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ABSTRACT: Cyanobacterial blooms in the Baltic Sea were investigated with respect to growth limita- 
tion and nitrogen fixation. The community was composed predominantly of Synechococcus spp., and 
large, heterocystous, nitrogen-fixing cyanobacteria (Aphanizomenon spp. and Nodularia spp.), that 
usually formed buoyant macroscopic aggregates. Although conspicuous, these aggregates often repre- 
sented less than 20 to 309'0 of the total chlorophyll a. Nitrogenase activity was not limited by molybdate 
availability, but, instead, by high concentrations of sulfate. This may explain inhibition of nitrogenase 
activity at high salinities. Inhibition of nitrogenase activity at high salinity did not occur when sulfate 
concentration was kept low. Nitrogen fixation and growth of the diazotrophic cyanobacteria were lim- 
ited by iron. Synechococcus spp. was primarily nitrogen limited but iron appeared to be the secondary 
limiting substrate, particularly when these organisms depended on nitrate as the source of nitrogen. 
Nutnent limitation of the picoplanktonic community was particularly apparent when a wind-induced 
mixing event occurred. These organisms responded by a subsequent doubling of their biomass within 
24 h. Mixing of the water column apparently transported nutrients from greater depth into the euphotic 
zone, causing a temporary relieve of nitrogen lirn~tation. 
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INTRODUCTION 

The Baltic Sea is one of the largest bodies of brackish 
water in the world. The salinity of the surface waters 
varies from 1 psu in the northern parts of the Gulf of 
Bothnia to 7 psu in the central Baltic Proper and further 
increasing towards the Kattegat, which connects the 
Baltic Sea with the North Sea (Kullenberg 1981). Due 
to its higher density, North Sea water entering the 
Baltic Sea maintains a stable pycnocline at 60 to 80 m 
depth, below which the salinity is > l 0  psu. In summer, 
the surface layers may heat up and form a thermocline 
at a depth of 15 to 20 m. 

The Baltic Sea is characterized by dense summer 
blooms of cyanobacteria. Such blooms were reported 
already in the last century and may therefore repre- 
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sent a natural phenomenon (Leppanen et al. 1988). 
However, during this century the Baltic Sea has 
received an increasing input of nutrients (Larsson et  al. 
1985). Satellite images have shown that the area 
exhibiting blooms of cyanobacteria has steadily in- 
creased (Kahru et al. 1994). This may be blamed on the 
increased input of nutrients; however, Graneli et al. 
(1990) argued that the level of eutrophication is not 
necessarily responsible for the increase in cyanobacte- 
rial bloom events. 

It is assumed that a low N:P ratio in the water pro- 
motes the growth of cyanobacteria in the Baltic Sea 
(Niemi 1979, Graneli et al. 1990). Low N:P ratios in the 
surface water occur generally in summer after the 
decline of the spring bloom of diatoms. Because of the 
stratification of the Baltic Sea and the sedimentation of 
organic matter, waters below the thermocline are oxy- 
gen depleted. There, denitnfication removes inorganic 
nitrogen from the system while the anoxic conditions 
promote the flux of phosphate from the bottom sedi- 
ments (Fonselius 1976). Consequently, this results in a 
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low N:P ratio also below the thermocline. With ample 
phosphate supply, growth of diazotrophic cyanobacte- 
ria is promoted (Lindahl et al. 1980, Stockner & Short- 
reed 1988). The transition from phosphorus to nitrogen 
limitation is both seasonal and geographical. For 
instance, in the Gulf of Bothnia the N:P ratio is high 
and cyanobacterial blooms do not develop (Niemi 
1979, Graneli et al. 1990). 

Dinitrogen-fixing organisms grow independent of 
sources of combined nitrogen such as nitrate, ammo- 
nium or amino acids by fixing the ubiquitous NZ. The 
capability of dinitrogen fixation is restricted to special- 
ized prokaryotes. In the Baltic Sea, the diazotrophic 
cyanobacteria are filamentous, heterocystous species: 
Aphanizomenon flos-aquae, Nodularia spumigena, 
Ana baena lemmermannii and Ana baena baltica 
(Niemi 1979). All the organisms possess gas vesicles, 
which provide them with buoyancy. In particular, Aph- 
anizomenon spp. and Nodularia spp. are known to 
form large aggregates, which float rapidly to the sur- 
face where they accumulate to very high densities 
(Walsby et al. 1995). 

Heterocysts are special differentiated cells in which 
the oxygen-sensitive enzyme nitrogenase is protected 
(Fay 1992, Gallon 1992). These cells are devoid of the 
oxygen-evolving photosystem 11, instead possessing a 
special envelope that functions as a diffusion barrier 
for external oxygen (Walsby 1985). Although non-het- 
erocystous diazotrophic cyanobacteria are known (Fay 
1992, Gallon 1992), there is no evidence that pico- 
planktonic cyanobacteria Synechococcus spp., which 
forms the other, quantitatively important component 
among Baltic Sea cyanobacteria (Detmer et al. 1993), 
are capable of nitrogen fixation. It seems that hetero- 
cystous cyanobacteria are best adapted to diazotrophic 
growth and would out-compete non-heterocystous 
species in this particular N-limited system (Stal 1995). 
However, because the size of Synechococcus spp. in 
the Baltic Sea is predominantly smaller than 1 pm 
(Albertano et al. 1997), they have a large surface-vol- 
ume ratio that makes nutrient uptake efficient at  low 
nutrient concentrations (Stolte et al. 1994, Stolte & 
Riegman 1995). 

The summer community of phytoplankton is 
severely nutrient limited (Kivi et  al. 1993) but there is 
uncertainty about which nutrients limit growth. Since 
the diazotrophic cyanobacteria hardly are nitrogen 
limited, Leppanen et al. (1988), referring to results of 
Lindahl, have suggested tbat the system instead might 
be phosphorus limited. However, the growth-limitlng 
factor may be not the same for the diazotrophic organ- 
isms and the cyanobacterial community as a whole. 

In general, marine prlmary production is conssdered 
to be nitrogen limited, although locally phosphate 
limitation occurs. Hence, it might be expected that 

nitrogen fixation would cover the nitrogen demand 
but this seems only partly the case. Nitrogen fixation 
may contribute only 10% of the nitrogen requirement 
for primary production in the Baltic Sea (Leppanen et 
al. 1988). The crucial question is why this percent is 
not higher. A hypothesis that has been discussed 
recently supposes that limited molybdate availability 
in the marine environment might impair synthesis of 
nitrogenase (Paulsen et al. 1991, Cole et  al. 1993). 
Molybdenum is a CO-factor of nitrogenase. Its oxidized 
form is assumed to compete with sulfate. Recently, it 
has been hypothesized that iron limits nitrogen fixa- 
tion in the pelagic north Atlantic Ocean (Michaels et 
al. 1996). 

The objective of this investigation was to determine 
which macro- and micronutrients limit growth and 
nitrogen fixation of the cyanobacterial community. 

MATERIALS AND METHODS 

Size fractionation. Size fractions were obtained from 
samples obtained with a rosette sampler (General 
Oceanics) with CTD at 0, 3, 6, 9, 12, 15, 18, 21, 24 and 
27 m depth. The contents of the 12 l bottle was emptied 
into a bucket in order to prevent errors caused by 
buoyant colonies floating up. Samples of 1 1 each were 
filtered through nylon plankton nets of 100, 50, 25, 10, 
5 or 1 pm mesh. Another 0.5 1 was filtered through 
Whatman GF-C glass fiber filter (2.5 cm). The filtrate 
was subsequently filtered through a 0.2 pm membrane 
filter (Millipore) which did not yield any detectable 
chlorophyll a, showing complete retention of this pig- 
ment by the GF-C filter. For the measurement of the 
depth distribution of phytoplankton (10 consecutive 
days), samples were filtered through 20 pm mesh 
plankton net (1 1) and glass fiber filter (0.5 1). It 
was checked by autofluorescence microscopy that the 
filtrate of the 20 pm mesh plankton net contained 
essentially only picoplankton. Hence, our procedure 
separated satisfactorily the large, aggregate-forming 
cyanobacteria from what essentially appeared to be 
the fraction of picoplankton. 

Determination of chlorophyll a. Chlorophyll a 
(chl a) was determined by extraction of the filters (see: 
size fractionation) with 960A ethanol, overnight in the 
dark and at room temperature, ensuring complete 
extraction. The extracts were subsequently kept in the 
dark at -20°C until measured spectrophotometrically 
(1 to 2 tvk), at 665 nm.. The absorptson coefficient was 
72.3 m1 mg-' cm-', determined by using pure chl a (Stal 
et al. 1984). Tests were run to ensure that storage of 
extracts at -20°C in the dark did not alter the result of 
the chl a determination. The standard error of chloro- 
phyll determination was smaller than 10 % 
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Picoplankton cell counts and counts of trichomes. 
Picoplankton cell counts were obtained using a Bec- 
ton-Dickinson FACSort flow cyton~eter equipped for 
fluorescence detection of both chl a and phycoerythrin. 
The counts were carried out and made available by Dr 
F. Jochem (Institute of Marine Research of the Univer- 
sity of Kiel, Germany). Trichomes were counted using 
a light microscope and counting chamber (100 p]). In 
total, 1 m1 of sample was counted. 

Bioassays. Bioassays were carried out with phyto- 
plankton collected from the upper 10 m of the water 
column using a 20 pm plankton net. This material was 
resuspended in unfiltered seawater to obtain a chl a 
concentration in the >20 pm fraction of approxinlately 
10 my n1r3. This is about 10 times the natural concen- 
tration. The number of picoplankton cells was about 
1.5 X 104 ml-l, identical to the natural density. This is 
expected because a 20 pnl filter was used which 
should not catch the picocyanobacteria. One liter of the 
phytoplankton suspension was transferred to 1.5 1 
household food-storage containers made of transpar- 
ent Plexiglas. The following additions were made: con- 
trol: no additions; NH,Cl: 1 mM final concentration; 
NaN03: 1 mM final concentration; K2HP04: 0.1 mM 
final concentration; FeC13: 0.1 mM final concentration. 
All incubations were done in triplicate. A total of 15 
containers were put into a large, flat and open tray 
which was placed in running seawater in order to keep 
the ambient temperature. The containers were gently 
aerated using an aquarium pump and a sinter glass 
block that produced finely dispersed bubbles. The con- 
tainers were incubated under natural light but were 
covered with neutral density filter (Lee filter, 2 stops), 
which attenuated light to 25 %, approximating the 
average irradiance in the upper 10 m of the water 
column (average attenuation coefficient 0.353 m-'; 
Walsby et al. 1997). Light was measured using a LI190- 
SA quantum sensor connected to a LI-1000 data logger 
(LI-COR, Lincoln, Nebraska, USA). The organisms 
were incubated for 48 h ,  after which picocyanobacteria 
were counted, chl a determined in the >20  pm fraction, 
the number of trichomes counted, and nitrogenase 
activity assayed. 

In another experiment, in August 1993, samples of a 
surface bloom of Nodulana spumigena were collected 
using 100 pm plankton net. These samples were sus- 
pended in filtered seawater (0.2 pin membrane filters, 
Millipore). To one of the series, molybdate (1.7 pm01 
I- ' ,  final concentration) was added, another set of sam- 
ples was suspended in artificial sulfate-free seawater 
based on the recipe of ASN 3 (Rippka et al. 1979). In 
this medium all sulfate was replaced by chloride. A 
control was lncluded in which the sample was sus- 
pended in a mediunl containing the regular sulfate 
concentration. Salinity was adjusted to 7 psu, corre- 

sponding to the ambient salinity. These phytoplankton 
suspensions, which represented approximately 10 mg 
chl a m-3, were incubated under ambient conditions for 
48 h .  

In August 1995, a surface bloom of Nodularia spumi- 
gena was sampled, using 100 pm plankton net. In 
order to investigate the effects of salinity and sulfate- 
and molybdate concentration on nitrogenase activity, 
these samples were also re-suspended in artificial sea- 
water based on the recipe of ASN 3,  adjusted to 28 psu 
(North Sea salinity) or 7 psu (local salinity). The full 
seawater salinity medium contained 28 n1M sulfate, 
and the low-salinity medium 7 mM. Effect of sulfate on 
nitrogenase was measured in low-salinity mediunl in 
which the sulfate concentration was either lowered to 
1 mM or raised to 28 mM. At full-seawater salinity, the 
effect was studied by lowering the sulfate concentra- 
tion to 1 mM. The molybdate concentration in the arti- 
ficial seawater was 1.7 PM. In order to investigate the 
effect of increased molybdenunl availability on nitro- 
genase activity this concentration was doubled. The 
suspensions of N .  spumigena were incubated in the 
laboratory at 20°C and 100 pm01 photons m-2 S-' inci- 
dent irradiance (PAR), provided continuously by a 
bank of cool-white fluorescent tubes for 48 h ,  after 
which nitrogenase activity was determined. 

Assay of nitrogenase activity. Nitrogenase activity 
was assayed using the acetylene reduction technique 
using acetylene as internal standard (Stal 1988). 
Two m1 of phytoplankton (usually containing 1 to 2 pg 
of chl a) were transferred to a 10 m1 crimp-top glass 
vial (Chrompack, The Netherlands) and sealed with an  
aluminum cap with a Teflon-coated rubber septum. 
Subsequently, 2 m1 of acetylene were added and the 
vials incubated for 2 h (12:30 to 14:30 h) under natural 
light in a tray with running seawater. At the end of the 
incubation, 5 m1 of the headspace were transferred to a 
5 m1 pre-evacuated crimp-top vial and stored. Upon 
return in the laboratory, ethylene and acetylene were 
analyzed gas chronlatographically (Stal 1988). Leak- 
age during storage of the gas samples was minimal 
and by using acetylene as internal standard, correc- 
tions for it were made (Stal 1988). After terminating the 
nitrogenase assay, the chlorophyll content of each vial 
was determined and acetylene reduction expressed as 
per chl a. 

RESULTS 

Distributions of different size classes of 
phytoplankton 

Most of the chl a (65 %) was found in the size fraction 
smaller than 1 pm (Fig. 1). Another 14 % were found in 



Aquat Microb Ecol 18: 165-173, 1999 

Fig. 1 Size fractionation of chl a of the phytoplankton com- 
munity of the Baltic Sea. The largest fraction (65%) is found in 
the < l  pm fraction. The larger fractions are 5-10 pm (15%), 
25-50 pm (6%) and >l00 pm (14%). Very little (<l%) chl a 
was found in the 1-5 pm and 10-25 pm fractions. The data 
represent the average of the 27 m water column, measured at 

3 m depth intervals 

the fraction >l00 pm and the rest in intermediate size 
fractions. The distribution of chl a with depth was 
essentially the same for several days in July/August 
1993 (Fig. 2). The fraction <20 pm thus represents 78% 
of the total depth-integrated biomass. Both fractions 
exhibit highest chl a concentrations in the surface 
layers. 

During a series of 10 successive days (Fig. 3), a big 
mixing event occurred as a result of a storm on Day 
5. Due to this, both fractions were mixed deep into 
the water column. The >20 pm fraction returned 
slowly to its original depth distribution (Fig. 3A) but 
the small-sized fraction increased greatly at virtually 
all depths (Fig. 3B). The average chl a concentration 
in the upper 18 m of the water column shows a 

o i i 4 

Chlorophyll a (pg I") 

f ig .  2. Depth distribution of chl a in the >20 pm fraction (dark 
gray) and total chl a (light gray) in the Baltic Sea on August 4, 
09:OO h The difference between the two represents pico- 

plankton 
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Fig. 3. Depth distributions of chl a (A) in the >20 pm fraction 
and (B) in the picoplanktonic fraction during 10 successive 

days 

loss of biomass because the storm induced mixing. 
Whereas the larger fraction did not recover in the 
following days, a doubling of biomass occurred in the 
<20 pm fraction during the first 24 h after the storm 
(Fig. 4) .  

0 -l I 
0 2 4 6 8 10 

Days 

Fig. 4.  Average chl a concentrations in the upper 18 m of the 
water column for the picoplankton fraction (U) and the 
>20 pm fraction (0) over 10 successive days. The arrow indi- 

cates the storm-induced mixing event 
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Table 1. Specific nitroyenase activity in a bloom of Nodularia 
spurnigena incubated under ambient conditions (1000 to 

1200 pm01 photons m-' S-'; 20°C) 

Table 3 Effect of nutrient additions on Synechococcus spp. 
cell counts after 48 h of incubation at ambient conditions of 
light and temperature Cells were counted by flow cytometry 

Conditions Nitrogenase activity 
(pmol h-' mg ' chl a) 

Light (ambient) 39.7 L 9.2 
Light + DCMU (10-' X I )  28.4 i 10.9 
Dark 16.2 i 0.2 

Nitrogen fixation 

Incubation Cell number (ml-') 
(X 1000) 

Control 
NH,CI (1 mM) 
NaNO, ( ImM) 
K,HPO, (0.1 mM) 
FeC1, (0.1 mlM) 

Fig. 5 .  Nitrogenase activity versus light in a natural popula- 
Effect of nutrient additions on growth and tion of Nodularia spumigena in the Baltic Sea 

nitrogenase activity 

The nitrogenase activity was only slightly sensitive 
25 - - to DCMU (3-(3,4-dichloropheny1)-l, l-dirnethylurea), an 10 - 

inhibitor of photosystem I1 (Table 1). When incubated in 0 C 20- 

the dark, considerable nitrogenase activity remained E 
but much less than in the light. The light dependence .: C 15-  

of nitrogenase activity is also evident from the light a 
5 10-  

versus acetylene reduction curve (Fig. 5). The maxi- - 
mum rate of acetylene reduction is reached at about 5 5 1  

600 pm01 photons m-' S-', while above 1200 pm01 pho- 

1- 

DO 

- .  
SO,'). However, lowering the sulfate concen- 

tons m-2 S-' a slight inhibition is evident. o m 0  400 KID WO imo i a o  
Irradiance (pmd mJs") 

From the measurements of chl a and number of tri- not stimulate growth. As for N. spumigena, growth of 
chomes it is clear that only the addition of iron Synechococcus spp. was not stimulated by the addition 
showed a stimulatory effect on growth of Nodularia of phosphate. 
spumigena (Table 2 ) .  Iron also stimulated acetylene 
reduction. Interestingly, the addition of nitrate or 
ammonium did not have much effect on nitrogenase Effect of molybdate, salinity and sulfate on 
activity. Phosphate addition stimulated acetylene nitrogenase activity 
reduction to the same extent as iron, but it did not 
stimulate growth. Because it is assumed that cells can take up molyb- 

In contrast to Nodularia spumiyena, the picoplank- date and sulfate by using the same transporter, we 
tonic Synechococcus spp. responded to the addition of hypothesized that molybdate uptake should be facili- 
ammonium, which resulted in an almost 10-fold tated by either increasing the molybdate concentration 
increase of cell number (Table 3). Iron also stimulated or by lowering the sulfate concentration. Our results 
growth but to a smaller extent. Nitrate did, however, show that increasing the molybdate concentration did 

not affect nitrogenase activity during the 
course of 48 h (Fig. 6). Unexpectedly, lower- 

Table 2. Effect of nutrient additions on biomass, number and nitrogenase ing of the sulfate concentration resulted in a 
activity of field populations of Nodularia spumigena after 48 h of 

incubation under ambient conditions of light and temperature strong stimulation of nitrogenase activity. We 
therefore collected samples of Nodularia 

Incubation Chl a Trichomes Nitrogenase activity 
(PS m1-l) (ml-l) (nmol C2H, mg-' h-') 

P P P 

Control 12.0 i 1 1 246 * 35 100 * 28 
NH,C1 (1 mM) 9.6 * 1.5 268 * 37 120 * 31 
NaN0, (1 mM) 12.4 * 0.9 214 * 24 79 * 3 
K2HP04 (0.1 n1M) 11.2 * 1.5 196 & 10 220 * 0.3 
FeCI? (0.1 mM) 15.2 * 0.8 344 * 32 213 * 27 

spumigena on the next cruise and incubated 
them in artificial seawater in the laboratory. 
At 28 psu salinity, nitrogenase activity was 
inhibited by >50% (Fig. 7), whereas increas- 
ing the sulfate concentration at 7 psu salinity 
from 7 to 28 mM neither inhibited nor stimu- 
lated the activity significantly (Fig. 7, 'high 
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Fig. 6 .  Effects of molybdate addition or elimination of sulfate 
on nitrogenase activity in a natural sample of diazotrophic 
cyanobacteria (mainly Nodularia spumigena) in the Baltic Sea 

Control High S 0 4  High M004 LOW SO* 

Fig. 7. Nitrogenase activity at full salinity (28 psu, dark gray 
bars) and 7 psu (light gray bars), combined with high and low 
sulfate and molybdate concentrations in natural samples of 
diazotrophic cyanobacteria. High sulfate: sulfate concentra- 
tion was increased to 28 mM. High molybdate: the concentra- 
tion was increased to 3.4 p M .  Low sulfate: sulfate concentra- 
tion was decreased to 1 mM. Values represent the mean of 

3 independent experiments 

tration to 1 mM yielded significant stimulation both at 
7 and 28 psu salinity, particularly the latter (Fig. 7, 'low 
SO,'). In fact, with only 1 mM sulfate present, the nitro- 
genase activity was the same at 2 salinities. In the full 
seawater salinity medium a doubling of the concentra- 
tion of molybdate gave stimulation of nitrogenase 
activity similar to that at low sulfate concentration 
(Fig. 7, 'high Moo4') .  

DISCUSSION 

The size fractionation of chl a indicated that 65% 
was found in the fraction smaller than 1 pm. This con- 
firmed the observations of Albertano et al. (1997) who 
demonstrated that 73.6% of the picoplankton of the 
Baltic Sea was considerably smaller than 1 pm, while 
the remaining fraction was slightly larger Very little 
chl a was found in the fraction 10 to 25 pm. Therefore, 
virtually all chl a that passed the 25 pm plankton net 
can be attributed to picoplankton (by definition 
< 2  pm), 80% of the total chl a. Routinely, a 20 pm 
plankton net was used for separating the larger, dia- 

zotrophic cyanobacteria from the picoplankton. Also in 
this case 80% of the depth integrated (27 m) ch1 a 
passed the 20 pm plankton net (Fig. 2). 

The >20 pm fraction consisted of cyanobacteria that 
possess gas vesicles. These vesicles provide the organ- 
isms with buoyancy and the rate with which they float 
up increases with the square of the diameter of the 
aggregate. Colonies of Aphanizomenon flos-aquae 
may float up at velocities of 5 to 35 m d-' (Walsby et al. 
1995). However, even when the water column is stable 
for prolonged periods of time, Walsby et al. (1997) 
found that only 37 % of the colonies that were present 
in the top 21 m of the water column floated at the water 
surface. The vertical distribution of chl a in the >20 pm 
fraction confirms earlier data for the distribution of 
colonies of A. flos-aquae (Walsby et al. 1995, 1997). 
The depth distribution of chl a in the <20 pm fraction 
also showed the same pattern with accumulation 
towards the surface and a subsurface maximum at 
around 10 m depth. Because picoplanktonic cyanobac- 
teria do not possess gas vesicles they have a higher 
density than water; however, due to their small size 
they sink very slowly. The higher abundance in the top 
layer of the water column could be explained by 
growth exceeding losses by sinking. The subsurface 
maximum may be attributed to phycoerythrin-contain- 
ing Synechococcus spp., which is known to be low- 
light adapted (Wood 1985). 

The experiment at the drift station during 10 succes- 
sive days is unique because of the storm that mixed the 
water mass at Day 5. The picoplankton responded by 
doubling the total depth integrated biomass within 
approximately 24 h after the storm (Fig. 4).  Meso-scale 
physical forcing is an important process transporting 
nutrients from deeper layers into the euphotic zone 
(N6mmann & Kaasik 1992). It is likely that the pico- 
plankton experienced a temporary relief of nutrient 
limitation. A doubling time of less than 24 h is not 
unexpected considering that strains of Synechococcus 
spp, isolated from the Baltic Sea can grow at rates up to 
k0.03 h-' (Stal & Staal unpubl.). 

The depth-integrated biomass of the >20 pm fraction 
was hardly affected by this great mixing event and 
rather decreased. Apparently, the mixing event did not 
alleviate growth limitation in this fraction, or may have 
been too slow to effect an increase in biomass during 
the few days of observation. The 120 pm fraction was 
deeply mixed during the storm and recovered slowly. 
There was only a weak tendency of floating up. This 
seems in contradiction with the observations of Walsby 
et al. (1997) during the same period. They reported 
that Aphanizomenon colonies floated to the surface. 
However, this species represented only 40% of the 
total chl a in the >20 pm fraction, while the other 60 "/o 
was Nodulana spp. The latter apparently floated up 
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much slower, which might have been due to the fact 
that the storm disrupted the colonies of this species. 

The >20 pm fraction consisted predominantly of 
Nodulai-ia spumigena and Aphanizomenon flos-aquae, 
both heterocystous and nitrogen-fixing. Their specific 
rates of nitrogenase activity were high. Nitrogenase 
was clearly light dependent and was inhibited only to 
a small extent by the inhibitor of oxygenic photosyn- 
thesis, DCMU, typical for heterocystous cyanobacteria 
(Stal 1995). Nitrogenase activity was saturated at about 
600 pm01 photons m-' S-', but considerable activity was 
also found in the dark. It therefore seems unlikely that 
N. spumigena and A, flos-aquae were nitrogen limited. 
Moreover, we found no evidence that the <20 pm frac- 
tion was capable of fixing nitrogen, and none of the 
isolates of Synechococcus spp. possess this capacity 
(own unpubl. obs.). 

The bioassays clearly demonstrated that the dia- 
zotrophic cyanobacteria were limited by iron, which 
stimulated both growth and nitrogenase activity. The 
addition of iron caused a significant increase in the chl 
a content, number of trichomes and nitrogenase activ- 
ity. Phosphate stimulated nitrogenase activity to the 
same extent as iron but did not stimulate growth. It has 
been reported by others that nitrogen fixation does not 
proceed efficiently when phosphate concentrations are 
low (Lindahl et al. 1980, Stockner & Shortreed 1988). 
The addition of phosphate may therefore have lead to 
higher nitrogen fixation but without stimulating 
growth because the lack of iron. 

Although required in trace amounts, iron is a key 
element in a variety of essential processes in the cell. It 
is a CO-factor in many enzymes, including nitrogenase 
and nitrate reductase. It is also a CO-factor in cyto- 
chromes. Recently, iron has received increased atten- 
tion as the possible limiting factor also for oceanic pri- 
mary productivity (Kolber et al. 1994, Wells et al. 1994, 
Cullen 1995, De Baar et  al. 1995), for nitrate reduction 
(Timmermans et a1 1994), and for nitrogen fixation in 
the marine environment (Michaels et al. 1996, Falkow- 
sky 1997, Paerl 1997). In aerobic environments iron 
occurs in the ferric (Fe3+) state, which is virtually insol- 
uble. Therefore, iron concentrations in the sea are very 
low. Input of iron is supposed to occur from terrestrial 
dust depositing in the sea (Michaels et al. 1996). Micro- 
organisms often produce siderophores, compounds 
with a very high binding affinity for iron. It is not 
known whether the Baltic Sea cyanobacteria produce 
siderophores. 

Another remarkable bioassay result was that the 
addition of nitrogenous compounds such as ammonia 
or nitrate did not or hardly affected nitrogenase activ- 
ity. Because these compounds are known to inhibit 
nitrogenase, the continued nitrogenase activity we 
observed may be related to iron being unavailable. 

This argument does, however, not hold for ammonium. 
It has been observed earlier in natural communities of 
benthic or planktonic diazotrophic cyanobacteria that 
ammoni.um has no effect on nitrogenase activity, 
unless added at concentrations > 5  mM, which is a toxic 
level (Stal unpubl, obs.). Currently, there is no good 
explanation for this observation. 

We assume that nitrogen was the limiting factor for 
the picoplanktonic Synechococcus spp, because the 
addition of ammonium resulted in an almost 10-fold 
increase of the cell density during a 48 h incubation. 
This would be possible with a doubling time of Syne- 
chococcus spp. of about 16 h,  which approaches the 
doubling time achieved in laboratory cultures of 
strains isolated from the Baltic Sea (Stal & Staal 
unpubl, obs.). Synechococcus spp. also receive nitro- 
gen directly from the diazotrophic cyanobacteria and it 
has been calculated that 10 to 20% of the nitrogen 
fixed is transferred (Stal & Walsby 1998). 

The absence of stimulation of growth of Synechococ- 
cus spp. by nitrate is not likely to be due to the incapa- 
bility of Synechococcus spp. of assimilating nitrate 
because these organisms grew well on nitrate in the 
laboratory culture. More probably, the unavailability 
of iron prevented Synechococcus spp, from utilizing 
nitrate. Iron is an important component of ferredoxin, 
which serves as electron donor for assimilatory nitrate 
reduction (Guerrero & Lara 1987). Timmermans et al. 
(1994) have shown that iron limitation severely 
impaired nitrate reduction. 

The limited availability of iron for planktonic cyano- 
bacteria in the Baltic Sea has important ecological con- 
sequences for the nitrogen cycle. Instead of being 
assimilated for new production, nitrate becomes avail- 
able for e.g. denitrification resulting in the removal of 
bound nitrogen. At the same time iron also hampers 
nitrogen fixation. This may also explain why nitrogen 
fixation accounts for only 10% of the total nitrogen 
requirement for primary production in the Baltic Sea 
(Leppanen et al. 1988). 

It has been hypothesized that molybdenum avail- 
ability impairs the synthesis of nitrogenase in the 
marine environment (Paulsen et  al. 1991, Cole et al. 
1993). Like iron, it is a CO-factor of nitrogenase. It 
occurs in seawater as molybdate, but in contrast to iron 
it is very soluble. However, the uptake of molybdate 
may be hampered because it is thought to compete 
with sulfate. Our results indicate that an increase of 
molybdate concentration in Baltic Sea water did not 
stimulate nitrogenase activity, confirming the observa- 
tions made by Paulsen et al. (1991). Instead, elimina- 
tion of sulfate stimulated nitrogenase activity strongly. 
This observation supports the molybdate hypothesis. It 
is known that an  increase in salinity normally impairs 
nitrogen fixation seriously (Fernandes et al. 1993), 
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Baltic Sea cyanobacteria being no exception. This is 
generally attributed to the lack of efficient osmoregu- 
lation or by the increased energy demand. However, 
the inhibitory effect of high (28 psu) salinity could be 
completely alleviated by either lowering the sulfate 
concentration to fresh water level (1 mM) or by 
increasing the molybdate concentration. We hypothe- 
size that the cell loses ATP and reduction equivalents 
(ferredoxin) due to assimilatory sulfate reduction. The 
reduced sulfur cannot be sufficiently rapidly assimi- 
lated due to the limitation of growth by iron. Elevation 
of the molybdate concentration may competitively 
inhibit sulfate uptake and, more importantly, it inter- 
acts with sulfate reduction. Molybdate blocks the for- 
mation of adenosine-5'-phosphosulfate, an intermedi- 
ate in the reduction of sulfate, while hydrolyzing ATP 
(Oremland & Capone 1988). This possibility is now 
being investigated. 
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