
368 Anna Hillbricht-llkowska et al. 

5. THERMAL AND OXYGEN STRATIFICATION, PRIMARY 
PRODUCTIVITY, DECOMPOSITION RATE AND CHLOROPHYLL 

CONCENTRATION 
(Jan Igor Rybak) 

Thermal stratification typical of sum­
mer periods is formed in Lake Flosek al­
ready at the beginning or in middle of 
May and is most evident in June and July 
(Fig. 7). Difference in water temperature 
between the lake surface and depth at 5-6 

m reached about 10°C in summer 1991-

1992, and 8.5°C - in 1993. Thermocline 
occurs already at about 4 m (Fig. 7). I11 

Augt1st, the lake is more uniforinly 
111ixed: the bottom layers of water (5~ m) 
exl1ibit te1nperatures about l 7°C, while 

surface waters - 20-25°C (Fig. 7). Alike 
seaso11al pattern of temperatures was also 
found for the period 1966-1970 (Fig. 1 in 
H i I l b r i c h t - I 1 k ow s k a et al. 
1977): ther111ocline occurred at 3-4 m of 
depth, and summer stratification lasted 
fro1n May to tl1e end of July (ibid.). 
111 August, mixing of relatively warm wa­
ters took place, followed by gradual and 
tl1orough water cooling to a relatively 

t111iform temperature about 5°C in No­

vember, and 3°C in the freezing period 
(Fig. 7). Conti11uous and permanent ice 
cover ( of tl1ick11ess exceeding even 15-20 
cm) is present from the second half of 
December to the end of March or middle 
of April. 

The above ther111al regime of Lake 
Flosek occurred in nearly al I study years 
and exl1ibited features unusual for shal­
low, poly1nictic lakes where summer 
111ixing freque11tly occurs down to the 
bottom. Sl1arp stratification expressed by 

the temperature difference up to l 0°C be­
tween a few successive isobaths may per­
sist here over two and half months 
(mid-May - the end of July). Ice cover 
may also be present for more than three 
months. This results from the fact that the 
lake is sheltered by a high-growing forest 
(see: Photo 1) providing sufficient water 
stability during the periods of 1naximal 
and n1inimal air temperatures. 

Oxygen depth profile in Lake Flosek 
resembles that occurring in shallow lakes 
(Fig. 8). Usually, layers from the surface 
to 3-4 m (i.e. to thermocline) are satu­
rated with oxygen uniformly throughout a 
year, whereas deeper ones (to the bottom, 
i.e. to 5-6 m) - only at spring and autumn 
overturns. During the periods of summer 
stratification (1nid-May - tl1e end of Jt1ly) 
and winter freezing, oxygen concentra­
tion falls near the bottom (at 5 m) reach­
i11g about one to a few mg 1-1 (Fig. 8). 
Neither have been oxygen depleted nor 
hydrogen sulphide appeared near the bot­
tom. This has also been confirmed in the 
previous studies ( cf.: Fig. 2 in Hi 11-
b rich t-1 l k ow s k a et al. 1977). 
A characteristic feature of the lake com­
prised rapid and considerable shifts in 
oxygen concentratio11 at a depth of about 
4 m in summer of three consecutive 
years, namely 1991-1993 (Fi g. 8), as we 11 
as in the former years. Oxygen concentra­
tions were clearly higher there than above 
or below. Rapid, irregular shifts were also 
found for concentrations of other chemi-
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Fig. 7. Thermal stratification of Lake Flosek waters, in different seasons and years 
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Fig. 8. Oxygen concentration profiles in Lake Flosek waters in different seasons and years 
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cal compounds (cf.: Chapter 4), as well as 
for chlorophyll (see below). 

In 60-ties and 70-ties, i.e. at the time 
of liming and thereafter, observations of 
Secchi's disc transparency (SD) have not 
been made routineously. However, the 
lake has always displayed transparency of 
at least 2 m. This is suggeste~ by good 
visibility of bottom sediments at that 
depth. Systematic measurements made in 
1992-1993 revealed transparency up to 
3.5-4 m in spring-summer period, and 
lower ( 1.8-2.5 m) in autumn and winter 
(Fig. 9). The regularity is opposite to that 
common to non-humic, meso- and eutro­
phic lakes. The changes in water transpar­
ency observed in two consecutive years: 
1992 and 1993 correlated well with corre­
sponding shifts in chlorophyll a content 
i11 tl1e 0-3 m water layer (Fig. 9). SD val­
ues reaching 4 m in summer may only be 
found in deep mesotrophic lakes (Hill -
bric h t-1 l k ow s k a 1989, Zdanowski 
1992), as well as in lakes of I purity class 
(Ku de 1 s k a et al. 1983). High quality 
and transparency of the Lake Flosek 
water is accompanied by efficient trans­
mission of solar radiation - about 10% of 
light penetrates to a depth of 3.0-3.5 m 
(Rybak, unpublished data). 

A tentative comparison was made of 
monthly and yearly mean values of gross 
primary phytoplankton production be­
tween 1966-1974 (interpolated from Fig. 

6 and Table II in H i 11 bric h t - I I k -
ow s k a et al. 1977) and 1990-1992 (Ta­
ble 3). Measurements made occassionally , 

in the latter period (particularly in 1990 
and 1991) did not exhibit any clear long 
ter1n trends. Production estimates for 
summer of 1990-1992 were about 42-46 
kJ m-2 day- 1, and thus approximated the 
values found in 1974 (i.e. four years after 
liming) and 1966 (the control year pre­
ceding lake liming) (Table 3). Such higl1 
values were not found for summer of the 
liming year ( 1970) nor the three sub­
sequent years (1971-1973) (Table 3). It 
has been suggested (Hi 11 bric h t- I I k­
o w s k a et al. 1977) that the decrease in 
primary production of phytoplankton im­
mediately after the lime application may 
be attributed to "inorganic carbon starva­
tion" brought about by temporary immo­
bilisation of the carbon by calcium ions. 
In 1974, phytoplankton production in­
creased, especially in summer (Table 3). 
Presumably, production level from 1974, 
i.e. summer mean of 42-46 kJ m-2 day- 1, 

and annual mean value of about 29-33 kJ 
m-2 day- 1, could be maintained t1ntil 90-
ties. It should be emphasised that tl1ese 
values are very low and indicate low pro­
duction of phytoplankton in the lake. By 
comparison, annual mean production (ex­
cluding winter time) of deep, highly eu­
trophic Lake Mikolajskie amounted to 

2 2 251-553 kJ m- day-1 (per m of water 

------~ - - --------- ----r--r---r-----Y---_, o_ - 1 E -I - 2 --
oo 15 3 ~ 
:l. 4 

;:::::: I 0 ;>-. 
..c:: 
g- 5 
0 
~ -..c:: u 

F M A M J J A S O N F M A M J 1 A S 0 

1992 1993 

Fig. 9. Seasonal changes in water transparency (SD m) and chlorophyll a concentration (mean value 
for 0-4 m) in Lake Flosek in 1992 and 1993 year 
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colum11 to 0-6 m) in 1966-1972, and a 
correspo11ding value found for a large 
( -- I 00 km2

), eutrophic and polimictic 
Lake S11iardwy was about 200 kJ m-2 

day- 1 (in 1966) (Hi 11 bric h t- Ilk­
ow s k a 1989). Thus, primary productiv­
ity of pelagic zone of Lake Flosek, except 
a te1nporary decrease immediately after 
I in1ing, l1as been mai11tai11ed at the level 
by at least several times lower than tl1at 
fou11d for eutroph ic lakes. 

Primary production of plankton 
of Lake Flosek was high in winter (in 
February, under ice cover) (Table 3) 
reacl1ing about 42 kJ m-2 day-1, i.e. level 
si1nilar to that of summer period. Caution 
is l1owever recommended as ice cover 
presence in February and measurement 

procedure (in air-hole) with consequent 
short-lasting light penetration might have 
lead to overestimation of the value. Nev­
ertheless, the result indicates high poten­
tial for winter photosynthetic productivity 
of the lake, and the values correlate well 
with chlorophyll a content reaching as 
much as 15 µg 1-1 in that period (Fig. 9). 

It has been found (H i l I b r i c h t -
I I k ow s k a et al. 1977) that liming of 
the lake (1970) favoured organic matter 
decomposition, i.e. mean daily oxygen 
uptake in water column 0--4 m (Table 4). 
The rate of decomposition was over two 
times higher than the rate of organic mat­
ter production. In the years after liming 
( to 197 4 ), the rate of organic matter de­
composition was on average slightly 

~fable 3. Gross pri1nary production of phytoplankton in kJ m-2 day-1 (0-4 m) in Lake Flosek in 
different months and years 

Month 19661) 19701) 1971 I ) 1972 I) 1973 l) 1974)l 1990 1991 1992 
ltm1ng 

Febr 43 .9 

April 8.4 20 .9 18 . 8 29.3 14. 7 

t\.1ay 75 4 I 0.5 33 .5 18.8 20.9 23 .4 

.lune 29.3 6.3 16 . 7 20.9 33 .5 35 .6 23 .4 33 . 9 22 .2 

July 20.9 12 .6 16. 7 18 . 8 27.2 67.0 46.9 

Aug 4 I. 9 I 0.5 16. 7 16. 7 20.9 50.2 45 6 38. 1 

Sept. 46.0 12.6 12.6 14 . 7 12 .6 27.2 

Oct. 29.3 12 .6 12.6 8.4 16. 7 19 .3 

Nov. 12.6 8.4 6.3 5.9 

Average 33 9 I I . 3 13 .4 17.6 J 8.4 36.4 29.3 29.3 24. 12> 

1 
> cf Fig. 6 and Table II in H i I I b r I c h t - I I ko w s k a et al. 1977 

'.!) \Vt thout data for February 

Table 4. A \1erage (May-Oct.) rate of organic matter decomposition ( daily oxygen use in 0-4 m layer) 
in kJ m-2 day-1 and in% of primary production (cf. Table 3) 

1966 I ) 1970 I) 1971 I) 1972 I) 1973 I ) 1974 l ) 1990 2) 1991 1992 

kJ n1 2 day- 1 21 .8 28 . 9 23 .4 24.7 20.5 38 .9 18 .0 56 .9 41 9 

% 64 258 174 140 1 1 3 106 62 194 170 

1 
> cf ·rable 11 in Hi 11 bric h t-11 kows ka et al. 1977 

2 
> 3 measurements 1n the period June-October 
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l1igher (by 6-40%) than photosynthetic 
production (Table 4). Unlike, in the con­
trol year (1966) the decomposition rate 
was merely higher than half of organic 
matter production in the plankton (Table 
4). A hypothesis has been drawn (Hi l I -
b r i c h t - I l k o w s k a et al. 1977) that 
acidity neutralisation following liming 
enl1a11ced decomposition of organic mat­
ter accumulated in the lake, and thereby 
of heterotrophic use of organic matter be­
ca1ne greater than in situ production. 
Such a situation seems to have been 
maintained over subsequent years, which 
is supported by the decomposition rate 
esti1nates nearly twice as high as those of 
production in the period 1991-1992 (ex­
clt1di11g i11co1nplete data from 1990) (Ta­
ble 4). The enha11ced decomposition of 
organic matter measured by e.g. the rate 
of oxygen uptake by sediments and sus­
pe11ded matter, abundance of heterotro­
phic bacteria or by other methods is, 
according to 0lem's review (1991), a 
co1111non phenomenon in limed lakes, al­
tl1ougl1 duration a11d scale of the effect 
111ay vary depending on e.g. pH altera­
tio11s. Majority examples quoted by 
0 I em (1991) related to pH shifts of 
about 2- 3 units. This is supported by 
Tranvik et al. (1994), who have not 
fot111d a11y significant changes in het­
erotrophic decomposition over pH range 
of 5.5-6.9. 

Cl1lorophyll a content of the Lake 
Flosek v.:ater did not exceed 15 µg 1- 1 

(a mean for 0-4 m layer) (Fig 9). Such 
l1igh values were found for e.g. winter 
(February) 1992 and for summer period 
of 1993 (Fig. 10). Similar values were 
11oted i11 1973, 1974, i.e. 3-4 years after 
I imi11g, when cl1lorophyll a measurements 
l1as begun (Hi 11 bric h t- I I k ow s k a et 
al. 1977). It sl1ould be noticed tl1at chlo­
ropl1yll a content was as a rule lower at 
the st1rface (0-1 m) than above the bot-

tom where it reached the values 15-25 µg 
1- 1 (Fig. 10). According to trophic classi­
fications of lakes (H i 11 b r i c h t - I l k -
ow s k a 1989), the average value found 

in Lake Flosek (,_, 5 µgl- 1) is a very low, 
it locates Lake Flosek among mesotro­
phic lakes or lakes of I purity class 
(Ku de Is k a et al. 1983). Chlorophyll a 
concentrations measured at a depth of 
4-5 m were sometimes much higher than 
those at the surface (Fig. 10). This re­
flects abrupt vertical shifts in otl1er com­
pounds in deeper layers of the lake ( see: 
Chapter 4). 

Both the short and long term altera­
tions in primary production of phyto­
plankton in Lake Flosek generally 
resemble those frequently noticed after 
lake liming (0 I em 1991 ). There are re­
ports of temporary decreases in produc­
tion due to lowered concentration of 
inorganic carbon as captured by calcium 
ions, due to environmental shock (J a r v -
i 11 en et al. 1995) killing algal cells, as 
well as rapid increases i11 production usu­
ally attributed to reduced Al-toxicity, in­
creased phosphorus availability a11d 
overall enhanced orga11ic matter decom­
position and nutrient rege11eration 
(0 I e m 1991 ). Although n1anifold a11d 
often controversial, the modifications are 
the stronger, tl1e more disti11ct the pH 
shifts are (B u k ave ck as 1988, He 11 -
r i c k s e n 1989). Sometimes tl1e trans­
formations are, however, temporary and 
short-lasting. Generally, functional prop­
erties of planktonic producer co1nmt111i­
ties (measured by the rate of production 
or chlorophyll a content), and even 
biomass, seem to be less variable than 
their structural features tinder conditions 
of moderate pH cl1anges (M o r I i n g 
and W i I I e n 1990, S c h i n d l e r et al. 
1991, H a v e n s I 992a, b). 
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Fig. 10. Chlorophy 11 a concentration in surface (1) and bottom ( 4 m) (2) water layers in Lake Flosek 
in different seasons and years 


