1.0 and 0.8 pM in the buoyant surface blooms, phosphorus dynamics were different com-
pared to situations when cyanobacteria were dispersed in the euphotic zone. Depending on the
parameter used, a different length of the period of phosphate limitation can be estimated. Based on
[**P]PO, uptake rates and hydrolytic activities, phosphate limitation was restricted to 2 to 4 wk in
July. This period is shorter than that indicated by phosphate deficiency and C:P ratios.
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INTRODUCTION

In the Baltic Sea, the heterocystous diazotrophic
cyanobacteria Nodularia spumigena and Aphanizo-
menon sp. are the dominant species of the microphyto-
plankton in summer (Kononen et al. 1996, Wasmund
1997). Large blooms at the surface occur frequently
(Kahru et al. 1994, HELCOMl). Therefore, nitrogen fix-
ation by these organisms is an important source of ni-
trogen input into this ecosystem, calculated to be be-
tween 2 and 4 x 10° t yr'! (Elmgren & Larsson 2001,
Wasmund et al. 2001). There are numerous publica-

'HELCOM news 1/2002 newsletter. Available at www.helcom.
fi/publications/newsletter2002.pdf
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tions about nitrogen fixation (Hiibel & Hiibel 1980, Lep-
panen et al. 1988, Stal et al. 1999, Ohlendieck et al.
2000, Stal & Walsby 2000, Wasmund et al. 2001) and
about nutrient conditions promoting the development
of nitrogen-fixing cyanobacteria (Niemi 1979, Smith
1983, Groenlund et al. 1996, Pollinger et al. 1998, Lev-
ings & Schindler 1999, Berman 2001, Kononen 2001). In
general, a low N:P ratio of dissolved inorganic nutrients
is the major prerequisite, as has been demonstrated
both by fertilization (Schindler 1977, Yusoff & McNabb
1997, Rydin et al. 2002) and elimination experiments
(Perakis et al. 1996, Holz & Hoagland 1999), but other
factors, such as the temperature, wind and light condi-
tions, and the mixed layer depth, have to be suitable.
There is also evidence that phosphate can regulate the
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mechanism of nitrogen fixation itself (Wallstrom 1988,
Wu et al. 2000, Sanudo-Wilhelmy et al. 2001).

For the Baltic Sea, the nutrient conditions in May
after the spring bloom, characterized by exhausted dis-
solved inorganic nitrogen (DIN) and phosphate concen-
trations of 0.1 ptM, were assumed to be the triggering
factor for the development of heterocystous nitrogen-
fixing cyanobacteria in summer. Although phosphate is
important for the development of diazotrophic cyano-
bacteria, only a few detailed studies are available about
phosphorus dynamics in this ecosystem and the role of
cyanobacteria within the phosphorus cycle. Phosphate
limitation of cyanobacteria and other plankton in sum-
mer is primarily deduced from the absence of measur-
able phosphate concentrations in water, and from high
alkaline phosphatase activity (Paasche & Erga 1988,
Graneli et al. 1990, Kononen et al. 1993). Kononen et al.
(1993) and Gronlund et al. (1996) presented results of
phosphate uptake rates in cyanobacterial blooms in the
Gulf of Finland.

In the present study, phosphate uptake rate and hy-
drolytic activities, as well as nutrient pool sizes, were in-
vestigated with high temporal resolution from May until
September 2001 during 5 cruises. These were designed
to obtain a better understanding of phosphorus dynam-
ics in the central Baltic Sea in relation to the develop-
ment and dominance of heterocystous cyanobacteria.

MATERIALS AND METHODS

Water sampling and hydrographic conditions. Inves-
tigations were conducted in the eastern Gotland Basin
at Stn 271 (567°19.20'N, 20°03.00'E) from May until
September 2001. On average, 2 depth profiles d-! were
sampled in the euphotic layer for 3 or 4 successive days
each month. Additionally, in July, buoyant surface
blooms were investigated in the SE Gotland Basin at
56°12.68'N, 17°15.20'E and 56°33.28'N, 18°02.30'E
(Blooms A and B).

Samples were taken using a combined Seabird
SBE911 CTD and Hydrobios rosette sampler (Hydro-
bios Apparatebau) equipped with 12 x 5 1 free-flow
bottles at 5 depths (1, 2.5, 5, 10, and 15 m). With the
exception of phytoplankton determinations, all mea-
surements were carried out separately for each depth.

All depths sampled were situated above the thermo-
cline. Due to wind speeds between 6.6 and 9.5 m st
this layer was well mixed. Mean monthly values of
temperature from May to September, respectively,
were 6.2, 10.9, 17.8, 19.1 and 18.1°C.

The buoyant surface blooms were sampled manually
with a separate 2 1 water sampler (Limnos Oy). During
that time, the wind speed was only 1.3 m s™! and the
surface temperature was 21.7°C, the highest of the

investigation period. A secondary thermocline was
observed at 2.5 m depth, where the temperature
dropped down to 16.0°C.

Analytical methods. Phosphate was analysed spec-
trophotometrically by the standard method described
by Rohde & Nehring (1979) and Grasshoff et al. (1983).
The detection limit was 0.01 pM. Duplicate samples for
total and dissolved phosphorus and nitrogen were oxi-
dized simultaneously with persulfate in an alkaline
medium (Grasshoff et al. 1983), before and after filtra-
tion through pre-combusted Whatman GF/F-filters, fol-
lowed by phosphate and nitrate determination using an
autoanalyser system (Alliance Instruments). Dissolved
organic phosphorus (DOP) and nitrogen (DON) were
calculated as the difference between total dissolved
phosphorus (TDP) or nitrogen (TDN) and the respective
inorganic nutrients. Particulate organic phosphorus
(POP) was calculated as the difference between the
total phosphorus content and the dissolved fraction.

Chl a was measured fluorometrically (excitation
450 nm, emission 670 nm) after filtration (Whatman
GF/F-filter) and extraction in 90 % acetone (UNESCO
1994). Phytoplankton carbon was calculated from chl a
concentrations using the conversion factor of 50 on a
ng per pg basis (Jost & Pollehne 1998).

For estimation of particulate organic carbon (POC)
and nitrogen (PON), water was filtered through pre-
combusted Whatman GF/F-filters and the filters were
stored at —20°C until analysis in a CHN analyser (EA
1110, Fison Instruments).

Phytoplankton bio-volumes and species composition
were determined according to HELCOM guidelines
(HELCOM 1988). Samples from 1, 2.5, 5, 7.5, and 10 m
depth were mixed in equal amounts to produce an inte-
grated sample. Samples from 15 m depth were counted
separately. Phytoplankton was preserved with acetic
Lugol solution (KI/I,) and counted in an inverted micro-
scope (Leica) (Utermohl 1958). The cell volume was cal-
culated from the size measurements by using the ap-
propriate stereometric formula. It was converted to wet
weight (ww; mg m~®), assuming that the density of the
plasma is equal to that of water (roughly 1 mg mm3).

Bacteria were counted using an epifluorescence
microscope (Zeiss-Axioskop) combined with an image
analysis system (Photometrix) and the computer soft-
ware programme ‘IP Lab Spectrum' (Signal Analytic)
after staining with 4, 6-diamino-2-phenylindol (DAPI).
Bacterial carbon was calculated using the conversion
factor of 20 fg cell™! (Lee & Fuhrman 1987).

Samples for primary production were incubated on
deck for 2 h in 275 ml polycarbonate bottles with
148 kBq NaH“COj; at simulated in situ light condi-
tions. Incubations were stopped by filtration on What-
man GF/F-filters. Filters were fumed with concen-
trated HCI for 15 min. Radioactivity was counted in
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a liquid scintillation counter (Tri-Carb 2560 TR/X,
Packard) using Ultima Gold (Packard) as a scintillation
cocktail.

For phosphate uptake, [**P]JPO, (Hartmann Analyt-
ics; specific activity: 110 TBq mmol') was added in
concentrations of 277 kBq to 50 ml samples (50 pM
final concentration) in polycarbonate bottles. For blanks,
500 pl formaldehyde was added before radiotracer
addition. The incubations were conducted under low
light conditions in the laboratory. In preliminary exper-
iments, [¥*P]PO, uptake did not differ between in situ
light or dark incubation. During the total incubation
time of 1 h, subsamples of 5 ml were taken at time
intervals; [**P]PO, incorporation was stopped by addi-
tion of 100 nM carrier-free PO, (Thingstad et al. 1993).
Subsamples were filtered onto 0.2 pm polycarbonate
filters pre-soaked with 1 mM KH,PO,. For size frac-
tionation, samples were filtered additionally onto fil-
ters with pore sizes of 0.8, 3 and 10 pm, respectively.
Filters were counted in a liquid scintillation counter
(Tri-Carb 2560 TR/X, Packard) using Lumasafe Plus
(Packard) as a scintillation cocktail. All analyses were
performed in triplicate. The [**P]PO, uptake rate was
determined from the straight slope of radioactivity
incorporated into particulate matter versus incubation
time (Ammerman 1993). Turnover times were calcu-
lated by the equation T=t/In(1 —r); where T = turnover
time, t = incubation time, r = consumed fraction of
added [**P]PO, (Thingstad et al. 1993).

The gross phosphate uptake rate was derived from
the [*P]PO, uptake rate and the ambient phosphate
concentrations. With exception of the blooms, ambient
phosphate concentrations were averaged on all mea-
surements per month.

For substrate kinetic experiments, carrier-free PO,
in concentrations from 50 pM to 2 pM was added in
addition to the radiotracer.

Phosphate enrichment experiments were conducted in
June, July and September. Five litres of surface water
was incubated after addition of 1 pM phosphate at in situ
temperatures and at surface light conditions. At different
times during a total incubation time ranging between 33
and 67 h, phosphate concentrations were measured.
At the beginning and end of each experiment, the DOP
and POP concentrations were determined.

5'nucleotidase activity (ATP-NA) was determined
according to the protocol of Ammerman (1993). Tripli-
cates of 10 ml subsamples were incubated with 37 kBq
[v-3*PJATP (Hartmann Analytics; specific activity:
74 TBq mmol ') corresponding to a final concentration
of 50 pM [y->*P]ATP. Incubation was done in the dark
for 1 h and stopped by addition of 100 pM carrier-free
ATP. The samples were filtered onto 0.2 pm polycar-
bonate filters. The filters 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 activated charcoal and 1 ml 0.03 N H,SO,, fil-
tered through a 0.45 pm filter (second filtrate) and 1 ml
was counted. For blanks, 100 pl formaldehyde was
added 15 min before the addition of radiotracers. ATP
hydrolysis was calculated using the equations of
Ammerman (1993): ATP hydrolysis (% h™!) = (counts
on filters + counts of second filtrate)/(counts on filters +
counts of first filtrate) x 1 h; uptake of P released by
ATP hydrolysis = counts on filters/(counts on filters +
counts of first filtrate) x 1 h.

The alkaline phosphatase activity (APA) assay was
performed according to Hoppe (1993) using 4-methyl-
umbelliferyl phosphate (MUF-P) (Sigma M 8883) as
the fluorogenic substrate. In substrate kinetic experi-
ments, 7 or 8 concentrations of MUF-P from 0.1 to
300 pM (final concentration) were added and incu-
bated in the dark. Hydrolysis time (h) was calculated
according to the equation of Ammerman (1993):
hydrolysis time (h) = fluorescence of 0.1 pM MUF stan-
dard/slope of fluorescence time course at 0.1 pM MUF-
P. For size fractionation, samples were filtered through
10, 3, 0.8, and 0.2 pm filters before the addition of
200 uM MUF-P. Fluorescence was measured with a
spectrofluorimeter (Hitachi) at 364 nm excitation and
445 nm emission at intervals of 60 min over a period
of 3.5 h. All measurements were done in triplicate.
Fluorescence units were calibrated with 6 standard
concentrations between 0.03 and 1 pM of 4-methyl-
umbelli-ferone in 0.2 pm filtered seawater.

All rate measurements were conducted at in situ
temperatures. The equipment was washed in 1 N HCI
and rinsed with Milli-Q water. The biomass-related
phosphate uptake rate and APA were calculated using
the sum of bacterial and phytoplankton carbon.
Assuming that ATP hydrolysis is mostly attributed to
bacteria, the [y-*P]ATP hydrolysis rate was calculated
per bacterial carbon.

Due to the well-mixed surface layer, no significant
differences between 0 and 15 m could be observed.
Additionally, no differences between day and night
sampling were found. Therefore, all measured values
on each day (10 or more single samples, each mea-
sured in duplicate or triplicate) were averaged. Sur-
face blooms were handled separately.

Statistical analyses were performed with the com-
puter program ‘Statistica 6'.

RESULTS
Phosphorus pools and nutrient ratios

At the beginning of the investigations, 9 and 13 May
2001, phosphate concentrations of 0.1 pM were mea-
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sured (Fig. 1). Concentrations declined over the next
few weeks and reached the detection limit in the mid-
dle of June. In July and September, phosphate was at
or below the detection limit. However, during the
blooms, concentrations of 0.02 pM were measured.
Phosphate concentrations were also higher (0.04 +
0.02 pM) at the beginning of August, probably because
of the breakdown and subsequent mineralization of
the heterocystous cyanobacteria.

DOP concentrations (Fig. 1) of 0.20 to 0.23 pM were
detected during most of the investigation periods. Most
variations were not significant and were within the
sensitivity range of the method. Much higher DOP val-
ues of 0.75 and 0.35 pM were measured in the buoyant
cyanobacterial blooms. POP concentrations (Fig. 1)
varied between 0.15 and 0.20 pM. Higher concentra-
tions were measured only in July, and then only in
samples from surface blooms. Outside the surface

Fig. 1. Concentrations of phos-

phate, particulate (POP) and

dissolved organic phosphorus

(DOP) from May until Septem-
ber 2001

blooms, where cyanobacteria were dispersed in water,
POP remained at a relatively constant level of 0.18 nM,
despite increasing chl a concentrations compared with
May and June. This suggests phosphorus impoverish-
ment of the plankton when cyanobacteria were dis-
persed. This can be seen also by significant declin-
ing POP:biomass ratios from June to July (t-test:
p < 0.0001) (Fig. 2).

C:P and N:P ratios in particulate organic matter
developed in parallel. C:P ratios were above the Red-
field ratio from May until August (Table 1). The high-
est ratios were found during the occurrence of dis-
persed cyanobacteria in July, when values ranged
between 231 and 497 (mean 318). It is remarkable that
in the surface blooms in July, C:P ratios were lower.
The lowest value was measured in Bloom A, which
also had the highest DOP concentration. In September,
C:P ratios were close to the Redfield ratio (Table 1).
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Fig. 2. Chl a concentrations and particulate organic phosphorus (POP):biomass ratios from May until September 2001. Biomass
is the sum of phyto- and bacterioplankton carbon. Phytoplankton biomass was calculated from chl a
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Table 1. Mean concentrations of particulate organic nitrogen (PON) and total dissolved organic nitrogen (TDN), as well as ratios
between organic nutrient concentrations in particulate and dissolved organic matter. POC, POP: particulate organic carbon and
phosphorus; TDP: total dissolved and phosphorus; DON, DOP: dissolved organic nitrogen and phosphorus

Particulate matter Dissolved matter
PON (uM) POC:PON POC:POP PON:POP TDN (uM) TDN:TDP DON:DOP
May 42+0.5 7.2+ 0.7 2249 +984 30.8+12.1 18.0+1.4 58.9 +3.3 73.9+6.4
June 4.1+0.3 72+04 191.5+28.5 26.8+3.7 17.0+0.9 66.0 +4.5 73.9+5.9
July Bloom A 3.9 11.2 182.6 16.3 19.5 25.4 25.3
Bloom B 14.6 7.3 237.1 32.6 22.2 60.0 61.8
Dispersed 4.0+1.3 7.0 +£0.6 318.1 £86.5 42.9+15.0 18.7+1.2 81.3+18.5 83.8 +8.2
August 3.9+0.8 7.3+1.0 177.9 £ 54.5 249 £ 8.5 19.7 £ 1.1 82.6 + 16.9 97.6 £+ 7.9
September 2.8+0.5 7.3+1.0 117.5 £ 23.1 16.2 +2.8 19.8+1.6 102.8 +11.2 103.9+13.3

Mean values of TDN ranged between 17.0 and
22.2 pM (Table 1) and lay in the annual range of 21 +
8 uM (Matthaus et al. 1999) for this station. DON
accounted for between 96.7 and 99.4 % of TDN. With
the exception of the surface Bloom A, TDN:TDP and
DON:DOP ratios were much higher than the Redfield
ratio. In particular in Bloom A (Fig. 1), a high DOP con-
centration resulted in a decrease of the DON:DOP
ratio. Therefore, it can be deduced that in surface
blooms, organic phosphorus was released in compara-
tively higher amounts than nitrogen.

Phytoplankton biomass

Phytoplankton biomass (mg ww m~3) was the same
in May and June (Fig. 3). In May, heterocystous

cyanobacteria accounted for only ca. 1% of the total
phytoplankton biomass. In June, the percentage rose
to 10%. The highest biomass of heterocystous cyano-
bacteria was observed in July. It amounted to 75 and
91% in the 2 surface blooms, and between 42 and
61% in dispersed phytoplankton. During the investi-
gations in August, heterocystous cyanobacteria de-
clined from 17 to 7%, and reached a level of 2% in
September.

Heterocystous cyanobacteria consisted of the species
Nodularia spumigena and a typical Baltic Aphanizo-
menon species that is not taxonomically described. In
July, N. spumigena dominated the surface blooms,
whereas under dispersed conditions Aphanizomenon
sp. was present in equal or greater amounts. In June
and August, respectively, the biomass of Aphani-
zomenon sp. was 22 times and 2 to 6 times higher than

the biomass of N. spumigena. N. spumi-
gena was completely absent in May and

7 —
bloom September.
6 B .
other autotrophic plankton
Il heterocystous cyanobacteria Phosphate uptake
5
The [**P]PO, uptake rate was lowest
4 (0.01% min™!) in May. It increased from
May to June by a factor of 8, and from
3 - June to July by a factor of 48. Afterwards,
the [**P]PO, uptake rate decreased and
2 reached a level in September comparable
i | - to that in June. The [**P]PO, uptake rate
1 ) ,/" z %%% ) was significantly lower in the surface
% ; / ] ] - blooms than for dispersed cyanobacteria.
1 9772 7z m The increase in the [**P]PO, uptake rate
O %
9131415 9101112 101011121314 2345 31123 4 from May to July was not only caused by
the amount of phytoplankton and bacter-
May June July August  September

Fig. 3. Development of the biomass of heterocystous cyanobacteria
obtained by microscopic counting. ww: wet weight. Numbers under bars

are dates in month

ial biomass, which was also highest in
July. The [**P]PO, uptake rate per biomass
showed the same pattern (Fig. 4). Multiple
regression analysis was used to estimate
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Fig. 4. [**P]PO, uptake rates and alkaline phosphatase activities (APA-V,,.,) normalized to carbon-biomass, pooled for phyto- and
bacterioplankton carbon. V,,x: maximum enzyme activity

the influence of different factors on the development
of [¥P]PO, uptake rate from May until September
(Table 2). The combination of all variables resulted in a
high significance and can explain 93 % of the variabil-
ity. Most of the single variables had no significant
influence. The closest relationships determined were
between the [**P]PO, uptake rate and the ATP-NA
hydrolysis rate followed by DOP. However, these rela-
tionships were mainly due to the values in the surface
blooms. Excluding the blooms from this calculation,
the relationships changed and the highest influence
was that of the heterocystous cyanobacteria.

Size fractionation (Fig. 5) showed that the fraction
>10 pm including heterocystous cyanobacteria always
contributed only a small amount to the total [**P]PO,
uptake rate: ca. 10% in June, 2% in July, 3% in
August, and 5% in September. In this fraction, the
absolute [**P]PO, uptake rate increased by a factor of
4 from June to July. The largest changes in the [**P]PO,
uptake rate were observed in the fraction between 0.8
and 3 pm and in the fraction between 0.2 and 0.8 pm,
representing small autotrophic picoplankton and bac-
teria, respectively. In July, both fractions together
accounted for 91 % of the [**P]PO, uptake rate.

Table 2. Influence of different parameters on [**P]PO, uptake rate, alkaline phosphatase activity (APA) and nucleotidase activity
(ATP-NA) detected in multiple regression analysis (n = 20). R? indicates the degree of influence of the combination of all parameters;
p represents the significance level. POP, DOP: particulate and dissolved organic phosphorus; V ,,x: maximum enzyme activity

[¥*P]PO, uptake rate APA-Vp.x ATP-NA

(% min1) nMh™) (% h™h
Blooms Without Blooms Without Blooms Without
included  blooms included blooms included  blooms

Influence of all included parameters
(all p < 0.002)

R?=0.93 R%’=0.98

R?=0.98 R?=0.96

R?=0.94 R2=0.97

Influence of single parameters: p< p< p< p< p< p<
Heterocystous cyanobacteria (mg ww m™3) 0.730 0.052 0.002 0.008 0.224 0.0004
Other autotrophic plankton (mg ww m™3) 0.059 0.876 0.86 0.881 0.532 0.044
Heterotrophic bacteria (ug C 1) 0.205 0.706 0.477 0.311 0.211 0.187
Picoplankton (counts 17! 0.457 0.155 0.85 0.889 0.623 0.821
Phosphate (uM) 0.93 0.860 0.456 0.665 0.637 0.904
POP (nM) 0.526 0.477 0.357 0.312 0.912 0.894
DOP (uM) 0.002 0.239 0.189 0.936 0.017 0.162
POP:biomass ratio (umol pgC™1) 0.889 0.530 0.329 0.316 0.913 0.626
C:P ratio 0.923 0.328 0.282 0.913 0.102 0.969
APA-V . (MM h71) 0.074 0.132 - - - -
ATP-NA (% h™) 0.0003 0.140 - - - -
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Fig. 5. [**P]PO, uptake of different size fractions. Sizes of

the circles indicate the measured uptake rates: 0.11 % min~!

in June, 2.18 % min~! in July, 0.29% min~' in August and
0.16 % min~! in September

By including the ambient phosphate concentrations
in the calculations from [**P]PO, tracer experiments, a
gross phosphate uptake rate can be derived. Gross
uptake rates were highest in the surface blooms
(65.8 pmol pg C™! h™!). Similar gross uptake rates were
observed in dispersed cyanobacteria in July and in
August. The lowest gross uptake rates were calculated
in September (2.9 pmol mgC-! h™!) (Table 3).

Phosphate enrichment experiments supported the
findings from the [*P]PO, tracer experiments, with
the highest phosphate uptake in July. Phosphate con-
centrations decreased during the first 24 h of incuba-
tion by ca. 0.1 pM in June and September, but by
0.65 pM in the surface blooms, and 0.4 pM in dis-
persed plankton in July. The decrease of phosphate
was reflected in an increase of POP and sometimes in
a small increase of DOP. The high DOP found in the
blooms was degraded during an incubation time of
33 h from 0.75 to 0.54 pM in Bloom A, and from
0.35 to 0.24 pM in Bloom B.

Phosphate uptake rates calcu-
lated from phosphate reduction and
from the POP increase in enrichment

Table 3. Biomass related phosphate uptake rate calculated from [**P]PO, tracer ex-
periments and ambient phosphate concentrations (gross phosphate uptake rate)
(*phosphorus released from dissolved organic phosphorus [DOP] is integrated) and
from enrichment experiments using the decrease of phosphate and the increase of

particulate organic phosphorus at saturation concentrations in substrate
kinetic experiments with radiotracers (pmol pngC-'h?)
Gross phosphate Enrichment experiments Maximum
uptake rate PO, decrease POP increase  phosphate uptake
May 5.2 nd nd nd
June 14.0 19.1 12.6 35.1
July
Blooms 65.8% 63.0 73.9 nd
Dispersed 35.8°2 35.7 33.8 434.2
August 41.7 nd nd 49.1
September 2.9 11.3 2.2 64.8

Table 4. Comparison of gross phosphate uptake rate in size fraction >0.8 pm and
phosphate consumed by phytoplankton calculated from primary production,
assuming that C and P were taken up at C:P ratio of plankton

Primary In situ Calculated Gross P uptake
production C:P ratio P consumption rate

(mmolC m2d?) (mmolP m2d™') (mmolP m2d)
May 68.4 225 0.3 0.13
June 81.8 192 0.43 0.32
July 123.9 318 0.39 0.79
August 165.4 178 0.93 1.32
September 132.2 117 1.31 0.12

experiments were similar to gross
uptake rates obtained from radio-
tracer experiments and ambient
phosphate concentrations (Table 3).
However, from substrate kinetic
experiments with short incubation
times, the maximum phosphate up-
take rate at saturation concentrations
was 3 times higher in June and 12
times higher in July compared with
the uptake rate from tracer and en-
richment experiments. In September,
there was also a considerable differ-
ence between the maximum phos-
phate uptake rate and the other mea-
surements. In August, differences
could be neglected. Phosphate satu-
ration was reached always at 0.5 pM.

The gross phosphate uptake rates
in Table 3 were compared with the
phosphate consumption of phyto-
plankton deduced from primary
production, assuming that C and P
were taken up at the C:P ratio
determined in particulate organic
material (Table 4). In May, June,
and September, measured phos-
phate uptake rates were lower
than the calculated consumption. In
contrast to that, phosphate uptake
rates did exceed consumption in
July and August.
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Table 5. Turnover times of phosphate and hydrolysis times for or-
ganic phosphorus compounds sensitive to alkaline phosphatase

activity (APA) and nucleotidase activity (ATP-NA)

shorter or lay in the same range as the phosphate
turnover times.
Size fractionation of APA (Fig. 6) showed that

Phosphate APA ATP-NA
turnover times (h) (h) (h)
May 179.3+92.5 10042.1+13938.9 29.8+10.1
June 222+17.1 490.2 £ 299.1 23.1+£53
July
Bloom A 1.0 6.6 1.6
Bloom B 1.3 3.5 1.4
Dispersed 04+0.3 6.5+1.9 21+0.7
August 8.7 £6.7 33.9+11.9 49+14
September 11.0+4.3 142.3 £53.9 8.2+2.8

42 % of hydrolytic activity was found in the frac-
tion >10 pm in July under dispersed conditions.
Only 3% of the activity was found in the fraction
<0.8 pm. The percentage of APA in the fraction
>10 pm decreased in August and September,
down to 18 and 22%, respectively. In these
months, the percentage of soluble APA (<0.2 pm)
comprised ca. 50 % of the total activity, compared
to 18 % in July.

Using the [y-**P]JATP method, the portion of
phosphate that was taken up immediately from

Hydrolytic activities

APA and ATP-NA (Fig. 4, Table 5) developed in par-
allel to the occurrence of heterocystous cyanobacteria.
In July, APA was lower in the surface Bloom A, which
was characterized by high DOP concentrations. ATP-
NA did not differ between the 2 blooms or between the
surface-accumulated and dispersed situations. Multi-
ple regression analysis demonstrated that heterocys-
tous cyanobacteria influenced the hydrolytic activities
to a higher degree than the phosphate uptake rate.
However, when surface blooms were included in the
calculation, DOP became the dominant factor influenc-
ing the ATP-NA.

Hydrolysis times and phosphate turnover times
(Table 5) were used to compare the hydrolytic activi-
ties with the phosphate uptake rate. Hydrolysis times
obtained by APA were always longer than the turnover
times of phosphate. These differences became espe-
cially pronounced in May, June and September, indi-
cating the minor importance of APA for phosphate
release from organic phosphorus compounds. In con-
trast, the hydrolysis time obtained by ATP-NA was

July

September

18.2% 6.7% 53 99,
]
48.3%

(= >10pm £ 3-10pm 0 0.8-3ym 01 0.2-0.8um E2 <0.2pm |

Fig. 6. Alkaline phosphatase activity (APA-V,,,,) in different

size fractions in July, August and September 2001. Sizes of

the circles indicate the measured activities: 288.93 nmol 1" h™!

in July, 42.28 nmol 1"t h™! in August and 16.27 nmol 1! h™!
in September

hydrolysed ATP was estimated (Fig. 7). It ranged
between 20 and 40 % in May and June, increased
to >90 % in July, and decreased afterwards to 40% in
September. The lower percentage taken up in the
blooms can be again an effect of the dilution of
released phosphorus by phosphate or DOP.

DISCUSSION

Phosphorus dynamics during the transition from
nitrogen to phosphate limitation in the surface layer of
the central Baltic Sea can be described in detail from
measurements with high temporal resolution from
May until September 2001.

Decreasing phosphate concentrations from May to
June did not result in increases of POP or DOP. Phos-
phorus must have been exported from the euphotic
zone to keep the DOP and POP concentrations in the
mixed surface water relatively constant. The following
biomass increase from June to July led to a corre-
sponding decrease of POP:biomass ratios. Therefore,
plankton growth in this period is based mainly on
intracellular phosphorus. In buoyant surface blooms,
total phosphorus concentrations were considerably
higher compared to situations when cyanobacteria
were dispersed in the euphotic layer. These high phos-
phorus concentrations could be a result of the accumu-
lation of algae and subsequent DOP release. In that
case, the POP:biomass ratio should have been lower
and the C:P ratio in plankton should have been higher
in the surface blooms in comparison to dispersed
cyanobacteria. But in our investigations, POP:biomass
ratios were significantly higher and C:P ratios signifi-
cantly lower in the surface blooms compared to dis-
persed cyanobacteria. Kononen et al. (1996) and Ko-
nonen (2001) showed that local upwelling in salinity
frontal regions and short-duration wind-induced mix-
ing events with phosphate input promote cyanobacter-
ial growth. In 1993, such a local event in the Gulf of
Finland led to an increase in phosphate concentrations
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vations of the size distribution of
organisms responsible for the [**P]PO,
uptake were made by Grénlund et al.
(1996) in a cyanobacterial bloom in
the Baltic Sea, but it seems to be a
widely distributed phenomenon in
aquatic ecosystems, especially when
phosphate is deficient (Lean & White
1983, Currie & Kalf 1984, Berman
1985, Currie 1986, Thingstad et al.
1993, Bjéorkman & Karl 1994, Cotner et
al. 2000, Labry et al. 2002). This
behaviour is explained by the greater
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Fig. 7. Percentage of phosphorus taken up from hydrolyzed [y-3*P]ATP

of 0.015 pM in the upper mixed layer, sufficient for
large-sized plankton growth (Thingstad et al. 1993,
Kononen et al. 1996). Such events could also explain
the total phosphorus concentrations and POP:biomass
ratios as well as C:P ratios in the surface blooms, as
observed in our study. Groenlund et al. (1996) reported
that the growth of Aphanizomenon flos-aquae in the
Gulf of Finland was benefited by nutrient pulses with
an inorganic N:P ratio of 15 in frontal regions. Accord-
ing to Kononen et al. (1996), Nodularia blooms are ini-
tiated when a surface layer with higher temperatures
was isolated by calm situations after such nutrient
pulses. We also observed a secondary thermocline and
dominance of Nodularia spumigena in the buoyant
surface blooms.

Gross phosphate uptake rates are a more appropriate
way to describe the phosphate dynamics than the
[¥*P]PO, uptake rates alone. Elevated phosphate con-
centrations and phosphate release from DOP can be re-
sponsible for the reduced [**P]PO, uptake rates in buo-
yant surface blooms, because these dilute the added
radiotracers. The gross uptake rates showed that phos-
phate turnover was highest in the surface blooms.
Furthermore, the gross phosphate uptake rate demon-
strated that phosphate turnover remained at a high
level in August, when heterocystous cyanobacteria oc-
curred only in low abundances. However, the results
from these 2 mo may be based on different mecha-
nisms. In July, when cyanobacteria were dispersed, the
gross phosphate uptake rate is caused by intensive
activity of organisms, whereas in August and in the
surface blooms, the gross phosphate uptake rate could
be attributed to elevated phosphate concentrations.

In size-fractionation experiments, heterocystous
cyanobacteria contributed only a small proportion to
the [**P]PO, uptake. [**P]PO, uptake was predomi-
nantly caused by the size fraction <3 pm. Similar obser-

101011121314 2 3 4 5 311 2 3 4

affinity of small organisms for phos-
phate at low phosphate concentra-
tions. The advantage of phosphate
uptake by small organisms over larger
ones at low phosphate concentrations
can be overcome at higher phosphate concentrations
(Lean & Pick 1981, Robarts et al. 1998).

Discrepancies between phosphate demand and
phosphate uptake by phytoplankton found in our inves-
tigations have also been observed in other ecosystems.
Currie (1986) found in Lake Memphremagog (North
America) that orthophosphate uptake supplied only a
very small portion of the P required for algal growth, es-
pecially in the fraction >3 pm. He concluded that sources
other than orthophosphate had to be used. In contrast,
Canellas et al. (2000) observed for most of the Atlantic
Ocean that phosphate availability exceeded the phos-
phate demand, and concluded that other essential nu-
trients were lacking. Healy (1982) described elevated
phosphate uptake exceeding the maximum growth rate
in batch cultures of cyanobacteria. The difference be-
tween the phosphate uptake rate and the phosphate
consumption in May and September could lead to phos-
phorus impoverishment of plankton. At present, we can-
not explain the discrepancy in July when the phosphate
uptake was higher than the phosphate demand.

In our investigations, APA seems to be directly
affected by the abundance of heterocystous cyano-
bacteria. This is valid also for the close coupling of
phosphate regeneration and phosphate uptake. Ambi-
ent phosphate concentrations are thought to be the
most important regulating factor of APA (Jansson et al.
1988, Paasche & Erga 1988, Ammerman 1991, Bangin
et al. 2000). According to multiple regression analysis,
it seems to be of minor importance here. At phosphate
concentrations of 0.02 to 0.06 uM, as found in August,
APA is normally high (Connors et al. 1996, Nausch
1998) but was low in our investigations. Although
phosphate concentrations were at or below the detec-
tion limit in July and September, APA levels were
quite different for both months. Different cellular phos-
phorus contents in July and September, deduced from

September
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C:P and POP:biomass ratios, could be the reason. As
shown by Huber & Hamel (1985), the internal phos-
phorus pool also influences the APA.

The absence of ambient levels of phosphate, the C:P
ratio in particulate organic material, APA, and turnover
times of phosphate were used for characterization of the
phosphate limitation of plankton in various ecosystems
(Graneli et al. 1990, Fisher et al. 1992, Thingstad et al.
1993, Cotner et al. 1997, Evans & Prepas 1997, Robarts et
al. 1998). Our investigations showed that the estimated
time of phosphate limitation varied with the parameter
used. Phosphate was below the detection limit from the
middle of June until September, with an interruption in
August. The C:P ratios in particulate organic matter
were above the Redfield ratio from May until August.
However, the C:P values were influenced by the break-
down of plankton blooms, as in May. The POP:biomass
ratio was more consistent with the phosphate turnover
times and APA. On the basis of POP:biomass ratios and
these activities, and including observations of previous
years, phosphate limitation in the central Baltic Sea is re-
stricted to a period of 2 to 4 wk, and occurs predomi-
nately in the first half of July. This time is short compared
to the time calculated by phosphate concentrations and
C:Pratios. According to the latter parameters, phosphate
limitation would last more than 2 mo.

CONCLUSIONS

The phosphorus dynamics in the euphotic layer of
the central Baltic Sea during the transition from nitro-
gen to phosphate limitation that occurs from May until
September can be summarized as follows:
® Phosphate depletion from May until June was not

reflected in increasing dissolved and particulate

phosphorus. The total organic phosphorus pool
remained relatively constant from the middle of June
until September. The development of plankton bio-
mass from May until July was based predominantly
on the particulate organic phosphorus pool.

® Phosphate limitation was observed in the first half of

July, when heterocystous cyanobacteria were most

abundant. Phosphate limitation, calculated on the ba-

sis of [**P]PO, uptake rates and hydrolytic activities,
was restricted to 2 to 4 wk. This period is shorter than
indicated by phosphate deficiency and C:P ratios.

® Phosphorus dynamics in buoyant surface blooms of
heterocystous cyanobacteria and  dispersed
cyanobacteria differed. Surface blooms are charac-
terized by elevated total phosphorus, especially DOP,
which led to high gross phosphate uptake rate and
lower APA. According to turnover times of phosphate
and POP:biomass ratios, dispersed cyanobacteria
were more phosphate-limited than surface blooms.
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