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Abstract: This work uses empirical data from the HELCOM database and a new empirically-based model to predict the 
concentration of cyanobacteria in the Baltic Proper. The aim has been to estimate nitrogen fixation. The inherent variabil-
ities/patchiness in the variables regulating nitrogen fixation are great. This means that different approaches may provide 
complementary information so that several relatively uncertain estimates may together provide less uncertainty in the es-
timate for nitrogen fixation in a given system. We show that there is marked variability in nitrogen fixation among differ-
ent years (a factor of 20 between the year 2001 with the smallest value and 2005 with the highest value of about 900 kt/yr 
of N-fixation). The mean value for the period from 1997 to 2005 was 190 kt/yr. TN/TP based on median monthly data has 
been higher than the Redfield ratio of 7.2 since 1994. 6.5% of all individual data (n = 3001) from the surface-water layer 
(44 m) in the Baltic Proper for samples with temperatures higher than 15°C (when risks of getting cyanobacteria blooms 
are favoured) have TN/TP lower than 7.2. The mean TN/TP is 20 for surface-water sites with temperatures higher than 
15°C, indicating that the average trophic conditions in the Baltic Proper are likely more limited by phosphorus than nitro-
gen. Nitrogen fixation is an important contributor to the nitrogen concentration and we give overall budgets for nitrogen 
and phosphorus in the Baltic Proper, including nutrient data from land uplift, which is the most important contributor for 
nutrients and often neglected in discussions about sources of nutrients to the Baltic Sea. 
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INTRODUCTION 

 Quantifying nitrogen fixation is essential for estimating 
the nitrogen balance in marine waters and understanding the 
causes of marine eutrophication. Since nitrogen fixation is 
triggered by high temperatures, low non-gaseous nitrogen 
concentrations and high phosphorus concentrations in the 
water, this process may determine which nutrient regulates 
primary production in the long run, and thus which nutrient 
should be abated in order to remediate marine eutrophication 
[1, 2]. 

 Fig. (1) illustrates the main processes regulating external 
fluxes (atmospheric input and river inflow) of nutrients (ni-
trogen and phosphorus) to a given aquatic system, internal 
fluxes (sedimentation, resuspension, diffusion, denitrifica-
tion and burial) including the very important relationship 
between the amount of the nutrient in dissolved (bioavail-
able) and particulate form (the only part that can settle out 
due to gravity) forms. The focus of this work is on nitrogen 
fixation. 

 Many papers discuss nitrogen fixation in the Baltic Sea 
[3-7]. Table 1 gives two empirical models for lakes as a 
background for this work. The first is the well-known 
OECD-model [8] predicting mean summer chlorophyll-a 
concentrations from total phosphorus concentrations (TP). 
This model yielded a coefficient of determination (r2) of 0.77  
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when tested for lakes from a wide trophic level domain 
(characteristic TP-concenterations from 2.5 g/l, i.e., 
oligotrophic, to 100 g/l, i.e., hypertrophic). The second 
empirical model in Table 1 concerns the main topic of this 
work, a predictive model for cyanobacteria based on readily 
accessible x-variables, such as the TP-concentration in this 
model (from [9]), which gave an r2 of 0.71 when tested for 
29 systems covering a very wide limnological domain (TP 
from 8 to 1300 g/l). Smith’s empirical model for cyanobac-
teria applies to lakes. 

 The aim of this paper is to use a new empirically-based 
model from [10] to predict cyanobacteria and nitrogen fixa-
tion in the Baltic Proper. This model will be outlined in the 
next section. 

 Table 2 provides background for this work. This table 
summarizes transport processes to, within and from the Bal-
tic Proper. The value (bolded) for nitrogen fixation is 130 
000 tons per year. This value indicates an order-of-
magnitude figure for fixation in the Baltic Proper. The value 
is, however, very uncertain. References [11] and [12] gave 
values of 100 kt/yr, [13] gave 130 kt/yr for the Baltic Proper 
and the Gulf of Finland, [14] estimated values from 18.2 to 
186 kt/yr for the Baltic Proper and the Mecklenburg Bay and 
[4] noted a ranged of 30 to 260 kt/yr for the period 1992 to 
1997. Yearly estimates of nitrogen fixation from the Baltic 
Proper are given in Table 3 (according to [5]). These values 
were calculated as increases in TN minus atmospheric depo-
sition plus particulate N sedimentation at the Landsort Deep, 
and extrapolated to other basins according to local increases 
in TN. The summer increase in TN strongly coincided with 
blooms of N-fixing cyanobacteria in 1997 and 1998 and 
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these values are about 60% of those calculated by [6]. [7] 
estimated the N-fixation rate in the Baltic Proper to about a 
factor of 2 times the values in Table 3 (434 - 792 kt/yr), 
while earlier estimates have generally been much lower and 
have not included night measurements, the complete grow-
ing season, or the important contribution from phytoplankton 
smaller than 10 m. 

 Hence, all approaches to quantify the annual fluxes of 
nutrients in Fig. (1) are more or less uncertain. To quantify 
nitrogen fixation should be one of the most difficult and un-
certain because the cyanobacteria show such very high coef-
ficients of variation and this will be discussed in a following 
section. 

Table 1. Regressions Illustrating the Key Role of Total Phos-

phorus (TP) in Predicting Chlorophyll-a (Chl, 

Summer Values) and the Biomass of Cyanobacteria 

(CB). r2
 = Coefficient of Determination, n = Number 

of Lakes Used in the Regression 

 

 Eq. Range for TP r2 n  Units Reference 

Chl 0.28·TP0.96 2.5-100 0.77 77 μg/l  [8] 

CB 43·TP0.98 8-1300 0.71 29 μg/l [9] 

 

 It is important to identify all major sources of nutrient 
inputs not just to the Baltic Proper but to all polluted water 
systems and to quantify all major fluxes because this will 
determine the expectation one would have on different, often 
costly, measures to reduce nutrient emissions and improve 
ecosystem conditions. If the total inflow of nitrogen to the 
Baltic Proper from countries/processes is 1 800 000 tons per 
year (Table 2), and if Swedish anthropogenic emissions are 
just 2.6% of all the nitrogen transport to the Baltic Proper, 
this will determine the expectations that one would have on 
such reductions, and also provide a possibility to compare 

the cost-effectiveness of alternative approaches to reduce 
nitrogen fluxes to the system. 

 The average composition of algae is given by the Red-
field ratio 7.2, if the calculation is done in g (see [15] and 
[16]) and 16:1, if the calculation is based on the number of 
atoms. 

 Another critical uncertainty in Fig. (1) concerns the 
equilibria between nutrients in dissolved and particulate 
phases, the time scales of these interactions, and what is ac-
tually meant by “limiting” nutrient. At short time scales 
(seconds to days), it is evident that the causal agent regulat-
ing/limiting biouptake and primary production is the concen-
tration of the nutrient in bioavailable forms [17]. This also 
implies that the bioavailable forms are quickly regenerated 
so their supply is poorly described by their concentrations at 
any given sampling site [18]. This also explains why there 
are no practically useful predictive models for chlorophyll 
based on dissolved forms (DIN, DIP, phosphate, nitrate, 
etc.), but rather on TN or TP (see Table 1 or [19, 20]). At 
longer time scales (weeks to years), and for all practical pur-
poses in water management, one must recognize the differ-
ence between what is causally the “limiting” agent in pri-
mary production at short time scales, and what is the form of 
the nutrient limiting predictions of chlorophyll or cyanobac-
teria at the ecosystem scale for longer periods of time. This 
paper uses an empirical model for total cyanobacteria, which 
concerns the latter aspects, the ecosystem scale (the entire 
Baltic Proper) using monthly data. 

 The problem to understand and predict TN-concentrations 
in marine systems is accentuated by the fact that there are no 
(to the best of our knowledge) practically useful models to 
quantify the particulate N-fraction in saltwater systems (but 
such approaches are available for phosphorus in lakes and 
brackish systems, see [21]. In mass-balance modelling, it is 
imperative to have a reliable algorithm for particulate nitro-
gen, since the particulate fraction (PF) is the only fraction that 
by definition can settle out due to gravity. 

Nitrogen
fixation by many 
but not all 
cyanobacteria 

Phytoplankton
N & P;
16:1 (atoms) or 
7.2:1 (g);
turnover time, 2-4 
days

Dissolved
N & P

Sediment
N & P

?? Biouptake and 
growth

Decomposition
by bacterioplankton Sedimentation

River and open 
water input to 
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Denitrification (N)

??

Atmospheric wet and 
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Burial

Land uplift
 

Fig. (1). Overview of important transport processes and mechanisms related to the concept of “limiting” nutrient. PF is the particulate frac-
tion. 
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 From previous modelling work [22], one can conclude 
that it is also very difficult to quantify denitrification (Fig. 
1). Denitrification depends on sediment red-ox conditions, 
i.e., on sedimentation of degradable organic matter and the 
oxygen concentration in the deep-water zone, but also on the 
frequency of resuspension events, on the presence of mucus-
binding bacteria, and on zoobenthos and bioturbation. Given 
this complexity, it is easy to understand why empirically 
well-tested algorithms to quantify denitrification on a 
monthly basis do not exist to the best of our knowledge. The 
atmospheric wet and dry deposition of nitrogen may (as in-
dicated in Fig. 1) be very large (in the same order as the 
tributary inflow) and patchy [23], which means that for large 
coastal areas and smaller systems distant from measurement 

stations, the uncertainty in the magnitude of atmospheric wet 
and dry N-deposition is also generally very large. 

Table 3. Yearly N-Fixation (kt/yr) in the Baltic Proper Based 

on Data from [5] 

 

Year Minimum Maximum 

1994 290  350  

1995 360  420  

1996 180  250  

1997 340  430  

1998 180  330  

Table 2. Background Budget on the Transport of Nitrogen and Phosphorus to and from the Baltic Proper (t/yr); from [48]. The 

Data from the Swedish Environmental Protection Agency (SNV [49]) Concern Mean Values for the period 1982 and 1989; 

Data from HELCOM [43] is for 2000 

 

Total-N Total-P  

SNV HELCOM H&L* SNV HELCOM H&L* 

A. From countries/rivers 

Sweden 44 300 46 636  1780 1219  

Baltic states 72 600 145 697  1890 5408  

Finland - 35 981  - 1874  

Russia - 90 229  - 5863  

Poland 109 900 191 521  19 100 12 698  

Germany 20 000 20 602  2750 512  

Denmark 51 000 27 664  7860 1193  

Sum inflow from countries: 297 800 558 046  33 380 28 767  

Order-of-magnitude value:  500 000   30 000  

B. From processes and water inflow from adjacent basins 

Precipitation 289 900 192 400  3420 -  

Nitrogen fixation 130 000 - - -   

Land uplift   480 000   160 000 

Inflow from Kattegat   120 000   14 000 

Inflow from Bothnian Sea   340 000   14 000 

Sum from processes:   1 261 000 – 1 359 000   191 420 

Order-of-magnitude value:    1 300 000    190 000 

Total inflow (A+B):    1 800 000   220 000 

C. Water outflows to adjacent basins 

To the Bothnian Sea   340 000   24 000 

To Kattegat   260 000   18 000 

Total outflow:    600 000   40 000 

D. Other terms 

Burial in sediments  (3·180 000)* = 540 000 (220 000 – 40 000) = 180 000 

Denitrification (1 800 000 - 600 000 – 540 000) = 660 000    

* The nitrogen concentration is set to be 3 times higher than the phosphorus concentration in these sediments. H&L = [48]. The role of land uplift and the task of finding the most 
cost-efficient remedial strategy for the Baltic Sea are discussed in more detail in [55]. 
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 The question about “limiting” nutrient is central in 
aquatic ecology and has been treated in numerous papers 
[19, 20, 23-26]. The salinity is of paramount importance to 
the predictions of chlorophyll and cyanobacteria. The salin-
ity influences the aggregation of suspended particles [21], of 
particular interest in understanding variations in water clar-
ity, which in turn regulate the depth of the photic zone and 
hence primary production. The saltier the water, the greater 
the flocculation of suspended particles. An increased salinity 
together with N-limitation and increased light seem to con-
trol factors of N-fixing cyanobacteria in estuaries, according 
to [27]. 

 The abundance of cyanobacteria compared to other algal 
groups is closely related to the TN/TP-ratio. Cyanobacteria 
have been found to dominate lake primary production at 

TN/TP  29 (by weight) and are much less abundant at 
higher ratios, while nitrogen-fixing cyanobacteria tend to 
dominate at TN/TP  22 [28]. [9] found TP to be a better 
predictor of the biomass of cyanobacteria (CB) than TN and 
TN/TP. 

THE MODEL 

 This approach does not concern cyanobacteria produced 
in the benthic zone. In the derivation of the model [10], data 
from many databases were used, and Table 4 gives a compi-
lation of information used as well as data used for the Baltic 
Proper (from the HELCOM data base). Fig. (2A) gives the 
(log-log) regression between chlorophyll-a concentrations 
and total cyanobacteria (CB = median values for the growing 
season) using lake data. One can note a highly significant 
and mechanistically understandable strong positive co-

Table 4. Compilation of Main References (A), Data and Statistics (B) for the General, Comprehensive Data Base. Note that All 

Data Used in this Data Base Represent Median Surface Water Values for the Growing Season, and (C) Data from HEL-

COM (http://www.ices.dk/ocean/asp/helcom/helcom.asp?Mode=1) Used in this Work for Water Temperature, Salinity, 

Total-N and Total-P from the Entire Baltic Proper Between 1990 and 2005 and Chlorophyll-a Data from 1974 to 2005 

 

A. Area Country Salinity Range Main References 

Chesapeake Bay U.S.A. <2-35 http://www.chesapeakebay.net/data/wq_query1.cfm?db=CBP_WQDB 

Italian coast Italy 15-40 http://dataservice.eea.europa.eu/dataservice/metadetails.asp?id=836 

Crimean lakes Ukraine 25-275 [51] 

Baltic Sea Sweden 2.4-5.5 Magnus Karlsson, ÅF, pers. comm. 

Bothnian Bay Sweden 0.3-1.5 http://dataservice.eea.europa.eu/dataservice/metadetails.asp?id=836 

West coast Sweden, Norway 6.4-27 http://dataservice.eea.europa.eu/dataservice/metadetails.asp?id=836 

Swedish lakes Sweden 0 http://info1.ma.slu.se/db.html 

Baltic coast Sweden, Finland 5-7.5 [20, 52] 

Lakes, shelf, marine Several 0-36 [25, 50] 

Ringkobing Fjord Denmark 3.9-14.5 [53, 54] 

 

B. Total-N ( g/l) Total-P ( g/l) Chlorophyll ( g/l) Salinity psu 

Mean (MV) 533 40.5 7.9 15.9 

Median (M50) 461 32.1 5.2 12.5 

Minimum 1 <1 0.12 0 

Maximum 2110 1090 60.3 275 

Standard deviation (SD) 320 61.4 9.27 14.4 

Coeff. of variation among systems (CV) 0.60 1.52 1.17 0.91 

Number of data (n) 658 582 709 714 

 

C. Temp (°C) Salinity Total-N ( g/l) Total-P ( g/l) Chl-a ( g/l) 

Min -0.71 1.29 7.0 0.3 0.1 

Max 24.02 24.89 2493 780.6 71.6 

Mean (MV) 6.44 8.41 298.1 44.83 2.11 

Median (M50) 4.96 7.40 291.4 25.71 1.70 

Standard dev. (SD) 4.27 2.33 78.39 41.93 2.23 

Coeff. of var. (CV) 0.66 0.28 0.26 0.94 1.06 

Number of data (n) 43125 43502 41690 44152 14384 
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variation between these two measures of primary production 
in lake water. This relationship might have looked different 
had it been based on daily, weekly or monthly values and it 
is probable that this co-variation also exists for many marine 
systems. The following calculations first show maximum 
values for nitrogen fixation. 

 In a following section, we will also discuss the fraction of 
N-fixing species of the total biomass of cyanobacteria in the 
Baltic Proper. 

CB Versus TP 

 The basic regression is given in Fig. (2B) (r2 = 0.76; n = 
86). This regression includes data from more systems than 
the equation given by [9] and it also yields a higher r2-value 
(0.76 as compared to 0.71). 

CB Versus Temperature 

 In the literature, temperatures between 15 and 17 ºC have 
been reported as the minimum for cyanobacteria blooms in 
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Fig. (2). (A) Regression between log(1+CB) and log(Chl) based on data from 76 lakes. The figure also gives the coefficients of determina-
tion (r2) and the regression lines. Cyanobacteria (CB) in g ww/l (ww = wet weight), chlorophyll-a concentrations (Chl) in g/l. (B) Regres-
sion between CB (transformed into CB0.25; CB in g ww/l) and log(TP) (TP in g/l) using median values for the growing season from 86 
systems with CB-values higher than zero. (C) Scatter plot between cyanobacteria (transformed into log(1+CB); CB in g ww/l) versus sur-
face water temperatures (SWT in °C) based on data from 74 systems. From [10]. 
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freshwater systems and in the Baltic Sea [7, 29, 30]. Labora-
tory experiments on cyanobacteria also support this conclu-
sion [31-33]. There are also reports that cyanobacteria have a 
requirement of temperatures of about 20-21 ºC to form 
blooms. Those reports are from a freshwater lake in Canada 
[34], the North Pacific Ocean [35] and an estuary in Austra-
lia [36]. The optimal growth temperatures in laboratory ex-
periments are usually around 25 ºC for many species [31, 33, 
37], but these experiments often use species from temperate 
areas. With higher temperatures, growth rate usually starts to 
decrease. In field data from the Baltic Sea [3], this decrease 
in growth rate is not shown because there are few occasions 
with temperatures higher than 20 ºC. 

 Fig. (2C) gives data on the relationship between CB 
(log(1+CB)) and surface water temperatures (SWT in °C) 
from 74 systems. One can note that all systems with CB ex-
ceeding 100 g/l (median values for the growing season) 
have temperatures higher than 15 °C. Fig. (3) gives a compi-
lation of the model. The dimensionless moderator for tem-
perature influences on CB (YSWT) is given by: 

If SWT  15 °C, then 

YSWT = (15/17.5)·(1+0.63·((SWT/15)1.5-1)) else 

YSWT = (1+1·((SWT/15)3-1))          (1) 

 This means that if SWT = 15 °C, YSWT = 0.86; if SWT = 
17.5, YSWT = 1; if SWT = 25, YSWT = 1.48, etc. So, when the 

temperature is 25 °C, the risks of getting high concentrations 
of cyanobacteria a factor of 1.48 higher than at 17.5 °C, if all 
else is constant. 

CB Versus Salinity 

 In hypertrophic lakes, the biomass of cyanobacteria can 
be very high with concentrations of about 100 mg/l [9]. [38, 
39] found no data on N-fixing planktonic species in estuaries 
and coastal seas, except for the Baltic Sea and the Peel-
Harvey estuary, Australia. Also results from [40] support this 
general absence of N-fixing cyanobacteria in estuaries. There 
are more than 10 nitrogen fixing cyanobacteria species in the 
Baltic Proper [6]. The number of species and the nitrogen 
fixation rates have been considerably revised upwards during 
recent years [7]. A field study in the Baltic Sea [3] indicates 
that in this brackish environment species of cyanobacteria 
have, interestingly, the highest biomass at salinities of 7 – 8 
psu and that the blooms in Kattegat and Belt Sea are more 
frequent if the salinity is below 11.5 psu. Results from a 
laboratory experiment with cyanobacteria from the Baltic 
Sea support the highest growth rates at salinities between 5 
and 10 psu [33]. According to [41], blooms of cyanobacteria 
in marine environments may not be as common as in fresh-
water systems. In marine systems, there are just a few domi-
nant genera. In a field study in the Pacific Ocean [35], there 
was no correlation between the salinity and the abundance of 
cyanobacteria and no cyanobacteria were found in the cooler, 
less saline waters. In this model (Eq. 2), the influences of the 
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Fig. (3). Outline of the model to predict median summer values of cyanobacteria in lakes and coastal areas (from [10]). 
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salinity on cyanobacteria are motivated by empirical data 
from many systems [10]: 

If the salinity < 10 psu, then 

Ysal = (2.1+1.1·((salinity/10)2-1)), else 

Ysal = (2.1-115·((salinity/10)0.01-1))          (2) 

 This means that at a salinity of 10 psu, Ysal is 2.1 and CB 
a likely factors of 2.1 higher than in freshwater systems. 

CB Versus TN/TP 

 Fig. (4A) shows a scatter plot between log(CB) and 
TN/TP. High CB-values only appear in systems with rela-
tively low TN/TP. The regression between log(CB) and 
TN/TP attains a maximum value (r2 = 0.73; 
log(CB)=0.142·TN/TP+5.47; n = 61) if only data from sys-
tems with TN/TP smaller than 40 are used. The upper curve 
(circles) in Fig. (4B) gives the r2-values when only systems 
with TN/TP smaller than 10, 15, 20,….. 100, respectively, 
were used in the regressions. The lower curve in Fig. (4B) 
gives similar results when only systems with higher TN/TP 
were used. Note that there is no statistically significant 
(p<0.01) relationship between log(CB) and TN/TP if TN/TP 
is higher than 15. 

 The basic regression between CB and TP given by Eq. 1 
is complemented with a dimensionless moderator related to 
TN/TP, YTNTP, defined by: 

If TN/TP < 15 then YTNTP = (1-3·((TN/TP)/15-1)) else YTNTP 
= 1              (3) 

 This means that for systems with TN/TP (based on me-
dian values for the growing season) higher than 15, one can 
use the basic regression without any correction, but for sys-
tems with TN/TP < 15, Eq. 3 is used. If, e.g., TN/TP = 7.2, 
then YTNTP = 2.56, and the CB-value a factor of 2.56 higher 
than the value suggested by the basic regression. 

 The general model for cyanobacteria may give rather 
uncertain predictions for systems with high TN/TP and low 
temperatures. However, during such conditions, the N-
fixation should be small. Predicting conditions with high CB 
is evidently more important in calculations of N-fixation. 
Due to the fact that all methods to estimate N-fixation in 
entire systems at longer time scales (such as month or years) 
are very uncertain, there is good reason to regard the ap-
proach presented here as complementary to other ap-
proaches. 

 Measured N-fixation tends to follow a similar pattern as 
the prevalence of cyanobacteria [6, 38, 39]. Analyses using 
gene sequencing techniques have suggested that more organ-
isms than we currently know may fix nitrogen in both lakes 
and marine systems [42]. 

DATA AND DATA UNCERTAINTY 

 To estimate the N-fixation in the Baltic Proper, we have 
used one main dataset, the HELCOM data compiled in Table 
4C [43]. All calculations have used median monthly values 
on TN, TP, salinity and temperature since these are the 
obligatory driving variables in the model. 

 The uncertainty in the model variables may be expressed 
by the coefficient of variation (CV = SD/MV; SD = standard 
deviation; MV = the mean value) and Table 5 gives a compi-

lation of characteristic CV-values for many of the variables 
discussed in this work for 58 lakes. One should note from 
Table 5 that cyanobacteria should be expected to have sig-
nificantly higher CVs than most other variables and are 
therefore more difficult to predict with a high certainty. It is 
also important to note that dissolved inorganic nutrient frac-
tions have considerably higher CVs than TN and TP. Thus, 
dissolved inorganic nutrient fractions are, in relation to TN 
and TP, not only poorly correlated with chlorophyll and Sec-
chi depth [44], but given their high inherent uncertainties, it 
is much more costly to determine reliable mean/median val-
ues that can be used in ecosystem models, whose scientific 
quality and usefulness is given by their predictive power. 
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Fig. (4). (A) Scatter plot between log(CB) and TN/TP. The regres-
sion line is based on data from systems where TN/TP < 15. (B) 
Compilation of r2-values between log(CB) and TN/TP using data 
from systems when successively smaller (<) and higher (>) TN/TP 
have been omitted. The maximum r2 is obtained for systems with 
TN/TP < 40; very low r2-values are obtained if the regressions are 
done for systems with TN/TP > 15 (from [10]). 

 The basic factors regulating CVs for chlorophyll and 
cyanobacteria (i.e., nutrients, temperature, light, salinity, 
predation, analytical uncertainties related to sampling) 
should be similar in most aquatic systems. [45] showed that 
for the River Danube, the CV for the cyanobacteria was, on 
average, a factor of 1.3 higher than for chlorophyll. 

 This means that one should expect that the r2-value one 
can hope to achieve would be lower for cyanobacteria than 
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for chlorophyll and this is also the information conveyed in 
Table 1 (r2 = 0.71 and 0.77, respectively). 

Table 5. Coefficients of Variation (CV) for Twelve Water 

Variables Based on Data from 58 Swedish Lakes 

(from [10]). The Values Describe Conditions During 

the Growing Season and are Typically Based on 66 

Measurements and in No Case Less than 6 

 

Variable Median Min Max 

Cyanobacteria 1.76 0.64 3.91 

Ammonium 0.74 0.42 3.91 

Nitrate + nitrite 0.73 0.09 2.78 

Total algal biomass 0.68 0.34 1.83 

Phosphate 0.58 0.24 1.14 

Chlorophyll 0.43 0.25 1.29 

Total-P 0.37 0.23 0.78 

Total-N 0.24 0.04 0.72 

Secchi depth 0.21 0.11 0.51 

Temperature 0.14 0.10 0.37 

Calcium 0.11 0.03 0.83 

pH  0.04 0.01 0.09 

 

RESULTS 

Calculating Maximum Nitrogen Fixation in the Baltic 

Proper 

 Table 6 exemplifies the calculation routine using data for 
2004. The table gives the median monthly values for surface-
water temperatures (i.e., for samples taken above the theo-
retical wave base of 44 m in the Baltic Proper; see [46]), 
salinity, TN, TP and TN/TP, as well as the dimensionless 
moderators for salinity (Ysal), surface-water temperature 
(YSWT) and TN/TP (YTNTP). The calculated monthly concen-
trations of total cyanobacteria (CB in g/l) are given as well 
as the calculated maximum potential N-fixation. The table 
also shows the dimensional adjustments used in the calcula-
tion. From Table 6, one can note: 

• The maximum potential N-fixation (in 2004) in the 
Baltic Proper was about 255 kt, with highest values in 
July, August and September. 

• This corresponds very well to the overall values given 
in Table 3. 

 The calculated lowest and highest values for the 
maximum potential annual N-fixation in the Baltic 
Proper for the period 1997 to 2005 are given in Table 
7. One can note: 

• The variation among the years is very high: the 
smallest value is 45 kt, the highest 908 kt. 

• The average annual value is 191 kt. 

 Both [5] and [6] measured higher rates in 1997 than in 
1998, but our results show higher rates in 1998 (58 and 71 
kt, respectively). However, the order-of-magnitude is about 
the same in our measurements for these two years, and the 

uncertainty in the calculated values is higher than the differ-
ence between these two years. 

 Fig. (5) illustrates the modelled monthly concentrations 
of cyanobacteria from 1996 to 2005. One can see clear sea-
sonal patterns and that the modelled values are very high for 
2005, which also had a very high and much discussed algal 
bloom. 

 Using the model, one can also clarify the factors contrib-
uting to the calculated values. Fig. (6) illustrates predictions 
if the four x-variables (i.e., the monthly median values of 
temperature, salinity, TN and TP) were reduced by 25%. A 
reduction in TN would increase the predicted biomass of 
total cyanobacteria considerably, while reductions in salinity, 
temperature and TP would lower the predicted values; the 
clearest response would be from reductions in temperature. 
According to our results, the high CB-values in 2005 may be 
attributed to relatively high TP-concentrations and high tem-
peratures in the summer and fall. 

TN/TP and Cyanobacteria 

 If TN/TP is lower than 7.2, phytoplankton species that 
can take up dissolved nitrogen of atmospheric origin will be 
favoured. Empirical data in Fig. (4) show that there is a 
threshold limit for the ratio not at 7.2 but rather at 15. Fig. 
(7) gives a scatter plot of all available data on TN/TP (n = 
24048) from the surface-water layer in the Baltic Proper 
from 1990 to 2005; Fig. (8) shows variations in median 
monthly TN/TP in relation to the Redfield ratio of 7.2 and 
the threshold ratio of 15. From these two figures, one can 
note that there are no major changes in the general temporal 
trend. There is also a very large scatter in the data and clear 
seasonal patterns. 

 Table 8 gives a compilation of TN/TP statistics for the 
Baltic Proper, divided into four categories: (1) all data from 
the surface-water layer, (2) all data for situations with tem-
peratures higher than 15 °C, (3) all data with Temp > 15 °C 
and from water depths < 20 m, and (4) all data with Temp > 
15 °C, water depths < 20 m and TP > 10 g/l. This table also 
gives information on the percentage of the data with TN/TP 
smaller than 7.2 and smaller than 15. The main conclusion 
from this table is that less than 7% of the values are smaller 
than 7.2 and that between 30 and 50% of the TN/TP-ratios 
are smaller than 15. Fig. (9) gives a frequency distribution 
for the data at sites with temperatures higher than 15°C. 

 The key information in Figs. (7-9) and Table 8 is that the 
conditions in the surface-water layer of the Baltic Proper 
often favour cyanobacteria. However, in more than 70% of 
the situations when the water temperature is higher than 15 
°C and the risks of blooms of cyanobacteria are highest, the 
system is not N-limited but P-limited (Fig. 9). To minimize 
the overall primary phytoplankton production in the Baltic 
Proper (eutrophication), one should mainly reduce the dis-
charges of phosphorus to the systems. To achieve a goal of 
less eutrophication in the Baltic Proper, N-reductions would 
be more or less meaningless, which is well in line with re-
sults presented by [1]. In 30% of the situations, when TN/TP 
is lower than 15, reductions in N would favour nitrogen fix-
ing cyanobacteria, which should be avoided. 

 Fig. (10) gives a regression between median monthly 
concentrations of chlorophyll-a and modelled concentrations 
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of total cyanobacteria. The co-variation is significant  
(p = 0.0008), but the scatter around the regression line is 
considerable (r2 = 0.11). Two reasons for this low r2-value is 
that the range in the monthly chlorophyll data is relatively 
small in the Baltic Proper (from 0.2 to 4 g/l), and that the 
CV for the empirical chlorophyll data is high. 

 We have also investigated if it would be possible to test 
these model predictions of cyanobacteria against empirical 
data on cyanobacteria. The basic idea was to use information 
accessible from SMHI (see SMHI website), but that turned 
out to be very difficult for several reasons. The satellite im-
ages only give qualitative (not quantitative) information re-
lated to non specified algal blooms in the uppermost water 
layer at defined hours and the results depend very much on 
the cloudiness. Our model predictions concern the inventory 
of total cyanobacteria in the entire surface-water layer (0 to 
44 m) in the entire Baltic Proper on a monthly basis, and to 
transform the information conveyed by the satellite images 
has been beyond the possibilities of this work. 

The Fraction of N-Fixing Cyanobacteria 

 All calculations so far are based on total concentrations 
of cyanobacteria (CBtot) using the model in Fig. (3). The 
fraction of N-fixing cyanobacteria (CBfix) is not identical to, 
but lower than, CBtot. We have estimated the ratio CBfix/CBtot 
using data from the Baltic Proper. The data comes from two 
monitoring stations, one outside the Askö research station 
(B1) and one at the Landsort deep (BY31). We have ac-
cessed the data at, http://www2.ecology.su.se/dbbm/JS.html. 

 Cyanobacteria from the order Nostocales can fix nitrogen 
in heterocysts. Nitrogen fixation is rather energy consuming, 
with each heterocyst requires 12 to 20 photosynthetic cells to 
provide the necessary energy supply [47]. 

 

Table 7. Compilation of Calculated Annual Maximum Poten-

tial Nitrogen Fixation in the Baltic Proper Between 

1997 and 2005. Note that the Results from 2005 are 

Based on Interpolated Data for the Missing Months 

 

Year N-Fix (t/yr, max.) 

1997 58303 

1998 70960 

1999 60443 

2000 116916 

2001 45181 

2002 131898 

2003 73642 

2004 254977 

2005 908087 

Min 45181 

Max 908087 

Mean 191156 

Median 73642 

SD 276448 

CV 1.45 

n 9 

 

 Recent studies indicate that other primary producers 
(non-heterocystous cyanobacteria) smaller than 10 μm may 
contribute considerably to nitrogen of the total N-fixation in  
 

 

Table 6. Calculation of Monthly and Annual Maximum Potential Nitrogen Fixation in the Baltic Proper Using Data from 2004 

 

Month Temp  Salinity TN TP CB N-Fix 

2004 °C psu g/l g/l 

TN/TP Ysal  YSWT  YTNTP  

g ww/l t/Month 

1 3.8 7.1 276 22.9 12.0 1.56 0.02 1.59 10 2363 

2 2.4 7.2 266 25.7 10.4 1.57 0.00 1.93 4 937 

3 2.0 7.1 275 29.4 9.3 1.55 0.00 2.13 4 870 

4 3.5 6.9 261 25.4 10.3 1.52 0.01 1.95 12 2917 

5 6.2 7.1 254 21.1 12.0 1.55 0.07 1.59 34 8171 

6 10.0 7.1 259 18.9 13.7 1.55 0.29 1.26 82 19748 

7 12.5 7.1 265 20.0 13.3 1.55 0.58 1.35 202 48451 

8 16.5 7.0 270 19.5 13.9 1.54 0.96 1.23 284 68315 

9 13.4 7.0 269 19.2 14.0 1.54 0.71 1.20 197 47328 

10 9.7 7.0 265 20.8 12.8 1.53 0.27 1.44 110 26359 

11 8.5 6.9 261 19.8 13.1 1.53 0.18 1.37 62 14899 

12 6.0 7.1 265 25.7 10.3 1.56 0.06 1.94 61 14619 

 Max. annual N-fixation (t) 254977 

CB·8.7·1012·10-9·0.2·(0.42/4.19)·0.147·(1/3.2)·30. 
CB·V (m3)·( g to t)·(ww to dw)·(dw to C)·(C to N)·(1/d)·(d to month). 
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the Baltic Proper may be fixation [6]; measurements indi-
cated that up to 43% done by these organisms, while not 
contributing much to total biomass. 

Table 8. Compilation of Statistical Information TN/TP in the 

Surface-Water Layer of the Baltic Proper Using 

Data from 1990 to 2005 

 

 All 
Temp  

>15 °C 

Depth  

<20 m  

TP  

>10 g/l 

Min. 1.05 1.74 1.74 1.74 

Max. 171 76.9 76.9 59.4 

Mean 16.5 20.1 20.4 18.7 

Median 15.2 19.5 19.8 18.8 

SD 8.1 9.2 9.2 7.4 

CV 0.49 0.46 0.45 0.40 

n 24048 3001 2880 2577 

% < 7.2 7.0 6.5 6.0 6.6 

% < 15 49.1 28.8 27.5 30.7 
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Fig. (5). Modelled concentrations of total cyanobacteria ( g ww/l; 
ww = wet weight) in the surface-water layer of the Baltic Proper 
1996 to 2005. 

 Because heterocyst-forming species of cyanobacteria do 
not always fix nitrogen and because small non-heterocystous 
cyanobacteria may contribute to N-fixation, it is complicated 
to find a reliable value of CBfix/CBtot. Further complicating 
matters include the high inherent CV for cyanobacteria and 
the fact that reliable data for the entire surface-water layer 
for longer periods of time from the Baltic Proper (or from 
most systems) are scarce. In this estimation of CBfix/CBtot, 
only the heterocyst-forming species have been considered. 
An average ratio of 0.85 was calculated from all 580 values 
(see Table 9). 

 The mean and median values when the water temperature 
is higher than 15°C (the threshold temperature for cyanobac-
teria) are between 0.84 and 0.97, respectively. The actual N-
fixation may, however, be close to the modelled maximum 

values since N-fixation from “small organisms” is not in-
cluded in this ratio. 
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Fig. (6). Simulations to illustrate how 25% reductions in TN, TP, 
water temperature and salinity (Sal) would likely influence the con-
centrations of cyanobacteria in the surface-water layer of the Baltic 
Proper using data from 1996 to 2005. The curve marked “Actual” is 
based on empirical data from the given period. 

 [10] calculated CBfix/CBtot using lake data from [9], de-
riving a value of 0.33, which is considerably lower than 
these results for the Baltic Proper. 
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Fig. (7). TN/TP from all (n=24048) surface-water samples in the 
Baltic Proper from 1990 to 2005. 
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Fig. (8). Variations in median monthly TN/TP in the surface-water 
layer of the Baltic Proper from 1990 to 2005 in relation to the Red-
field ratio of 7.2 and the threshold ratio of 15 (see text). 

 The mean compositions of cyanobacteria species or ge-
nus at the two monitoring stations in the Baltic Proper in 
situations with water temperatures higher than 15°C are 
given in Fig. (11). This diagram is included here so that 
these results from the Baltic Proper may be translated to 
other systems where different cyanobacteria with other 
CBfix/CBtot-ratio may prevail. The two nitrogen fixing spe-
cies Aphanizomenon sp. and Nodularia spumigena are domi-
nant, with 80% of the biomass. Then follow Cyandictyon 
spp., Pseudanabaena limnetica, Anabaena spp. and Ana-
baena lemmermannii with a few percent each. The remaining 

species contribute, on average, less than 1% of the biomass 
of cyanobacteria. 
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Fig. (9). Frequency distribution for TN/TP for all samples with 
temperatures higher than 15°C during 1990 to 2005 in the surface-
water layer of the Baltic Proper. 6.5% of the data have TN/TP < 
7.2; 28.8 % of the data ratios < 15. 

CONCLUDING COMMENTS 

 The empirically-based approach to predict total nitrogen 
fixation used in this work (from [10]) is general and could be 
used for other aquatic systems in a wide salinity range. It is 

Table 9. The Ratio Between the Volume of Nitrogen Fixation Cyanobacteria to the Total Volume of Cyanobacteria from Two 

Monitoring Stations in the Baltic Proper, Askö (Data from 1983 to 2005) and the Landsort Deep (Data from 1990 to 

2005). MV = Mean Value for All Data; n = Number of Data. Temperature Data (T) from Askö from 1992 to 2004 and 

Landsort Deep from 1990 to 2004 at 0 to 20 m Depth 
 

Askö Landsort Deep 
Month 

T(ºC) n CBfix/CBtot T(ºC) n CBfix/CBtot 

1 1.6 10 0.50 3.0 11 0.79 

2 0.8 10 0.68 1.9 8 0.83 

3 1.2 11 0.93 1.7 23 0.88 

4 2.7 16 0.87 2.7 38 0.90 

5 6.5 21 0.94 5.7 28 0.93 

6 10.9 38 0.96 9.7 32 0.97 

7 13.6 53 0.96 13.5 34 0.87 

8 15.3 52 0.87 15.5 34 0.82 

9 12.8 37 0.79 13.5 25 0.85 

10 9.3 29 0.73 10.3 21 0.69 

11 6.4 13 0.91 7.2 14 0.51 

12 4.0 10 0.69 5.4 11 0.74 

Median for T>15ºC 17.2 30 0.97 16.8 34 0.91 

Mean for T>15ºC 17.2 30 0.92 16.6 34 0.84 

Mean for all data 7.6 301 0.86 7.8 279 0.84 
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meant to give seasonal or monthly data for the surface-water 
layer. When tested using empirical data for the Baltic Proper, 
there was reasonably good overall correspondence between 
the estimates using this model and other approaches. For the 
future, it would be important to have better data on the frac-
tion of nitrogen fixing cyanobacteria not just in the Baltic 
Proper but more generally, so that a general algorithm could 
be derived for this important ecosystem characteristic. 

y = 0.47x + 1.54; r2 = 0.11; n = 99; p = 0.0008
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Fig. (10). The relationship between empirical median monthly con-
centrations of chlorophyll-a ( g/l) and modelled concentrations of 
cyanobacteria ( g ww/l) using data from 1997 to 2005 for the sur-
face-water layer of the Baltic Proper. 

 

Fig. (11). Average composition of Cyanobacteria at water tempera-
tures higher than 15 ºC at Askö (station B1) using data from 30 days 
sampled between 1992 to 2004 and at the Landsort deep, (station 
BY31) using data from 34 days collected between 1990 to 2004. 
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