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Introduction

Particular trophic lake types exhibit specific sea-
sonal phytoplankton taxonomic composition, which 
results in the similarity of the qualitative and quantita-
tive phytoplankton structure in successive years (Som-
mer et al. 1986; Gawler et al.1988; Lair and Ayadi 1989; 
Wirtz and Eckhardt 1996). However each occurrence of 
ecological stress of a particular direction and intensity 
may lead to the sequence of harmonic variations in the 
lake that can result in shifts in the biocenosis of phy-
toplankton. Some species representing characteristic 
groups may occur for more than one year or dominate 
in other periods than is suggested by the general pattern 
of seasonal succession. Some algal species may undergo 
adaptation to disturbances caused by ecological stress. 
Nevertheless, the general structure of the phytoplank-
ton community and its succession is to some degree 
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stable and recurrent but depends on the range of ambi-
ent factors related to the ecosystem (Lin 1972; Muna-
war et al. 1988; Reynolds 1988; Talling 1993; Tallberg 
et al. 1999; Anneville et al. 2002). The modification of 
factors, whose combined acting determines the mainte-
nance of the ecological equilibrium, may stimulate the 
acceleration of the rate of ecological succession in lake. 
Persistent changes may even lead to a final change in 
the trophic status of a lake as ecological succession ap-
pears not only within the limits of a particular trophic 
stage but can also determine the lake’s conversion from 
one trophic state to another (Burchardt 1993; Burchardt 
et al. 1994; Burchardt and Łastowski 1999; Reynolds 
2000; Reynolds et al. 2002).

The aim of this study was to analyse long-term 
seasonal changes in the domination structure and the 
intensity of the algal community development in phy-
toplankton of Lake Kortowskie as a basis for the deter-
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mination of ecological successional changes proceed-
ing in phytoplankton. 

Study area

The studies were conducted on Lake Kortowsk-
ie. It is located in the northeastern part of Poland, in 
the Mazurian Lakeland, within the limits of the town 
of Olsztyn. The lake has an elongated shape along the 
axis north-south. The reservoir is composed of three 
distinct parts: the south basin (S) of a maximal depth 
of 17.2 m, the north basin of a maximal depth of 15.7 
m and the middle part that is relatively shallow, of a 
maximal depth of 6 m, which separates the two basins. 
The lake’s surface area is 940,000 m2 and its volume 
is 5,323,000 m3 with a water table of 103.3 m above 
sea level (Synowiec 1965). The total drainage basin of 
the lake is 38.0 km2. The direct drainage basin of the 
lake is 1,020,000 m2. The lake is supplied by 5 inflows. 
There is only one river outflow – the Kortówka River 
– a tributary of the Łyna River, which is located in 
the southeastern part of the reservoir. The amount of 
water flowing out of the lake is regulated by a weir 
that enables the removal of hypolimnion water by 
a pipeline installed in the southern part of the lake 
(Lake Kortowskie has been restored by the method 
of removal of nutrient-rich hypolimnion water to 
impede progressing eutrophication of the reservoir). 
The northern part of the lake is separated from the 
southern one (by shallows of a depth of 6 m) and is 
not directly influenced by pipeline activity similarly to 
the water layer from 0 to 6 m depth in the entire lake. 

Methods

Studies of phytoplankton were carried out at 
two sites located in two local basins: in the southern 
(S site) and northern (N site) part of the lake in the 
water layer from 0 to 5 m depth. Phytoplankton anal-
yses began in 1987, during spring mixing, and were 
finished in 1991 during winter water stagnation; the 
next studies lasted from spring 1999 to winter 2000. 
The frequency of sampling depended on the season. 
Samples were taken three times during summer peri-
ods, and two times in spring, autumn and winter pe-
riods. Preliminary qualitative phytoplankton analysis 
was conducted on living organisms collected with a 
plankton net. Fundamental qualitative and quantita-
tive plankton analyses were carried out based on fixed 
samples obtained from a water column 0-5m (smaller 

than the depth of the layer that separates the two ba-
sins) and concentrated by the settling method. Quali-
tative analysis was performed according to Starmach 
(1989) using the drop method to calculate the number 
of individuals. Phytoplankton biomass was calcu-
lated based on cell volume measurements (Heusden 
1972; Starmach 1989). Qualitative and quantitative 
phytoplankton analyses were performed using the 
following microscope magnifications: 1.25×10×40 or 
1.25×10×100.

Statistical characteristics of results included 
minimal values (min.), maximal values (max.), mean 
values (x) and standard deviation (SD). Normality was 
assessed with the Shapiro-Wilks test. The significance 
of differences in mean phytoplankton biomass record-
ed at particular sites and phenological seasons were 
tested using the Mann-Whitney test or Kruskal-Wallis 
test. The similarity of algal associations in the succes-
sive phenological seasons was measured by a hierar-
chical classification of cluster analysis. 

Results

Phytoplankton in Lake Kortowskie showed rel-
atively similar seasonal dynamics at the studied sites 
(p>0.001, during the whole period of the study). In 
general, phytoplankton of Lake Kortowskie showed 
highly significant diversity of total biomass in partic-
ular seasons (spring seasons: H = 32.6; p<0.001; sum-
mer seasons: H = 88.4; p<0.001; autumn seasons: H = 
84.5; p<0.001; winter seasons: H = 79.1; p<0.001).

In spring biomass ranged from 5.5 mg dm–3 
to 17.2 mg dm–3, while the mean values from 9.3 mg 
dm–3 (SD ±1.5) to 11.1 mg dm-3 (SD ±3.9) in 1987-
1991. In spring 1999 algal biovolume reached a max-
imum of 21.7 mg dm–3 and the mean value rose to 
16.7 mg dm–3 (SD ±4.2). Bacillariophyceae were the 
group that dominated in the spring season. However, 
their maximal biomass was gradually declining from 
12.0 to 5.7 mg dm–3 in the years 1987-1990, and con-
sequently, their contribution to the total algal biomass 
decreased from 71.2 to 60.6%. In the year 1999/2000, 
the share of Bacillariophyceae in the total algal biovol-
ume dropped to 45.6%. It is noteworthy that in that 
year, the dominant species typical of the spring season 
like Asterionella formosa Hass. and Stephanodiscus ro-
tula (Kütz.) Hend., were replaced by Cyanoprokaryota 
earlier. The biomass of Chlorophyta in the spring sea-
son did not exceed 2.8 mg dm–3. A drop was recorded 
in the share of that algal group from 16.5 to 12.5% in 
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the years 1987-1990 and even to 8.7% in 1999,whereas 
Cyanoprokaryota biomass was successively increasing 
from 1.4 to 2.7 mg dm–3 in 1987-1990 and reached 8.9 
mg dm–3 in 1999. During that period of time, that al-
gal group constituted, respectively, 10-25% and 41% of 
the total phytoplankton biomass (Fig. 1, Fig. 5). 

In autumn, phytoplankton biomass in the first 
three years of the study reached, on average, 5.6 mg 
dm–3 (SD ±1.6). It increased to 8.6 mg dm–3 (SD ±1.2) 
in the limnological year 1990/1991, and reached 18.2 
mg dm–3 (SD ±3.1) in the year 1999/2000. In that sea-
son of the year the biovolume was mainly formed by 
Bacillariophyceae. The dominant species were the dia-
toms Asterionella formosa Hass. and Aulacosiera islan-
dia (O. Müll.) Sim. However, the share of those algae 
gradually decreased from 72 to 56% in the years 1987-
1991 and to 21% in 1999/2000. At the time, the pro-
portion of Cyanoprokaryota in the total phytoplank-
ton biomass reached 68% (Fig. 3, Fig. 5).

Fig. 1. Dynamics of spring phytoplankton biomass in the epilim-
nion of Lake Kortowskie in the years 1987-1991 and 1999-2000

In summer in the years 1987-1990 phytoplank-
ton biovolume varied in narrow limits, on average, 
from 12.0 mg dm–3 (SD ±2.9) to 12.8 mg dm–3 (SD 
±1.7) and did not exceed 18.1 mg dm–3. In the lim-
nological year 1999/2000, the growth was observed of 
the mean summer biovolume up to 28.8 mg dm–3 (SD 
±5.3), while the maximal recorded value achieved 36.7 
mg dm–3. The species that developed in early summer 
were representatives of Chlorophyta: Pandorina mo-
rum (O.F. Müll.) Bory or Eudorina elegans Ehr. and 
Pediastrum sp. During summer peaks, growth was 
recorded of Cyanoprokaryota: Microcystis aeruginosa 
(Kütz.) Kütz., Anabaena spiroides Kleb., and later also 
Anabaena flos-aqae (L.) Ralfs. The contribution of 
Chlorophyta to the total biomass decreased from 44.4 
to 23.7%, while the share of blue-green algae in the 
community increased from 40.4 to 47.7% in the years 
1987-1991. Distinct domination of Cyanoprokaryota 
was recorded in summer 1999. Then, Aphanizomenon 
flos-aqae (L.)Ralfs prevailed with co-dominance of fil-
amentous blue-green algae. Cyanoprokaryota consti-
tuted about 73.3% of the total phytoplankton biomass. 
The share of Chlorophyta dropped to 14.7% and of 
Bacillariophyceae to 4.6% (Fig. 2, Fig. 5).

Fig. 2. Dynamics of summer phytoplankton biomass in the epilim-
nion of Lake Kortowskie in the years 1987-1991 and 1999-2000

Fig. 3. Dynamics of autumn phytoplankton biomass in the epilim-
nion of Lake Kortowskie in the years 1987-1991 and 1999-2000
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Winter phytoplankton biomass was relatively 
low (> 5 mg dm–3). During that season, the share of 
Bacillariophyceae in the total algal biovolume de-
creased from 75.3 to 56.6%, whereas the proportion 
of Cyanoprokaryota increased from 8.5 to 36.9%. 
The biomass of the latter algal group depended on 
the growth of Limnthorix planctonica (Wolosz.) Meff., 
Limnothrix redeckei (Van Goor) Meff. and Planktothrix 
agardhii (Gom.) as well as other filamentous blue-
green algae and was supported by the relatively low 
proportion of Pediastrum (Fig. 4, Fig. 5).

It was recorded that the quantitative structure 
of phytoplankton which developed in spring and au-
tumn in the years 1987-1991 demonstrated high simi-
larity. A high rate of similarity was also recorded in 
the case of the winter communities during the entire 
period of the study,whereas summer plankton under-
went gradual structural changes, which resulted in in-
creasing dissimilarity of the community in subsequent 
years. A particularly distinct phytoplankton quanti-
tative structure was recorded in summer 1999. Also 
spring and autumn communities in that year were not 
similar to those observed in the respective seasons in 
the preceding years (Fig. 6). 

Fig. 6. Similarity of quantitative structure of phytoplankton in 
Lake Kortowskie in the phenological seasons of the years 1987-
1991 and 1999-2000 (W – spring, L – summer, J – autumn, Z – 
winter)

Fig. 4. Dynamics of winter phytoplankton biomass in the epilim-
nion of Lake Kortowskie in the years 1987-1991 and 1999-2000

Fig. 5. Share of particular systematic groups in the biomass of phytoplankton in Lake Kortowskie in the years 1987-1991 and 1999-2000
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Discussion

Phytoplankton succession in eutrophic, tempo-
ral lakes exhibit a specific pattern regarding taxonom-
ic structure and biomass: a spring peak of small-size 
phytoplankton species and summer domination of 
large-size organisms resistant to consumers pressure. 
Both peaks are separated by a winter minimum that is 
determined by limited light conditions and by early 
summer inhibition of algae growth, called the clear 
water phase (Sommer et al. 1986; Gawler et al.1988; 
Lair and Ayadi 1989; Wirtz and Eckhardt 1996). Re-
currence of the succession pattern in subsequent lim-
nological years depended on ambient physical factors, 
nutrient concentrations and biotic interactions 
(Munawar et al. 1988; Reynolds 1988, 2000; Talling 
1993; Tallberg et al. 1999; Anneville et al. 2002; Rey-
nolds et al. 2002). Annual phytoplankton seasonal suc-
cession in Lake Kortowskie followed a recurrent pat-
tern consistent with that typical of eutrophic lakes of 
the temperate zone, though slightly modified. The tim-
ing of phytoplankton development during the year 
underwent some changes. The development of spring 
phytoplankton biocenosis is to a great extent deter-
mined by abiotic factors, and in spring, plankton suc-
cession always has an allogenic character. The struc-
ture and dynamics of phytoplankton are influenced by 
water mixing in a reservoir, intensity of light radiation, 
and increasing water temperature, resources of silica 
and availability of nutrients (N, P) activated during 
spring mixing. According to Tuji (2000), the light in-
tensity and the length of the day have a decisive im-
pact on the successional strategy of phytoplankton in 
spring. Krivtsov et al. (2000) claim that silica plays an 
important role then, while Talling (1993) stresses that 
the intensity of phytoplankton development during 
this season mainly depends on phosphorus and nitro-
gen resources. Bleiker and Schanz (1989) proved that 
spring turnover regulate all processes acting during 
this process. In Lake Kortowskie, high availability of 
nutrients and increased light conditions in spring 
stimulated fast growth of species representing Bacil-
lariophyceae, among which dominated: Asterionella 
formosa Hass., Fragilaria crotonensis Kitt. and Fragi-
laria capucina Des., and also, in the final period of this 
study, Aulacoseira granulata (Ehr.) Sim., Aulacoseira 
islandica (O.Müll.) Sim. and Stephanodiscus rotula 
(Kütz.) Hend. In the successive years of the period 
1987-1990, the spring peak of phytoplankton develop-
ment became gradually lower and finally, in 1990/1991 

the intensity of phytoplankton growth was higher in 
summer than in spring. This tendency was also ob-
served in 1999/2000. The decline in the growth of 
diatoms,which manifests itself as their increased sedi-
mentation, often takes place after a sudden increase in 
water temperature and the onset of summer stratifica-
tion (Talling 1993; Tuji 2000). This usually coincides 
with silica-depletion (Krivtsov et al. 2000), more sel-
dom with nitrogen or phosphorus depletion, and is 
often accompanied by unsteady relations between the 
development of phytoplankton and the abundance or 
structure of zooplankton. The decrease in the plank-
ton growth rate in spring may be deepened by algal 
death due to zooplankton grazing (Elser et al. 1987) as 
well as by expansion of species better adapted for var-
ying environment conditions (Giraudet et al. 1997). 
According to Burgi et al. (1999), variations in phyto-
plankton biomass caused by intensive zooplankton 
grazing in late May and early June and algae redevel-
opment after that period may depend on the trophic 
state of the reservoir. It is often observed that herbivo-
rous zooplankton become food-limited due to the 
growth of non-edible forms of algae. If herbivorous 
forms (mainly large-bodied Cladocera) are not nu-
merous and the grazing upon phytoplankton is limit-
ed, diatoms are usually replaced by blue-green algae 
which are better adapted for unfavourable environ-
ment conditions (Shapiro 1990). In Lake Kortowskie, 
increased water temperature in spring and subsequent 
early onset of summer stratification limited the occur-
rence of diatoms but, on the other hand, favoured 
blue-green algae growth. The range of tolerance to 
temperature and related tolerance to light radiation 
and energy demand mean that blue-green algae can 
successfully compete with other phytoplankton 
groups (Dauta et al. 1990). Moreover, when in the bio-
cenosis, algae vulnerable to sedimentation, like dia-
toms, are replaced by taxa capable of vertical migra-
tion in the water body, i.e. blue-green algae with gas 
vacuoles, the cells’ sedimentation rate becomes signifi-
cantly limited and, consequently, the turnover of nu-
trients in the epilimnion is considerably longer (Kle-
mer et al. 1982; Lafforgue 1995). The ability to regulate 
buoyancy is an important feature that allows blue-
green algae to be suspended in the trophogenic layer 
as well as to occupy the most favourable depth (Ganf 
and Oliver 1982; Humphries and Lyne 1988). Coloni-
zation of a particular water layer is related to limited 
vertical mixing and thermal stratification, light range 
as well as composition and abundance of the phyto-
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plankton community. Furthermore, progressing food 
limitation and increasing importance of competition 
mechanisms shaping the structure of the phytoplank-
ton community are observed. In eutrophic lakes, in 
summer, zooplankton may suffer from strong food 
limitation as during this season phytoplankton is of-
ten composed of non-edible forms. As a consequence, 
a large proportion of primary production cannot be 
utilized by herbivorous organisms. Due to low vulner-
ability to grazing (Elser et al. 1987; Kurmayer and Jut-
ter 1999; Hambright et al. 2001), blue-green algae may 
be an important source of organic carbon in the envi-
ronment supporting the functioning of the detrital 
loop. Such a trophic pattern is typical of a highly eu-
trophic environment (Currie 1990; Del Giorgio and 
Peters 1994; Carpenter et al. 1997) and probably oc-
curred in Lake Kortowskie, where intensive blue-
green algae development was already observed in 
spring and lasted until late autumn with the peak in 
late August and early September. The shift in the tim-
ing of the phytoplankton peak from summer to late 
summer may indicate high nutrient availability in the 
reservoir and late autumn mixing, which was con-
firmed by the results of the studies of physico-chemi-
cal water properties of Lake Kortowskie (Dunalska 
2002; Mientki and Dunalska 2001; Wiśniewski and 
Mientki 2002). High stability of summer thermal 
stratification supports autogenic succession of phyto-
plankton. Succession mechanisms are based on the 
activity of organisms that modifies the environment 
in a way which is unfavourable for them, which, in 
turn, may lead to a decrease in their competitive abil-
ity. These organisms can be replaced by other taxa, 
better adapted for newly established environment 
conditions. In Lake Kortowskie, the species typical of 
the spring season were Chlorophyta: a predominance 
of Pandorina morum (O.F. Müll.) Bory, and at the end 
of the study also Phacotus lenticularis (Her.) Stein., 
species of the Pediastrum genus, Pediastrum boryanum 
(Tur.) Men. in particular, which were always co-domi-
nating taxa, and sometimes Coelastrum microporum 
Näg. A.Braun. The aforementioned early summer spe-
cies underwent increasing selection (Ganf and Oliver 
1982), contrary to blue-green algae species whose fast 
reaction to changing environment conditions and ef-
ficient mechanisms responsible for adaptation proba-
bly favoured their growth and enhanced their domi-
nation in the biocenosis (Keating 1977; Pick and Lean 
1987; Lathrop 1988; Shapiro 1990; Brooks et al. 1999). 
The species that dominated were Microcystis aerugi-

nosa (Kütz.) Kütz. and Anabaena spiroides Kleb. or 
Anabaena flos-aqae (Lyng.) Breb., which at the begin-
ning prevailed periodically, but later their massive de-
velopment was permanent, especially the following 
species: Aphanizomenon flos-aqae (L.)Ralfs. Woroni-
chinia naegeliana (Unger) Elen., Limnothrix planctoni-
ca (Wolosz.) Meff. and Limnothrix redeckei (VanGoor) 
Meff. The blue-green algae mentioned above were 
constant components of the summer plankton com-
munity, whose occurrence was prolonged until early 
autumn. The duration of their development became 
from year to year successively longer and finally in 
1999/2000 blue-green algae prevailed in the reservoir 
as early as in May and stayed in the position of domi-
nance until October. The diatoms replacing the blue-
green algae in autumn had year after year a shorter 
time to reach the peak during this season. As a conse-
quence, the autumnal breakdown of summer species’ 
dominance was weaker in subsequent years. The im-
pact of a set of environmental factors also supported 
the dominance of blue-green algae (Mientki and 
Dunalska 2001; Dunalska 2002; Wiśniewski and 
Mientki 2002). The pace of successional shifts also de-
pended on hydrological factors (Mientki and Teodor-
owicz 1996). Progressing changes in the hydrological 
balance of Lake Kortowskie could affect the taxonom-
ic structure and the intensity of phytoplankton devel-
opment (Dunalska et al. 2001). The hydrological re-
gime that manifests itself by increased retention of 
epilimnion waters and reduced water level in the lake 
during summer may deepen the stagnation of epilim-
nion waters in warmer summer months, increase the 
accumulation of nutrients in this water layer and en-
hance the development of the algae typical of stagnant 
waters. Warmer spring and summer seasons, the oc-
currence of windless periods, and lack of ice cover, 
might also intensify shifts in taxonomic structure and 
phytoplankton growth rate affecting the pace of suc-
cessional changes in the epilimnion of Lake Kor-
towskie.

Conclusion

Long-term studies on seasonal changes of phy-
toplankton revealed that (in spite of the natural ability 
of the phytoplankton community to resist interannual 
variations as well as rapid changes within the annual 
cycle) there were shifts in algal taxonomic structure 
and progressing phytoplankton development in the 
epilimnion of Lake Kortowskie. The community of 
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blue-green algae limited the development and stability 
of other plankton groups, determined the earlier re-
gression of diatoms in spring and their weaker devel-
opment in autumn, and also succeeded in competition 
with the remaining phytoplankton taxa in summer. 
This process was identified as ecological successional 
changes, the pace of which was gradually increasing. 
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