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VARIABILITY OF OXYGEN-THERMAL CONDITIONS  
IN SELECTED LAKES IN POLAND  

ZMIENNO ŚĆ WARUNKÓW TLENOWO-TERMICZNYCH  
WYBRANYCH JEZIOR W POLSCE 

Abstract:  Dissolved oxygen in water (DO) is one of the primary parameters determining its quality. It remains in 
close relation to water temperature. The article presents results of DO and water temperature measurements 
performed for five stratified lakes in Poland in the years 2007-2014. The measurements were performed with 
monthly frequency in the summer half-year (May-October) in the deepest place of each of the lakes. The 
compared data show the complex character of the course of both of the parameters. The analysis of depth profiles 
revealed the prevalence of a decreasing tendency, or no tendency was recorded - both in the case of DO and water 
temperature. Due to the incoherent character of the water in the case of stratified lakes, a more detailed 
comparison was performed, referring to changes occurring in zones developed during summer stratification. It was 
determined that the temperature of the epilimnion was directly dependent on air temperature, and in all cases it 
showed an increasing tendency. Simultaneously, along with an increase in temperature, in the majority of cases, 
DO concentration in the zone decreased. In reference to the waters of the hypolimnion, increasing, decreasing, and 
no tendencies were recorded. The above distribution is determined by individual factors of the lakes - 
morphometry, trophic status, groundwater alimentation, etc. Several years of measurements of DO and water 
temperature in depth profiles of several lakes in Poland constitute valuable information on the current 
transformations of the environment of this part of Europe. In the future, the information can provide the basis for 
long-term analyses over the next decades, enriching global knowledge on those parameters of key importance for 
water ecosystems. 
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Introduction 

Oxygen is the most important gas in waters. Its presence determines not only the life 
functions of plants and animals, but also the general circulation of organic and inorganic 
matter. Dissolved oxygen in water (DO - dissolved oxygen) is one of the primary 
parameters determining its quality [1]. In lakes, oxygen is used among others for the 
mineralisation of organic matter. Therefore, in situations of a high trophic status of lakes, 
its deficits may occur. The content of DO influences the conditions of circulation of carbon, 
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nitrogen, phosphorus, iron, and manganese in the water mass [2]. DO remains in close 
relations to water temperature - its solubility decreases with temperature increase. In 
extreme cases, in the summer period, oxygen deficits may cause so-called oxygen squeeze, 
ie dying of aerobic organisms. DO and water temperature are important in the 
implementation of the Framework Water Directive aimed at the improvement and 
maintenance of the quality of European waters [3]. The concentration and distribution of 
oxygen in lakes depends on a number of factors, related among others to the trophic status 
and water pollution, morphometry, climatic conditions, intensity of biological processes, 
etc. The observed climatic changes, and particularly successive increase in air temperature, 
have consequences in the functioning of lake ecosystems. Numerous papers from many 
regions of the world show the correlation of warming with the course of physical and 
chemical [4, 5] and biological processes [6-8] in lakes. Also in the case of lakes in Poland, 
a considerable effect of climate changes on their functioning was recorded [9-11].  
In reference to changes in water temperatures in lakes, i.e. one of its basic parameters,  
a need exists to expand systematic observations of deeper sectors of lakes - particularly in 
the context of a larger group of objects for the purpose of a more complete understanding of 
the occurring thermal changes in the lakes of Central Europe. The gap can be successively 
filled by observations conducted over the last several years by the Institute of Meteorology 
and Water Management - State Research Institute (IMGW-PIB). 

The objective of the paper is to analyse changes in oxygen-thermal conditions of five 
lakes located in various parts of northern Poland in the years 2007-2014, and to identify 
tendencies and correlations occurring between water temperature and oxygenation and 
meteorological conditions and morphometric parameters of lakes. 

Research methods 

The paper employed data concerning DO [mgO2 · dm–3]  and water temperature T [°C] 
measurements for five lakes in northern Poland (Fig. 1). Their morphometric characteristics 
are presented in Table 1. 

 

 
Fig. 1. Location of study objects: 1 - Bachotek, 2 - Dadaj, 3 - Nieslysz, 4 - Powidzkie,  

5 - Slawianowskie. Meteorological stations: A - Torun, B - Olsztyn, C - Zielona Gora,  
D - Powidz, E - Pila, Dotted line - maximum range of the last glaciation 
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Table 1 
Morphometric data of the studied lakes 

No Lake 
Area 
[ha] 

Volume 
[106 m3] 

Depth 
max [m] 

Depth 
mean [m] 

1 Bachotek 215.0 15.3 24.3 7.2 
2 Dadaj 975.0 120.7 39.8 12.0 
3 Nieslysz 526.0 34.4 34.7 6.9 
4 Powidzkie 1,097.5 134.7 46.0 11.5 
5 Slawianowskie 269.0 18.3 15.0 6.6 

 
DO and water temperature measurements performed in the years 2007-2014 were 

performed in the warm half-year, i.e. from May to October - each time in each of the 
months (210 times in total). The measurements were performed every 1 m in the deepest 
place of each of the lakes. This permitted obtaining very detailed data concerning the 
distribution of both of the parameters (for example for Lake Bachotek in the analysed 
multiannual, 2016 records were taken). The measurements were performed by means of 
YSI Professional and YSI ProOdo sondes. 

In the case of Poland, the majority of lakes are located in its northern part. This has to 
do with the range of the last glaciation. Lakes considered in the paper are also located 
within the range (Fig. 1). Moreover, the paper employed information concerning air 
temperature (www.tutiempo.com) for a given month in which measurements were 
performed in the lakes. The location of meteorological stations is also presented  
in Figure 1. 

All of the analyses and statistical calculations were performed in computing 
environment R version 3.3.1 (2016-06-21). If not specified otherwise, results of all 
significance tests are evaluated in comparison to the customarily adopted level of  
α = 0.05. The analysis of trends related to the development of mean annual temperatures 
and oxygen content applied a Mann-Kendall test for a time series determined by the  
Yue-Pilon method. This permitted the elimination of potential disturbances related to the 
autocorrelation of time series. The slope of the regression line was determined by means of 
a Theil-Sen resistant estimator [12]. Implementation of the techniques available in zyp 
package for R environment was applied [13]. Box-plots were applied for comparisons 
between groups. 

Results and discussion 

The analysis of changes in oxygen-thermal conditions discussed in the paper was 
conducted twofold. At the first stage, the distribution of DO and water temperature was 
analysed for particular months of the summer half-year. In the second approach, changes 
concerning both of the characteristics in the years 2007-2014 were determined. 

Based on the performed analyses, the mean highest concentration of DO in water (as 
the mean from the entire profile in the analysed multiannual) was recorded in Lake 
Powidzkie 6.1 mg O2 · dm–3, and the lowest in Lake Bachotek - 3.0 mg O2 · dm–3. In the 
monthly distribution, the highest DO value was recorded in May 2011 for Lake Powidzkie: 
11.8 mg O2 · dm–3, and the lowest in August for Lake Dadaj: 1.2 mg O2 · dm–3. The highest 
variability of DO for the same months in the analysed period was recorded for October for 
Lake Dadaj - the difference amounted to 6.3 mg O2 · dm–3. 

 



Mariusz Ptak and Bogumił Nowak 

 

642 

 
Fig. 2. The course of oxygen concentration and water temperature of the analysed lakes (mean monthly 

values and means for the entire analysed period) in the years 2007-2014, DO - dissolved oxygen 
[mgO2 · dm–3], T - temperature [°C] 

The highest water temperature occurred in Lake Slawianowskie 14.0°C and the lowest 
in Lakes Dadaj and Nieslysz: 8.9°C. In the monthly cycle, the highest value was recorded 
for Lake Slawianowskie, in August 2007 amounting to 16.9°C. The lowest mean monthly 
temperature was recorded in May 2013 for Lake Nieslysz - it amounted to 6.8°C. The 
highest variability of water temperature for the same months in the analysed period was 
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also recorded in October. The difference between the highest and lowest mean from the 
month amounted to 4.7°C. It was determined for Lake Slawianowskie. 

All of the lakes are dimictic, i.e. double mixing of the entire water mass occurs in them 
over a year: in spring, followed by the development of stratification lasting until autumn, 
when the entire cycle of mixing of the water mass is repeated. The comparison of 
measurements of the concentration of oxygen dissolved in water as well as water 
temperature in particular lakes is presented in Figure 2, and their distribution in Figure 3. 

 

 
Fig. 3. Distribution of temperature and dissolved oxygen values. The thresholds of the box are 

designated by 1st and 3rd quartile, and the middle bar - the median. Whiskers designate thresholds 
±1.5 IQR (difference between 1st and 3rd quartile) from the bottom and top of the box, or stop at 
the maximum/minimum observation. Observations exceeding thresholds designated by whiskers 
are marked with single points (outlier in relation to the entire distribution) 

Curves of the DO distribution in the majority of the analysed lakes take form of  
a clinograde, where the concentration of dissolved oxygen decreases with depth. A different 
situation was only observed in the case of DO distribution in May and June in Lake 
Powidzkie. In May, the curve is approximate to a positive heterograde (where the 
maximum oxygen content occurs in the metalimnion as a result of wave action and 
movement of oxygen from the epilimnion), and in June the curve takes form approximate to 
an ortograde (no gradient). 

The analysed lakes are distinguished by considerable oxygen deficit. The mean values 
obtained from measurement profiles suggest that the oxygen deficit varies from 48% (Lake 
Powidzkie) to 70% (Lake Bachotek). Among all of the analysed months, the lowest oxygen 
deficits were recorded in May - the lowest value was recorded in the case of Lake 
Powidzkie - 14.5%. The highest deficits occurred in August - the highest value was 
recorded for Lake Dadaj, and amounted to 81.4%. 

Tendencies of changes in DO in water and water temperature are presented in Figure 4. 
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Fig. 4. Tendencies of changes in water temperatures and DO in lakes in the years 2007-2014 in the entire 

profile 

Figure 4 shows that the course of both of the characteristics was not variable in 
reference to all of the analysed lakes. In the case of water temperature, a decreasing 
tendency was prevalent (although it was not statistically significant for any of the analysed 
lakes), as well as lack of any tendency. Similar results were obtained for changes in DO - 
decreasing tendencies prevailed (at no statistical significance), as well as lack of any trend. 

The characteristic feature of the analysed lakes is the development of stratification, 
correlated with water temperature and the related density. In the period of summer 
stratification, the DO concentration reflects the course of metabolic processes the best. The 
thickness of particular zones during stratification was determined as mean temperature in 
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July and August for the entire study period. This provided the basis for the determination of 
the range of the epi-, meta (thermocline)-, and hypolimnion, and determination of 
tendencies of changes in water temperature and DO in the zones (Fig. 5). Moreover, Figure 
5 includes the course of the mean air temperature in July and August for meteorological 
stations the location of which is presented in Figure 1. The trend analysis is presented  
in Table 2. 

 

 
Fig. 5. Changes in water temperature and oxygen concentration in particular zones of the analysed lakes 

during summer stratification (July-August) in the years 2007-2014 

Similarly as in the case of tendencies of changes in water temperature and DO in the 
entire profile, also in reference to layers developed during summer stratification, 
differentiation of particular lakes is observed. In the case of temperature in the epilimnion, 
data from the years 2007-2014 suggest the prevalence of increasing tendency. The system 
generally refers to the distribution of air temperature, and the observed deviations result 
among others from higher thermal stability of water. In reference to the metalimnion,  
a decreasing tendency was prevalent - three of five lakes showed such a tendency.  
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The observed trends were statistically significant only in the case of Lake Nieslysz (Table 
2). The temperature of the waters of the hypolimnion in three cases showed no tendency, 
and in two cases the tendency was negative, although not statistically significant. 

 
Table 2 

Trend analysis (N = 8) concerning mean air and water temperatures (in three layers) and DO in the period of 
summer stratification in the years from 2007 to 2014 

Lake Layer 
T [°C] DO [mg O2 · dm–3] 

Tilt  a regression 
line p 

Tilt  a regression 
line p 

Bachotek 

Air 0.080 0.368   
Epilimion 0.274 0.764 –0.142 1.000 

Metalimnion 0.063 0.548 –0.035 0.548 
Hypolimion –0.016 0.764 –0.032 0.133 

Dadaj 

Air 0.060 0.368   
Epilimion 0.156 1.000 –0.287 0.072 

Metalimnion –0.175 0.548 –0.016 1.000 
Hypolimion –0.058 1.000 0.111 0.548 

Nieslysz 

Air –0.024 0.368   
Epilimion 0.238 0.072 –0.213 0.368 

Metalimnion –0.360 0.016 –0.157 0.764 
Hypolimion –0.084 1.000 0.080 0.368 

Powidzkie 

Air 0.146 0.133   
Epilimion 0.116 0.764 –0.180 0.035 

Metalimnion –0.727 0.548 –0.176 0.230 
Hypolimion –0.143 0.368 –0.163 0.230 

Slawianowskie 

Air 0.146 0.548   
Epilimion 0.135 0.230 –0.205 0.133 

Metalimnion –0.380 0.230 –0.345 0.133 
Hypolimion –0.140 0.368 0.001 1.000 

p - trend significance 
 
Changes in DO in the epilimnion zone showed a negative tendency in four cases. The 

observed trends were statistically significant only in the case of Lake Powidzkie (Table 2). 
Only in the case of Lake Bachotek no tendency was recorded. Lack of a decreasing 
tendency of DO at a simultaneous increase in water temperature can be caused by very 
intensive processes of photosynthesis. The layer of metalimnion showed a decrease in DO 
in three cases, and no tendency was recorded in the remaining two. The deepest zones of 
the lakes including the hypolimnion were also diversified in such terms - in two cases no 
tendency of changes was recorded, in two cases the tendency was increasing, and in one 
case - decreasing, although they were not statistically significant. 

The analysis of changes in oxygen-thermal conditions for five lakes in Poland, 
presented in the paper, shows the complexity of the issue. Changes in temperature 
dynamics of the surface water layers are directly dependent on climatic factors, and in the 
majority of analysed cases they showed an increasing tendency. Such a state is in 
accordance with the current studies concerning this zone of lakes. The analysis of 
approximately a dozen lakes in Poland in the years 1961-2010 showed that warming of the 
surface water layers in lakes is particularly evident in spring (April, May) and summer 
months (July, August), where e.g. in the case of Lake Lubie, in May an increase by 1.02°C 
per decade was recorded [14]. A similar situation was observed in the case of lakes 
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analysed in Estonia [15]. An increase in surface water temperature is also in accordance 
with that in other lakes in Europe [16-18] as well as in other regions of the world [19, 20]. 

A more complicated course concerns water temperature in deeper parts of lakes. The 
temperature of hypolimnion waters can be subject to both warming and cooling, and the 
changes depend on the morphometry and season of the year [18]. In the analysed cases, the 
temperature of the hypolimnion showed no tendency, or the tendency was decreasing. The 
results generally refer to earlier studies of the type in Poland [21]. This fact can be 
accounted for by groundwater alimentation, in the case of the analysed lakes requiring more 
detailed research in the future in order to verify the thesis.  

The observed climatic changes will have consequences in the functioning of lake 
ecosystems [22]. This statement can be referred both to biotic and abiotic aspects. The 
element combining both of the issues is the content of oxygen in water, showing a strong 
correlation with its temperature. 

In reference to DO, the highest differences in its vertical distribution occur in the 
period of summer thermal stratification, due to the isolation of the lower water masses. The 
developed thermocline layer constitutes a barrier for movement of oxygen between the  
epi- and hypolimnion [23]. A more rapid increase in water temperature will contribute to 
the accelerated development of summer stratification, and therefore to a longer term of 
using up oxygen (by living organisms and mineralisation processes) at a simultaneous lack 
of possibility of its supply to the deepest parts of the lakes. Factors responsible for the 
observed oxygen deficits are not solely related to natural processes in the form of climatic 
changes. An increase in human activity in the catchment and increasingly extensive 
adaptation of lakes for various economic purposes result in a successive change of their 
trophic status. Oxygen concentration over a period of several decades was disturbed as  
a result of anthropopressure. This contributed to strong eutrophication, causing increasingly 
frequently observed in many lakes algal blooms - using oxygen for breathing, which is then 
necessary for their decomposition [24]. The effect of anthropopressure can change the 
trophic status of lakes, even those resistant to degradation over a period of several years 
[25]. Lake sediments are a particular threat to lakes. In certain conditions, elements 
contained in the sediments can pollute the water depths [26]. Due to biogene compounds 
deposited in bottom sediments, even in the case of naturalisation of external sources of 
threats, the ecological state of a given lake does not always improve. An example of such  
a situation is Lake Goreckie (in the Wielkopolski National Park). Its trophic status is 
maintained on a high level [27]. In the case of exhausting oxygen resources in the 
hypolimnion, increased release of phosphorus compounds from bottom sediments is 
observed, followed by increased production of organic substance in the next season in the 
surface water layer [28]. Therefore, a frequently applied solution for reclamation of lakes is 
artificial aeration of near-bottom waters which as a result of oxygen supply is supposed to 
hinder secondary supply of biogenes to the water mass. Due to the morphometric variability 
and the related water mixing system, the lakes can respond in different ways to climatic 
factors in various regions [29] as well as in the same climatic zone [30]. The course of 
changes in oxygen in the analysed lakes in the deepest water layer turned out to be variable. 
As indicated above, it was dependent on not only climatic parameters (similar within the 
discussed area for all of the lakes), but also morphometric and local parameters (land use in 
the catchment). The differences declined in the situation of distribution of dissolved oxygen 
in the entire profile. 
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Research on water quality (in accordance to the assumptions of the Framework Water 
Directive) conducted in recent years by particular agendas of Provincial Inspectorates for 
Environmental Protection showed that three of the analysed lakes (Powidzkie, Nieslysz, 
and Dadaj) were distinguished by good (class II), and the two remaining ones 
(Slawianowskie and Bachotek) by moderate ecological status (class III). The worst 
ecological status was recorded for two lakes with the lowest maximum depth. The most 
unfavourable parameters in these terms are those of Lake Slawianowskie. Next to the 
lowest depth among the cases studied in the paper, it is also distinguished by a substantial 
contribution of agricultural land (more than 80%) in the direct catchment. 

Conclusions 

The distribution and changes in DO and temperature in thermal profiles presented in 
the paper suggest their complex course. In view of maintaining the current tendencies of 
climatic changes, many components of the environment will be subject to transformation of 
the current parameters. Lakes are considered to be exceptionally prone to such changes. 
Due to the string correlations of atmosphere with surface waters, the response of the latter 
to changes in air temperature is obvious. Analyses of changes in temperature in the entire 
study profiles in the deepest places of the lakes showed, however, that in such a system 
they show a decreasing or no tendency. The fact was related to the course of temperature in 
deeper parts of lakes. The distribution of temperature is of more complicated character 
there - not dependent particularly on air temperature, but also on morphometric parameters, 
groundwater supply, etc. Issues concerning oxygen should be discussed in an analogical 
way. The dominant decreasing tendency of DO is considered unfavourable. It suggests the 
deterioration of the trophic status of lakes. Its concentration is strongly dependent on water 
temperature. The correlation was only evident in the epilimnion zone, where in the majority 
of cases an increase in temperature corresponded to a decrease in oxygen concentration. In 
deeper parts of water, the pattern was not recorded. Such a situation was related to both 
reduced oxygen supply to the lowest sectors of lakes as a result of the development of  
a thermocline, and mineralisation processes occurring on the bottom. 

DO and temperature measurements conducted over several years in depth profiles of 
the studied lakes constitute valuable information on the current transformations of the 
environment in this part of Europe. In the future, the information can provide the basis for 
long-term analyses over the next decades, enriching global knowledge on these parameters 
of water ecosystems. 
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