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... 
 
Look round our world; behold the chain of love 
Combining all below and all above. 
See plastic nature working to this end, 
The single atoms each to other tend, 
Attract, attracted to, the next in place 
Formed and impelled its neighbour to embrace. 
See matter next, with various life endured, 
Press to one centre still, the general good. 
See dying vegetables life sustain, 
See life dissolving vegetate again: 
All forms that perish other forms supply, 
(By turns we catch the vital breath, and die) 
 
Like bubbles on the sea of matter born, 
They rise, they break, and to that sea return. 
Nothing is foreign; parts relate to whole; 
One all–extending, all–preserving soul 
Connects each being, greatest with the least; 
Made beast in aid of man, and man of beast; 
All served, all serving: nothing stands alone; 
The chain holds on, and where it ends, unknown. 
 
... 
 
Alexander Pope (1688-1744) 
 



 

 

 

 

 

 

 

 

 

 

 

 



 

ABSTRACT 

Summer blooms of filamentous, diazotrophic cyanobacteria are typi-
cal of the Baltic Sea Proper, and are dominated by Aphanizomenon sp. 
and the toxic Nodularia spumigena. Although occurring every sum-
mer, the blooms vary greatly in timing and spatial distribution, making 
monitoring difficult and imprecise. This thesis studies how the spatial 
variability of Baltic cyanobacterial blooms influences estimates of 
abundance, vertical and horizontal distribution and N2-fixation. Impli-
cations for sampling and monitoring of cyanobacterial blooms are also 
discussed. 

An automated image analysis method for identification and meas-
urements of Aphanizomenon filaments was developed. The method 
gives good comparability with visual microscope counts, and saves 
25–75% of the time per sample counted. The monitoring method of 
taking depth-integrated water samples with a hose was tested, and 
found to be independent of hose diameter for Aphanizomenon, 
whereas counts of Nodularia showed large variations between sam-
ples, irrespectively of hose diameter. 

Nitrogen (N) fixation in the Baltic Proper can be estimated from 
the increase in total N in the upper mixed layer during summer. From 
9 stations each side of Gotland every 2–4 weeks, we calculated Baltic 
N2-fixation in summer 2002 to ∼310 ktons N yr

-1, after correction for 
atmospheric deposition and sedimentation. This equals ∼one third of 
the annual, external N load to the Baltic. At the peak bloom, only 
∼12% of the fixed N remained bound in the biomass of diazotrophic 
cyanobacteria, suggesting a large leakage of fixed N to the non-
diazotrophic community already during summer. 

We studied the large-scale distribution of Aphanizomenon and 
Nodularia at 8 stations each in 2004 and 2005. Variability between 
stations was large, and could only partly be explained by salinity and 
winds. Using power analysis, these data sets were used to calculate 
that ~10–30 replicates are required to detect a 50% difference between 
years in abundance of Aphanizomenon, while the more spatially vari-
able Nodularia needs ~50 replicates. 

Aquatic cyanobacteria are known to migrate between surface and 
deep waters. Experimentally, we tested if such migration would in-
crease growth, by moving Aphanizomenon incubated in dialysis tubes 
between the surface during day and 12 m or 22 m depth at night. Re-
sults suggest that migration is more important for Aphanizomenon 
towards the end of the summer, when the intracellular P store is low.  
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INTRODUCTION 

Blooms of diazotrophic (i.e. N2-fixing) cyanobacteria are common in 
fresh-water lakes, present in the oceans, but practically absent in estu-
aries (Howarth et al. 1988a). An exception to this general rule is the 
occurrence of extensive blooms of diazotrophic cyanobacteria in the 
Baltic Sea. The Baltic blooms are facilitated by low inorganic N: P 
ratio and low salinity, as well as high concentration of organic matter, 
typical of the Baltic, which make the availability of trace elements like 
Fe and Mo higher than in most estuarine and coastal seas (Niemi 
1979, Howarth et al. 1988b, Wasmund 1997). Moreover, the influence 
of zooplankton grazing is generally considered minor in the Baltic 
(Sellner et al. 1994), in contrast to many nitrogen-limited estuaries, 
where grazing restricts cyanobacterial growth and hence bloom forma-
tion (e.g. Chan et al. 2004, 2006). 

Study area - The Baltic Sea 

The Baltic Sea (Fig. 1) is one of the largest brackish water areas in the 
world. From the southern Danish straits to the northern Gulf of Both-
nia it encompasses an area of ~ 387 000 km2. The Baltic Sea is shal-
low (average depth c. 60 m) with the greatest depths in the Gotland 
Basin (250 m) and the Landsort Deep (459 m). The water exchange 
with the North Sea through the Danish straits is limited and the turn-
over time for the water in the Baltic is about 25 years (Voipio 1981). 
Inflows of saline deep water in the south, in combination with a large 
freshwater discharge from the drainage basin, create a strong surface 
salinity gradient, ranging from ~10 psu in the south to ~2 psu in the 
north. The salinity also increases with depth and a strong permanent 
halocline is present at 60 – 80 m depth, which restricts vertical mixing 
between surface and deep water. Large inflows of oxygen-rich water 
with high salinity occur irregularly and are dependent on specific 
weather conditions over the North Atlantic (Schinke & Matthäus 
1998). These salt-water inflows have a strong regulating effect on 
many ecological processes in the Baltic Sea, e.g. the spawning success 
of cod (Vallin et al. 1999), the distribution of benthic fauna (reflected 
by oxygen-conditions in the deep waters), and possibly the onset of 
cyanobacterial blooms (Kahru et al. 2000).  
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Figure 1. The Baltic Sea and all stations sampled within this thesis. Sampling sta-
tions in Paper IV were visited in 2004 (circles) and in 2005 (squares). 
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The northern Baltic Sea (i.e. the Bothnian Bay and the Bothnian Sea) 
is freshwater dominated and the primary production is limited by P 
availability. The south-central Baltic (i.e. the Baltic Proper) is more 
marine in character and a surplus of P causes N limitation of the non-
diazotrophic primary production (Granéli et al. 1990).   
  
The nutrient load on the naturally oligotrophic Baltic Sea increased 
considerably during the 20th century as a consequence of anthropo-
genic activities (Larsson et al. 1985), but has now leveled out and lo-
cally even started to decrease (Elmgren & Larsson 2001). High nutri-
ent concentrations has led to a doubling of the primary production 
during the last two decades (Wasmund et al. 2001a), resulting in in-
creased oxygen consumption in the sediments and eventually anoxic 
deep waters. Periodically anoxic sediments are natural to the deepest 
parts of the Baltic Proper, but the area affected has been increasing. 
The oxygen situation in the sediments regulates the P dynamics; oxic 
sediments act as a sink for P because of interactions with Fe, whereas 
hypoxic and anoxic sediments act as a source and release P (Blom-
qvist et al. 2004). The present situation in the Baltic Proper is charac-
terized by a large internal store of P, which is regulated by the extent 
of anoxic deep water and not by the external load (Conley et al. 2002). 
Widespread anoxia/hypoxia thus increases the P availability, and po-
tentially the intensity of summer blooms of diazotrophic cyanobacteria 
(Vahtera et al. 2007). 

The Cyanobacteria 

Cyanobacteria are photoautotrophic prokaryotes and among the most 
ancient organisms on the planet, dating back ~ 3 billion years (Schopf 
1993). They inhabit a wide range of terrestrial, limnic and marine 
habitats, including hostile environments like hot springs, salt marches 
and polar regions. The morphological diversity among the cyanobac-
teria is remarkable with different filamentous, as well as unicellular 
forms. Living autonomously, or in symbiosis with eukaryotic plants 
and fungi, they obtain their energy and carbon demands by photosyn-
thesis. Many cyanobacteria also have the ability to reduce N2 to NH4

+ 
through the energy demanding process called N2-fixation. Because of 
their N2-fixation, cyanobacteria are key players in the global C and N 
cycles (Falkowski 1997, Capone et al. 2005) and supply some 100 – 
200 million tons of combined N to the oceans each year (Karl et al. 
2002). 
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Cyanobacteria produce a large number of secondary metabolites, of 
which several are toxic to a range of eukaryotic, fungal and microbial 
organisms (Van Wagoner et al. 2007). Most of the toxins produced in 
aquatic environments are cyclic peptides from the microcystin and 
nodularin family. Microcystin and nodularin can cause liver damages 
in mammals, and are probably also promoters of cancer. In the Baltic 
Sea, the main toxin producer is Nodularia spumigena, which is 
strongly hepatotoxic and occasionally kill cattle and dogs that drink 
the seawater. Baltic Sea Aphanizomenon is not known to be toxic, 
whereas fresh water species of Aphanizomenon have caused cases of 
neurotoxic poisoning (Sivonen et al. 1989). 

Baltic Sea cyanobacterial blooms 

Summer blooms of filamentous, diazotrophic cyanobacteria are natu-
ral to the Baltic Sea, and have occurred as far back as ~7000 years 
B.P. (Bianchi et al. 2000). The blooms are dominated by Aphanizome-
non sp. (earlier identified as the fresh water A. flos-aquae (L.) Ralfs; 
Janson et al. 1994) and the hepatotoxic Nodularia spumigena Mertens 
(Fig. 2), both in the order Nostocales (filamentous forms with hetero-
cysts; Rippka et al. 1979). Several species of the genus Anabaena are 
also present in the blooms, but are normally less abundant.  
 

 
Figure 2. Aphanizomenon sp. (left) and Nodularia spumigena (right). Indicated 
scale bars are 30 µm. Photos by Seija Hällfors, FiMR. 

 
Blooms of Aphanizomenon and Nodularia are generally restricted to 
areas with a low inorganic N: P ratio, namely the Baltic Proper and the 
southern Bothnian Sea (Niemi 1979, Wasmund 1997). Besides the 
low N: P ratio, the most important factors regulating the incidence of 
diazotrophic cyanobacteria in the Baltic are P-availability, high water 
temperatures, and water column stability (Wasmund 1997, Larsson et 
al. 2001, Rydin et al. 2002). Trace elements like Fe and Mo are also 
important for diazotrophs (Bothe 1982), yet P is generally considered 
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the main limiting nutrient for the Baltic cyanobacteria (Rydin et al. 
2002, Moisander et al. 2003, Walve & Larsson, in press). In the 
oceans, however, the availability of Fe appears often to constrain the 
distribution of the globally important diazotroph Trichodesmium (e.g. 
Wu et al. 2000).  
 

Aphanizomenon and Nodularia have the same basic ecological re-
quirements for survival and growth, but also show some clear differ-
ences. Aphanizomenon is present in small amounts in the water col-
umn throughout the year, whereas the summer population of Nodu-
laria probably is recruited from benthic akinetes (resting stages). Both 
species however reach their biomass peak in late summer (Niemi 
1979, Kononen 1992, Kanoshina et al. 2003, Laamanen & Kuosa 
2005). Aphanizomenon occurs abundantly in coastal areas, as well as 
offshore, and is often dominant in the northern Baltic Proper, whereas 
Nodularia mainly occurs in offshore areas and tends to dominate in 
the south (Niemistö et al. 1989, Paper IV). These patterns are proba-
bly partly due to the lower salinity optimum of Aphanizomenon (0 – 
10 psu) compared with Nodularia (5 – 20 psu; Lehtimäki et al. 1997). 
The vertical distribution is also different, with Aphanizomenon more 
evenly distributed in the water column, generally showing peak abun-
dance between 4 – 14 m (Hajdu et al. 2007, Paper IV). Nodularia, on 
the other hand, regularly forms extensive surface accumulations in 
calm weather and its peak abundance is commonly between 0 – 6 m 
(Hajdu et al. 2007, Paper IV). Differences in depth distribution are 
most likely due to species-specific adaptations to light and tempera-
ture. Growth maxima in Nodularia is found at photon irradiance levels 
of 105 – 155 µmol m-2 s-1 and temperatures of 20 – 25°C, whereas 
Aphanizomenon exhibit maximum growth rates at photon irradiance 
levels of 25 – 45 µmol m-2 s-1 and temperatures of 16 – 22°C (Le-
htimäki et al. 1997). In addition, Nodularia is more tolerant to P star-
vation and is adapted to stratified surface waters of low P availability 
(Degerholm et al. 2006). Aphanizomenon is more dependent on regu-
lar P inputs (Kononen et al. 1996, Degerholm et al. 2006) and its 
deeper distribution is, besides an adaptation to light and temperature, 
probably also due to the greater availability of inorganic P at greater 
depth (Paper V). 
 
Planktonic cyanobacteria can regulate their buoyancy, allowing them 
to remain at a suitable depth in the water column. Diurnal vertical mi-
gration has been suggested to be a strategy for acquiring P from below 
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the nutricline during periods of strong stratification (e.g. Fogg & 
Walsby 1971, Ganf & Oliver 1982). The buoyancy is provided by 
rigid gas vacuoles within the cell, which are hollow structures made of 
protein and usually filled with air (Walsby 1994). Density regulation 
in the cell is achieved by accumulation or consumption of dense cellu-
lar storage compounds such as carbohydrates. Thus, high light inten-
sity and corresponding photosynthesis result in negative buoyancy, 
whereas respiration eventually cause positive buoyancy (Konopka et 
al. 1978). It has also been suggested that high nutrient availability can 
keep filaments from sinking even if the photosynthetic rate is high 
(Heiskanen & Olli 1996). This would be due to promoted gas vacuole 
synthesis and a high consumption of polysaccharides, leading to a 
reduction in the carbohydrate ballast (Oliver 1994). Aphanizomenon 
and Nodularia from the off-shore Baltic have gas vacuoles that would 
allow mixing to depths of 90 m without collapsing, whereas coastal 
populations tend to have weaker gas vacuoles (Walsby et al. 1995).  
 
Some studies suggest that Baltic cyanobacterial blooms have in-
creased since the mid-20th century, presumably as a consequence of 
anthropogenic eutrophication (Finni et al. 2001, Poutanen & Nikkilä 
2001). Kahru et al. (1994) suggest an increase in cyanobacterial 
blooms from 1982 to 1993, by studying surface accumulations of 
mainly Nodularia, and Kahru et al. (2007) found a 39 % higher fre-
quency of surface accumulations in the period 1998 – 2006 than in the 
period 1979 – 1984. This difference was however not statistically sig-
nificant. In contrast, Wasmund & Uhlig (2003) could not find evi-
dence for increasing summer blooms of cyanobacteria in 20 years of 
monitoring data (1979 – 1999) from the Baltic Proper, and HELCOM 
monitoring data from the Baltic Sea (1992 – 2006) show no trend, or 
decreasing trends in cyanobacterial abundance (S. Hajdu, pers. com., 
http://www.helcom.fi/environment2/ifs/ifs2007/en_GB/Phytoplankton/). The in-
ternal P loading in the Baltic may have increased the potential for very 
large blooms (Vahtera et al. 2007), but since weather conditions also 
affect bloom timing and development, the interannual as well as the 
intraannual variation is large. The scientific information on the spatio-
temporal variation is fragmentary (Kononen 1992, Kahru et al. 2007) 
and long time series are required to reveal trends. In conclusion, we 
cannot say with certainty if the blooms are indeed escalating.  
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Nitrogen fixation 

Biological N2-fixation is a key process in the global N cycle and has 
probably been so for many million years (Tyrrell 1999). In vast areas 
of the ocean, N2-fixation is the most important input of new N and a 
major driving force in ocean nutrient dynamics (Tyrrell 1999). Nitro-
gen fixation is promoted by the enzyme complex nitrogenase, which is 
comprised of a larger Mo-Fe protein (dinitrogenase) and a smaller Fe 
protein (dinitrogenase reductase). Nitrogenase is present in all di-
azotrophs and is highly sensitive to O2 exposure, suggesting that it 
existed already before the oxygenation of the atmosphere some 2.3 
billion years ago (Broda & Pesheck 1983). Nitrogen fixation is a 
highly energy demanding process, generally leading to lower growth 
rates in diazotrophs than in non-diazotrophs (e.g. Hendzel et al. 1994). 
  
Nitrogen fixation has been studied in the Baltic Sea since the 1960’s 
(Hübel & Hübel 1980) and is measured directly by the acetylene re-
duction assay (Stewart et al. 1967, 1968) or the 15N tracer technique 
(e.g. Dugdale et al. 1961, Neess et al. 1962, Montoya et al. 1996). 
Large-scale N2-fixation for the whole Baltic Sea may also be meas-
ured indirectly, for instance by P dynamics (Rahm et al. 2000), the 
increase in total-N in surface water in summer (Larsson et al. 2001, 
Paper III) or from changes in the CO2 budget of the water mass 
(Schneider et al. 2003). Early estimates of fixation rates are low in 
comparison to the rates reported today. Several studies in the Baltic 
Proper during the 1970’s measured N2-fixation rates of 0.0117 – 0.117 
mmol N m-2 day-1, corresponding to 1 – 8% of the N requirements for 
the primary production during summer (Lindahl et al. 1978, Lindahl & 
Wallström 1985). Newer estimates by Rahm et al. (2000) and Larsson 
et al. (2001) corresponds to internal loads of 30 – 260 ktons N yr-1 and 
180 – 430 ktons N yr-1, respectively. These figures constitute ~ 30% 
of the total annual N load (~ 1000 ktons N yr-1; HELCOM 2004) and 
the fixed nitrogen estimated by Larsson et al. (2001) would sustain 30 
– 90% of the pelagic net production in June – August. A much higher 
estimate of the N2-fixation (318 ± 53 mmol N m

-2 yr-1) was given by 
Schneider et al. (2003). This estimate is more than twice as large as all 
previous estimates and would equal all other sources of N to the Baltic 
Sea. 
 
There is ample evidence that diazotrophic cyanobacteria fix more N 
than needed for their own growth (Capone et al. 1994, Glibert & 
Bronk 1994, Ohlendieck et al. 2000, Rolff 2000, Larsson et al. 2001, 



 16

Gallon et al. 2002, Paper III). Glibert & Bronk (1994) estimated that 
nearly 50% of the N fixed by filamentous cyanobacteria is released 
into the surrounding water, primarily as NH4

+ and amino acids. Here it 
can be assimilated by non-diazotrophic cells in the colony, but also by 
other plankton. In a study at an open coastal station in the northern 
Baltic Proper, Rolff (2000) found that the isotopically light N fixed by 
diazotrophic cyanobacteria was propagated to all size classes of plank-
ton (phyto- and zooplankton) during the summer bloom. These results 
have since then been confirmed by Höglander (2005). Montoya et al. 
(2002) report similar results from the North Atlantic Ocean, suggest-
ing a substantial transport of cyanobacterial N to the phytoplankton 
community and higher trophic levels. The N2-fixation by filamentous 
cyanobacteria thus has a major impact on the plankton community 
during summer. By providing new N in a period when inorganic N 
concentrations are low, diazotrophic cyanobacteria promote the 
phytoplankton production and may hereby also aggravate of the eu-
trophication in the Baltic (Savchuk & Wulff 1999, Vahtera et al. 
2007).  

Aim of thesis 

The Baltic cyanobacterial blooms receive massive media attention due 
to their potential toxicity, interference with the tourist industry, and 
input of new N to the system. Also, there is a concern that the Baltic 
Sea may have entered a “vicious circle”, in which the feedback links 
within the system promotes extensive blooms of diazotrophic cyano-
bacteria, thereby preventing recovery from eutrophication (Österblom 
et al. 2007, Vahtera et al. 2007).  
 
A severe problem when studying the blooms is the huge variation in 
biomass between years and between locations. Monitoring of the 
blooms is therefore difficult and imprecise and long time-series are 
required to observe trends in the biomass. Without a detailed knowl-
edge of the spatial and temporal variability of the blooms, it may be 
impossible to demonstrate whether measures aimed at reducing the 
blooms actually make a difference. 
 
The main aim of this thesis was to improve the understanding of the 
spatial and temporal variations of Baltic diazotrophic cyanobacteria. 
Special emphasis has been on the spatial variability of the blooms and 
its implications for sampling and abundance estimations. The first part 
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of the thesis (Paper I and II) deals with sampling and abundance es-
timation of filamentous cyanobacteria, while the second part (Paper 
III and IV) reports large-scale studies on abundance, spatial and 
temporal variation and nitrogen fixation. Finally, the third part (Paper 
V) is an experimental study that examines the importance of vertical 
migration for the growth of Aphanizomenon.  
 
The results in this thesis come from field sampling in the offshore, 
northwestern and northeastern Baltic Proper (Paper III and IV), the 
southeastern Baltic Proper (Paper IV) and from near-shore north-
western Baltic Proper (Paper I, II and V). All sampling stations are 
included in Figure 1. 

RESULTS AND DISCUSSION 

Methods for sampling and estimating the abundance of 

cyanobacteria  

The abundance of cyanobacteria in water samples is traditionally es-
timated by visual microscope counts, a reliable but time-consuming 
method. Due to the large abundance variation, which requires many 
samples for accurate abundance estimates, there is a need for less la-
bour-intensive methods of counting cyanobacteria in water samples. 
The image analysis method described in Paper I was developed for 
rapid identification and measurements of the morphologically simple 
filaments of Aphanizomenon, which are straight and with modest 
variation in size. Digitized microscope images were analysed with 
software that identified the filaments from their optical density, com-
bined with their dimensions (length and width). Validation of the 
method against visual microscope counts showed excellent agreement 
(Fig. 3, Paper I), which is a prerequisite for comparability with his-
torical data. The software allowed identification and measurements to 
be either fully automated or semi-automated (allowing observer cor-
rections). A numerical correction method was developed to avoid the 
step with observer corrections in the fully automated procedure, which 
resulted in considerable gain in time-efficiency compared with visual 
microscope counts. The image analysis method reduced the time re-
quired per sample by 25 – 50% if images were observer-corrected, and 
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by ~ 75% when the image analysis routine was run in fully automated 
mode.  
 
Besides providing a more rapid method for abundance estimation, the 
image analysis software generates data on length and width for the 
measured filaments. Such data can be valuable in providing informa-
tion on bloom regulation and prerequisites for N2-fixation (cf. Chan et 
al. 2004), seasonal patterns in filament length (Horne & Goldman 
1972), and possibly the health and growth capacity of individual fila-
ments (Paper V).    
 
Within the HELCOM monitoring program COMBINE, quantitative 
samples of phytoplankton are obtained with a plastic hose (Ø 19 mm), 
submerged from the surface to 10 or 20 m depth (HELCOM 1988). 
Although widely used, the method has not been evaluated for filamen-
tous cyanobacteria, which in comparison to other phytoplankton are 
large and may therefore be inadequately sampled by a 19 mm wide 
hose. In Paper II, we studied the influence of hose diameter on the 
abundance of Aphanizomenon and Nodularia by comparing four hoses 
with inner diameters of 9, 19, 28 and 38 mm. Six replicates were col-
lected with each hose at 3 occasions and differences in abundance 
between hoses were tested by ANOVA. There was no difference in 
mean Aphanizomenon abundance between the four hoses (ANOVA, P 
= 0.23). The coefficient of variation was not consistently larger or 
smaller for any hose, and was in all cases but one below 40% (Fig. 2, 
Paper II). The mean abundance of Nodularia was generally low in 
samples collected with the 9 mm hose, high in samples collected with 
the 19 mm hose, and variable in the two widest hoses. There was, 
however, no statistically significant difference in mean abundance 
between the hoses (ANOVA, P = 0.09), probably due to the consider-
able variation among replicates (coefficients of variation 32 – 245 %). 
It was therefore not possible to conclude if the large variability be-
tween the tested hoses were in fact due to hose diameter or to the 
patchiness of the Nodularia distribution. The small-scale variability of 
Aphanizomenon and Nodularia was examined further in Paper IV. 
Depth-integrated sampling by hose was applied also in this study, but 
with a single hose diameter of 19 mm. Three sets of 5 hose samples, 
taken in quick succession, were collected ~ 1 hour apart. The small-
scale variability of Aphanizomenon was negligible, whereas the abun-
dance of Nodularia varied several-fold between replicates collected 
directly after each other (Fig. 8, Paper IV). The study suggests that a 
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major cause of the huge variability of Nodularia in the samples is its 
spatial variability and application of possibly better sampling methods 
is unlikely to overcome this problem. Instead, a high level of replica-
tion is required to account for the spatial variation. Also, pooling of 
samples in field is a simple means to reduce the small-scale variabil-
ity, and to obtain a mean value of the abundance that is a more repre-
sentative estimate than a single sample (Paper III & IV).   

Distribution and abundance of Aphanizomenon and Nodularia 

The spatio-temporal distribution of Aphanizomenon was studied in the 
eastern and western Gotland basins in 2002 (Paper III). Nine stations 
per basin (Fig. 1) were sampled on 7 occasions from May to Septem-
ber. The development of Aphanizomenon abundance was similar in 
the eastern and western basins, if all stations were considered jointly. 
The abundance was low in May and increased steadily to a peak in 
early July and then declined to spring level in August – September, as 
has been reported by other authors (e.g. Wasmund 1997, Kanoshina et 
al. 2003, Laamanen & Kuosa 2005). The variability among stations 
was large, resulting in very different temporal trends for individual 
stations (Fig. 7, Paper III). The highest abundance maxima of Apha-
nizomenon were found in the southern part of the western Gotland 
basin and in the northern part of the eastern Gotland basin.   
 
The spatial variability of Aphanizomenon and Nodularia was studied 
again in the eastern Gotland basin in 2004 and in the western Gotland 
basin in 2005 (Paper IV). Both cruises were carried out at the end of 
July, when we sampled 8 stations each year (Fig. 1). In 2004, Apha-
nizomenon dominated in the northern part of the basin, whereas Nodu-
laria occurred more abundantly in the south. Other authors have re-
ported similar distribution patterns (Niemistö et al. 1989, Stal et al. 
2003), which may partly be explained by the higher salinity in the 
south (Paper IV) and the higher salinity optimum of Nodularia (Le-
htimäki et al. 1997). However, satellite data on surface accumulations 
of mainly Nodularia from 1979 – 1984 and 1998 – 2006 reveal large 
spatial differences between years (Kahru et al. 2007). Thus, the con-
centration of Nodularia in the southern Baltic Proper in 2004 can 
partly also be explained by the north to northwesterly winds that pre-
vailed during the cruise (Kahru et al. 2007, Paper IV). Including all 
stations, the mean biovolume concentration of Aphanizomenon and 
Nodularia was almost similar (Aph: 3.5 x 104 µm3 ml-1, Nod: 3.3 x 104  
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µm3 ml-1), but the variation between stations was more pronounced for 
Nodularia. The biovolume concentration of Aphanizomenon varied 3-
fold between the stations with highest and lowest biovolume, but 21-
fold for Nodularia, confirming its greater spatial variability.  
 
In early July 2005, a large area of the Baltic Proper was covered with 
surface accumulations of Nodularia (Kahru et al. 2007). The extensive 
bloom was a result of high P concentrations in the water and warm 
and calm weather. During our cruise at the end of July, the surface 
accumulations were already breaking up, due to strong winds, but the 
abundance (measured as biovolume concentration) of Nodularia re-
mained high. The variation in biovolume concentration of Nodularia 
between the sampled stations was exceptional, ranging from 1.7 x 104 
to 80.5 x 104 µm3 ml-1, a 47-fold difference. The Aphanizomenon bio-
volume varied from 2.2 x 104 to 16.2 x 104 µm3 ml-1, a 7-fold differ-
ence. The mean biovolume concentration of both species were larger 
compared with 2004, and were 26.3 x 104 µm3 ml-1 for Nodularia and 
8.0 x 104 µm3 ml-1 for Aphanizomenon (Fig. 3, Paper IV). No geo-
graphical trends in distribution were observed in 2005, probably as a 
consequence of the strong winds that prevailed during the cruise. The 
results from Paper IV suggest that the spatial variation of Apha-
nizomenon and Nodularia increases with increasing total abundance, 
and that the spatial variation of Nodularia is about 7-fold that of 
Aphanizomenon.  

Nitrogen fixation 

Nitrogen fixation in the Baltic Proper was estimated in 2002 from the 
increase of total N, measured in the upper mixed layer (Paper III). 
After corrections for atmospheric deposition and sedimentation, N2 

fixation was estimated to ~ 310 ktons N for 2002. This exceeds previ-
ous estimates of ~ 100 ktons N yr-1 (Niemistö et al. 1989) and 30 to 
260 ktons N yr-1 (Rahm et al. 2000), but agree well with estimates of 
180 to 430 ktons N yr-1 (Larsson et al. 2001) and ~ 370 ktons N yr-1 
(Wasmund et al. 2001b). Basin wide N2 fixation of ~ 300 ktons N yr

-1 
is equivalent to about one third of the total, external N load to the Bal-
tic (~ 1000 ktons N yr-1; HELCOM 2004), representing a large share 
of the total N input. Discrepancies between studies can partly be ex-
plained by different methods and assumptions applied but also by the 
spatio-temporal variation in cyanobacterial blooms and N2 fixation 
(e.g. Wasmund et al. 2001b). However, it is intriguing that most recent 
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studies come up with notably higher estimates of N2 fixation com-
pared to studies in the 1970’s and 1980’s (e.g. Lindahl et al. 1978, 
Lindahl & Wallström 1985, Leppänen et al. 1988, Niemistö et al. 
1989). Whether the more recent estimates reflect a true increase in the 
N2 fixation or can be attributed to the methodology is uncertain. How-
ever, assuming a higher magnitude and duration of cyanobacterial 
blooms today compared to the 1960’s (cf. Poutanen & Nikkilä 2001), 
a higher level of N2 fixation is likely. This is also required by the “vi-
cious circle” hypothesis (Österblom et al. 2007, Vahtera et al. 2007). 
 
The results of Paper III indicate that only ~ 6% of the fixed N re-
mained bound in Aphanizomenon biomass at peak abundance in July 
2002. If the amount of N contained in Nodularia is assumed to be 
equally large, about 12% of the fixed N would remain in the biomass 
of both species. Several studies indicate that diazotrophic cyanobacte-
ria fix more N than needed to sustain their growth (Capone et al 1994, 
Glibert & Bronk 1994, Ohlendieck et al, 2000; Rolff, 2000) and that 
the surplus N is released into the surrounding water in the form of 
NH4

+ or amino acids (Capone et al. 1994, Glibert & Bronk 1994). This 
idea is further supported by the observation that the abundance maxi-
mum of Aphanizomenon preceded the N concentration maximum 
(Paper III). Even though filamentous cyanobacteria appear to be un-
palatable and little grazed in the Baltic (Sellner et al. 1994), the leak-
age of bioavailable fixed N is apparently large and likely to have a 
major influence on the non-diazotrophic community during the sum-
mer when the availability of inorganic N is otherwise low.  

Implications for monitoring of cyanobacterial blooms 

The spatial heterogeneity of the Baltic cyanobacterial blooms is well 
known and makes accurate monitoring of the blooms difficult 
(Niemistö et al. 1989, Kononen 1992, Kahru et al. 1994, 2007, Lars-
son et al. 2001, Wasmund et al. 2001b, Paper III, Paper IV). If a 
single sample is taken at each station on each sampling occasion, no 
variation estimate is obtained and the apparent temporal trend may 
depend on the sampled station. The high level of spatial replication in 
Paper III and IV was used to calculate power for detecting a differ-
ence in Aphanizomenon and Nodularia abundance between 2 years. 
The results suggest that ~ 10 replicates are required to detect a 50% 
change in Aphanizomenon abundance, if variance estimates for 2002 
or 2004 are used (Paper III & IV). Detection of a similar change in 
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the Nodularia abundance would require ~ 45 replicates (Paper IV). 
The spatial variability of Aphanizomenon and Nodularia was higher in 
2005 and if these data are used for power calculations, detection of a 
50% change in Aphanizomenon abundance would require ~ 30 repli-
cates and Nodularia ~ 54 replicates, in both cases far more than col-
lected in the regular HELCOM monitoring programme.  
 
Detection of reasonably large changes in the abundance of cyanobac-
teria, and especially Nodularia, requires quite substantial sampling 
efforts. As mentioned earlier, pooled samples may provide a better 
estimate of the abundance without increasing the number of samples 
(Paper III & IV). Since Nodularia regularly form surface accumula-
tions visible in satellite images (Kahru et al. 1994, 2000, 2007), map-
ping areal coverage may be a useful complement to traditional sam-
pling for monitoring of this species. Satellite mapping is, however, 
only applicable to surface accumulations and gives no information on 
the biomass deeper down the water column, which can make up a 
large part of the total biomass (Paper IV). In addition, satellite images 
are sensitive to weather conditions, since clouds and haze obstruct the 
view.  

Vertical distribution and vertical migration 

The vertical distribution of Aphanizomenon and Nodularia was stud-
ied at 8 stations in the eastern Gotland basin 2004 (Paper IV). Verti-
cal distribution differed between species (cf. Olli & Seppälä 2001, 
Hajdu et al. 2007), but with substantial variation between stations 
(Fig. 5, Paper IV). Nodularia mainly occupied the near surface wa-
ters (abundance maximum between 2.9 and 7.6 m), while Apha-
nizomenon was more evenly distributed in the water column, usually 
with a deeper abundance maximum (between 4.3 and 8.3 m). Earlier 
studies have reported even deeper distribution of Aphanizomenon, 
usually with an abundance maximum around 10 m depth (Niemistö et 
al. 1989, Heiskanen & Olli 1996, Wasmund et al. 2001b, Hajdu et al. 
2007) and Nodularia is reported to be found mainly above 5 m depth 
(Niemistö et al. 1989, Wasmund et al. 2001b, Hajdu et al. 2007). Dis-
crepancies between studies are probably influenced by the high verti-
cal sampling frequency applied in Paper IV (every metre from 0 – 11 
m), whereas other studies have usually sampled every 2 m (Hajdu et 
al. 2007), every 2.5 m (Wasmund et al. 2001b) or every 5 m (Niemistö 
et al. 1989). Phytoplankton may concentrate in very thin layers (Lind-



 23

holm 1992), hence the real vertical distribution is not easily resolved 
and sampling with low vertical frequency increases the risk of missing 
layers of high abundance. In addition, ambient weather conditions like 
temperature and wind speed affect the stability of the water column 
and hence the vertical distribution of cyanobacteria.  
 
In Paper V, we studied the influence of simulated vertical migration 
on changes in the biovolume concentration and filament length of 
Aphanizomenon. Two identical experiments were made in July and 
August 2003, where Aphanizomenon were incubated in situ in dialysis 
bags. Two treatments simulated vertical migration between the surface 
(2 m depth) and 12 or 22 m twice daily (upwards at 9 am and down-
wards at 8 pm). Two treatments were incubated at fixed depths of 2 or 
12 m. In July, vertical migration to 12 m resulted in almost twice the 
biovolume concentration of constant incubation at 2 m or migration to 
22 m, but the difference was not statistically significant. Constant in-
cubation at 12 m resulted in low biovolume concentrations and a high 
incidence of decaying filaments. In August, vertical migration resulted 
in significantly higher biovolumes than incubation at fixed depths. 
The filament length of Aphanizomenon was not affected by vertical 
migration but constant incubation below the euphotic zone (at 12 m) 
resulted in a high rate of short filaments. In conclusion, the results 
suggest that vertical migration in Aphanizomenon is more important 
towards the end of the summer when the intracellular store of P is low 
(Walve & Larsson, in press) and the concentration gradient of inor-
ganic P with depth is steeper. Migration to 22 m generated lower bio-
volume concentration than migration to 12 m despite higher P concen-
trations at 22 m. This may be attributed to a trade-off between P avail-
ability and the temperature and light conditions at the different depths, 
which may also be reflected in the vertical distribution of Apha-
nizomenon in field (Paper IV).  

CONCLUSIONS 

This thesis confirms the importance of diazotrophic cyanobacteria in 
providing N for summer production in the Baltic Proper. It also high-
lights the large spatial and temporal variation in these blooms and ar-
gues that improved spatial coverage and replication could make moni-
toring data more useful for demonstrating time trends, and for identi-
fying the factors regulating the blooms. The vertical distribution of 
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Aphanizomenon and Nodularia was found to be spatially variable, 
probably as a combination of species-specific adaptations and ambient 
weather conditions. Vertical migration in Aphanizomenon was more 
important towards the end of summer, and is probably regulated by a 
trade-off between P-availability and light and temperature. 
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