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Abstract

:

Climate change has a significant impact on the abiotic and biotic environment. An increase in air temperatures translates into higher temperatures of water constituting the habitat of a wide range of species. The purpose of this study is to present the direction and extent of water temperature increases in eight rivers and three lakes on a monthly and annual basis. The analysis of river water temperatures used both measured data and data reconstructed using artificial neural networks from the period of 1984–2020. The analysis of the direction and extent of changes in air and water temperatures was performed using Mann-Kandall tests and a modified Sen test. The analysis of water temperature changes was conducted against the background of climatic conditions and catchment characteristics. The results indicate that in the Warta River basin in the period of 1984–2020, the average annual temperature rise reached 0.51 °C decade−1, ranging from 0.43 to 0.61 °C decade−1. This translated into an increase in mean annual water temperatures in lakes in a range from 0.14 to 0.58 °C decade−1, and for rivers in a range from 0.10 to 0.54 °C decade−1. The greatest changes in air temperature occurred in April, June, August, September, and November. It was reflected in an increase in water temperature in lakes and rivers. However, these changes did not occur in all rivers and lakes, suggesting the role of local factors that modify the effect of climate change. The study showed that the extent of air temperature changes was significantly higher than the extent of water temperature changes in rivers.
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1. Introduction


Climate change is one of the most serious challenges faced by humanity. Surface water temperature is a key parameter in the investigation of the environmental and ecological impacts of climate change [1]. Temperature determines the course of many processes and phenomena [2,3]. A change in temperature triggers modifications in the hydrological regime and water quality [4,5].



To date, research regarding changes in the thermal regime of river in different regions of the world points to an increasing trend [6,7,8,9,10,11,12]. In Europe, the process of heating of inland waters progresses faster than in the case of marine and oceanic waters [13,14,15]. It is caused by the overlapping effect of climate change and human pressure. It is estimated that over the last century, water temperature in lakes and rivers increased from 1 to 3 °C. It is simultaneously emphasised that the future direction of changes will be maintained, and their rate will increase [15,16]. Moreover, the subject of many studies is the dependency of air and water temperature, as well as the rate of these changes [11,17,18]. According to research, differences in the response of the thermal regime of a river to air temperature depend on the type of river and catchment characteristics [19,20]. Rivers flowing through forests show lower increasing temperature trends in comparison to waters flowing through agricultural areas [4]. In Poland and Germany, the lowland rivers are the most susceptible to climate change [19,21]. In urban catchments, reduced infiltration capacities increase rapid flow, although in periods with no rainfall, they contribute to a decrease in river supply and occurrence of low water stages, and consequently to faster water heating [6,22,23,24]. Moreover, hydrotechnical infrastructure contributes to a change in the hydrological and thermal regime. As a consequence, it worsens the physicochemical state of water [25,26,27]. Changes in thermal conditions are also shaped by the functioning of power plants, through discharge of technological waters used for cooling [4,28,29].



The analysis of changes in thermal conditions of waters is conducted in the context of their impact on living organisms, and particularly fish [30,31,32,33]. Changes in the thermal conditions of waters lead to disturbances in food webs [34,35]. Warming of waters favours the development of parasites, for example, myxozoan organisms responsible for kidney diseases in fish from the Salmonid family. It is one of the causes of the disappearance of the population of these organisms in the natural environment, particularly affecting areas of Europe and North America [36,37]. Another disorder resulting from temperature stress in fish is skeletal deformation [38].



Thermal conditions are one of the primary factors shaping habitats and their distribution [14]. Permanent transformations of thermal regime pose a threat to native and endemic species, showing a weak ability to adaptation to new abiotic conditions. It favours the development of invasive species, usually showing higher temperature tolerance and less susceptibility to changes in environmental conditions [31,39,40].



In Europe, river waters are more affected by climate change than marine and ocean waters [14,15]. Therefore, rivers are more vulnerable to biodiversity loss than seas and oceans. Moreover, it is projected that in the near future the greatest losses will occur in the case of common species of ichthyofauna and invertebrate macrofauna. A large portion of rare species may be subject to a reduction in abundance or completely disappear [6,30,31,34,39,40,41,42,43,44].



Proper identification of the direction of changes and their extent may also provide the basis for undertaking activities aimed at mitigating the effects of climate change [45]. The objective of the paper is the assessment of the direction and extent of changes in water temperatures in rivers and lakes in the context of changes in air temperature. The analysis was conducted for the period of 1984–2020 for eight rivers and three lakes within the Warta River catchment in Poland. The analysis is a starting point for undertaking effective measures aimed at limiting the effect of climate change on waters, and identification of future threats to water ecosystems and those dependent on them.




2. Materials and Methods


2.1. Study Site Area


The study area is the Warta River basin with an area of 54.5 × 103 km2, accounting for almost 18% of the territory of Poland. The Warta River has a length of around 800 km. It is one of the longest rivers in Poland, and the longest right-bank tributary of the Oder River. The analysis covered three hydrological stations in the upper, middle, and lower course of the Warta River, namely, stations Bobry, Śrem, and Gorzów Wielkopolski, respectively. Direct tributaries of the Warta River were selected for analysis, i.e., the Noteć, Widawka, Ner, Prosna, and Obra Rivers. Two secondary tributaries of Warta were also analysed. The Mała Noteć and Gwda Rivers are direct tributaries of the Noteć River (Figure 1) (Table 1). The mean annual air temperature in the study area ranges from 8 to 9 °C. The highest mean values occur in the southern and western part of the catchment, and the lowest in its north-eastern fragment. The highest mean annual precipitation occurs in the northern part of the catchment, reaching almost 700 mm. Over a major area of the catchment, precipitation below 550 mm is recorded. The Warta basin has an agricultural character. The arable land occupies 60% of the total basin area. This type of land use is particularly dominant in the central part of the basin. The north-western part is primarily occupied by forest, constituting approximately 30% of the basin area. The third most important type of land use in the Warta basin is the anthropogenic area, including its largest cities: Poznań, Łódź, Częstochowa, and Gorzów Wielkopolski.




2.2. Materials


The investigation of the direction and extent of changes in thermal conditions was based on daily water and air temperatures from the period of 1984–2020, provided by the Institute of Meteorology and Water Management—National Research Institute (IMGW-PIB). Data series regarding water temperature in rivers were incomplete; therefore, reconstruction of the data was conducted employing the artificial neural networks model, described in detail in Section 2.3. Daily temperatures provided the basis for the calculation of mean monthly and mean annual temperatures. The analysis of the direction and extent of changes in water and air temperatures was performed in reference to months and hydrological years. The hydrological year begins on 1 November of the preceding year and ends on 31 October. The analysis was conducted for 29 stations (Table 1). The dataset covered 10 hydrological stations on 8 rivers, 3 hydrological stations on lakes, and 16 meteorological stations. The distribution of the analysed stations is presented in Figure 1. Four meteorological stations and one lake hydrological station are located outside of the boundaries of the Warta River basin. However, data from these stations were necessary for the reconstruction of the missing data.




2.3. Data Reconstruction


The first stage involved verification of the obtained data in terms of their completeness. The analysis showed that none of the hydrological stations of rivers had a complete set of data (Table 2). As a result, it was necessary to reconstruct the data to obtain a data series of the same timeframe for further analysis in each case. The paper employed the artificial neural networks model. The artificial neural networks model provides better results than multiple regression and random tree methods [46,47,48,49]. The data reconstruction applied a methodology developed by Sojka and Ptak [49], using a multilayer perceptron network (MLP). The research showed the best results of water temperature reconstruction in rivers obtained based on data from three meteorological stations and one hydrological station from the nearest lake. MLP network learning was based on data from the period of 1984–2015. Data were divided into two parts. The first includes 70% of the data used during the artificial neural network learning stage, and the second includes 30% of the data used during the testing and validation stage. Finding the optimal MLP network architecture employed the automated network design method. Designing the network architecture covered the determination of the number of input and output variables (i.e., neurons in input and output layers), and the determination of the number of hidden layers and neurons in each hidden layer. Three-layer network architecture was assumed, with the second hidden layer containing from 3 to 20 neurons. Input data were mean monthly air temperatures (from three meteorological stations) and mean monthly lake water temperatures (from the nearest lake). Moreover, the analysis involved the application of a qualitative variable, i.e., monthly index. The output variables were mean monthly river water temperatures. The network development assumed the following activation functions: Linear, logistic, tanh, exponential, and sinus. Each time, 100 different network architectures were tested, resulting in the attainment of 5 networks with the best results. Finally, one reference network was selected out of the 5 best networks—based on statistical parameters describing errors obtained at the stage of model validation. Model validation applied the following statistical parameters: Coefficient of determination, root mean square error, normalised root mean square error, Nash–Sutcliffe model efficiency coefficient, and mean absolute percentage error. The method of calculation of particular statistical parameters is presented in Table S1. The MLP was developed in the Statistica programme version 13.1 (TIBCO Software Inc., Palo Alto, CL, USA) [50].




2.4. Analysis of the Direction and Extent of Temperature Changes


The determination of the direction and extent of changes in mean monthly water and air temperatures employed non-parametric Mann-Kendall and Sen tests. The Mann-Kandall test is usually applied in research on trends of meteorological and hydrological variables [7,51,52,53,54,55,56,57]. The Mann-Kendall is a non-parametric test; therefore, the analysed variables do not have to show normal distribution. Moreover, the test is resistant to the occurrence of extreme observations [58]. Standard analysis by means of a Mann-Kendall test calculates values of statistic S, the variance of statistic S, and the test statistic Z. The primary assumption of the Mann-Kendall test is the lack of autocorrelation in data series. The occurrence of data autocorrelations may result in an underestimation of Var(S). As a result, a corrected value of variance Var*(S) should be calculated [59]:


  V a  r *   S  = V a r  S   n   n *     



(1)




where:



n is the sample size; and



n* is the effective sample size.



Ratio n/n* is the correction factor due to the existence of a serial correlation in sample data. It is calculated from the following formula:


   n   n *    = 1 +  2  n   n − 1     n − 2       ∑   j = 1   n − 1     n − k     n − k − 1     n − k − 2    r k R   



(2)




where:



k is the shift; and



rkR is the autocorrelation coefficient.



According to Hamed and Rao [60], only when the autocorrelation coefficient rkR is significant at a level of 0.05, the correction factor n/n* should be calculated, followed by the corrected variance Var*(S). Then, the value of the corrected variance Var*(S) is considered in the calculation of the test statistic Z. This method of data analysis was applied by Abdul Aziz and Burn [61], Khattak et al. [62], and Kumar et al. [63].



The determination of the extent of water and air temperature changes employed a non-parametric Sen test [64]. The Sen test is less sensitive to the occurrence of extreme observations than the linear regression method [53]. Changes in water and air temperature in time can be described by means of the following general formula:


  f  t  = Q t + B  








where Q is the slope of the trend line and B is the intercept. The Q value was calculated as a median from the trend line slope value between each possible pair of points in the set of monthly or annual water and air temperatures from the following formula:


  Q = m e d i a n      x m  −  x l    m − l     ,   l < m  








where:



xl, xm denote the monthly/annual temperature; and



l, m denote the years.



The analysis of the direction and extent of changes by means of MK and S tests employed the modifiedmk package developed by Patakamuri and O’Brien [65]. The statistical analysis by means of a Mann-Kendall test was conducted with the assumption of the standard levels of significance of 0.05 and 0.01. Sen coefficient values were compared for meteorological and hydrological stations on rivers and lakes. The comparison aimed at the verification of the null hypothesis on the lack of significant differences between changes in air and water temperatures. For this purpose, a non-parametric U Mann-Whitney test was applied. The analysis was conducted at a significance level of 0.05.





3. Results


3.1. Air Temperature


The mean air temperature from the multiannual period of 1984–2020 for the analysed meteorological stations was 8.8 °C. The lowest values of mean annual air temperatures occurred at meteorological station Lgota Górna (No. 14) (7.95 °C) at the southern edge of the Warta River catchment. The highest mean annual air temperatures were recorded in meteorological station Słubice (No. 3) (9.46 °C) in the western part of the catchment. Regarding mean monthly air temperatures, July was the warmest (18.9 °C), and January was the coldest (−1.0 °C). Higher variability of air temperatures between meteorological stations was observed in winter months. The difference in mean monthly temperatures between stations in January is 2.5 °C. The lowest variability of air temperatures was observed in June. The difference in temperatures between stations was approximately 1.0 °C.



The trend analysis by means of a Mann-Kendall test revealed an increase in air temperatures in most meteorological stations both in reference to monthly and annual values (Table S2). Slight decreases in temperature, not statistically significant, occurred only in 2 months. The highest increase in air temperature occurred in stations Poznań (No. 8) (0.61 °C·decade−1), Wieluń (No. 3) (0.57 °C·decade−1), and Słubice (No. 13) (0.55 °C·decade−1). The lowest increase in air temperature occurred in station Kołuda Wielka (No. 15) (0.43 °C·decade−1). In nine out of sixteen analysed stations, an increase in air temperature higher than 0.50 °C·decade−1 was recorded (Figure 2). In each meteorological station, an increase in temperature in annual periods was statistically significant, and in monthly periods, significant changes were observed in April, June, August, and November. Increases in temperatures in November and June were in a range from 0.67 to 1.04 °C·decade−1 (Figure 3). The highest increase occurred in meteorological stations in the central and southern part of the catchment. For November, the highest increase in air temperature was recorded for stations Lgota Górna, Wieluń, and Kalisz, and in June for stations Poznań, Zielona Góra, and Kalisz (Table S2).




3.2. River Water Temperature


In the period of 1984–2020, the mean annual river water temperature in the Warta River basin ranges from 8.3 °C for the Gwda River (Piła station—No. c) to 12.2 °C for the Warta River (Śrem station—No. d). The lowest mean water temperatures were recorded in January (2.4 °C) and the highest in July (19.2 °C). Higher variability of water temperatures between the river stations occurred in the summer months (July—September). A different course of monthly water temperatures was observed in river station Szczerców on the Widawka River (No. g). Water temperatures in summer months were lower by approximately 1.5 °C in comparison to the remaining rivers, and for the winter period, temperatures were higher by approximately 2 °C. Changes in water temperatures in the Widawka River may be caused by the vicinity of an open-cast lignite mine in Bełchatów that discharges waters from the mine to the river. Waters supplied by the mine drainage reduce the temperature in the river in summer and increase it in winter. A somewhat different phenomenon was observed on the Ner River (No. f), where the calculated values of mean monthly water temperatures for the winter period exceeded temperatures in the remaining rivers (except for Widawka) by approximately 0.90 °C. In the summer period, the values were higher (0.13 °C). The situation particularly occurred in the first years of observation (1984–1994). It may result from the discharge of high amounts of industrial and municipal wastewater that had not been subject to appropriate treatment until the mid-1990s [66]. Moreover, the Ner River within the range of the hydrological station flows through a flat valley filled with peats. The above situation may be of great importance, in terms of water temperature changes, in the context of groundwater alimentation [9]. The statistical analysis of mean water temperatures for the period of 1984–2020 revealed transformations of river water temperatures in the Warta basin (Table S3). An average increase in water temperature in the period of 1984–2020 was approximately 0.35 °C·decade−1. The highest changes occurred in hydrological stations Śrem (No. d) and Zbąszyń (No. b), for which the mean annual temperature increased by 0.54 and 0.50 °C·decade−1, respectively (Figure 2). In comparison to hydrological stations Dąbie (Ner—No. f) and Bobry (Warta—No. h), the changes were as follows: 0.10 and 0.16 °C·decade−1. For the Ner River, an increase in mean annual water temperatures was not statistically significant. Ner is the only river where no significant changes in water temperatures were indicated in monthly or annual periods. On the one hand, a slight increase in water temperature in the Ner River in the period of 1984–2020 can be explained with a reduction in the discharge of wastewater to the waters after 1995. On the other hand, it can be explained with the increasing air temperature. In hydrological stations Bogusław (No. e), Gębice (No. i), Gorzów Wielkopolski (No. a), Śrem (No. d), Nowe Drezdenko (No. j), and Zbąszyń (No. b), increases in mean annual water temperatures expressed in values of the Sen coefficient were higher than 0.35 °C·decade−1.



In monthly periods, a trend for a decrease in water temperatures in rivers occurred only in 7%. They primarily concerned January and May, although the changes were not statistically significant. In the remaining cases, water temperatures increased. The highest increase in water temperatures in rivers was observed in November and June. Values of the Sen coefficient were in a range from 0.20 to 0.85 °C decade−1, whereas the average for November was 0.55 °C decade−1, and for June 0.60 °C decade−1. Moreover, it was evidenced that in June in all hydrological stations except for station Dąbie (No. f), a significant increase in temperatures occurred. In May, the lowest changes in water temperatures were observed, varying from −0.15 to 0.30 °C decade−1. Considering particular hydrological stations, the highest number of statistically significant changes was recorded for stations Zbąszyń (Obra River—No. b.), Nowe Drezdenko (Noteć—No. j), and Śrem (Warta—No. d), for 9 months each. For 8 months, changes were recorded for hydrological stations Bogusław (Prosna—No. e), Gorzów Wielkopolski (Warta—No. a), and Szczerców (Widawka—No. g). In 7 months, changes occurred in hydrological station Piła (Gwda—No. c) (Figure 4).




3.3. Lake Water Temperatures


Mean annual water temperatures in lakes in the multiannual period of 1984–2020 reached 11.04 °C. Water temperature in lakes was higher by approximately 0.60 °C than water temperature in rivers. Mean monthly water temperatures in lakes were in a range from 1.93 to 19.94 °C. The lowest values were recorded in January, and the highest in July. Results of values of mean annual temperature trends for the analysed lakes were approximate as in the case of rivers, at a level of 0.36 °C·decade−1. The highest changes occurred in June and November. Moreover, a high increase in water temperatures in lakes was observed in September, at a level of 0.67 °C·decade−1. Monthly trend slope values described by the Sen coefficient varied from −0.02 to 0.69 °C decade−1. The lowest values occurred in January, February, and May, and they were not statistically significant in any of the cases (Table S4). The highest changes were recorded for Lake Sławskie (No. II) (from 0.07 to 0.93 °C decade−1, averaging 0.57 °C decade−1), and generally for each month, the changes were statistically significant at a significance level of 0.05, or even 0.01. For Lake Powidzkie (No. III), Sen coefficient values varied from −0.27 to 0.53 °C·dek−1, and in the case of 9 months and at the annual scale, they were not statistically significant. The significance of mean monthly water temperatures in lakes is presented in Figure 5.




3.4. Comparison of the Extent of Changes in Air and Water Temperatures


The obtained results of the U Mann-Whitney test show that increases in air temperatures in the years 1984–2020 were higher than increases in water temperatures in rivers. Significant differences occurred for the annual period and for February, March, April, June, July, August, November, and December. The differences are significant at a level of 0.05. The comparison of changes in air temperatures with changes in water temperatures in lakes is less credible with consideration of the fact that the analysis covered only three hydrological stations in lakes. However, the analysis by means of a U Mann-Whitney test points to significant differences in February and December. The U Mann-Whitney test showed the lack of differences between changes in water temperatures in lakes and rivers. Verification of these hypotheses requires increasing the population of the analysed lakes in the future. Differences between changes in mean annual and monthly air and water temperatures are illustrated in a box-plot (Figure 6 and Figure S1).





4. Discussion


The obtained results showed that increases in air temperatures were higher than those for water temperatures. Moreover, research by Pekarov et al. [18] revealed that both air and water temperatures show an increasing trend, whereas air temperature increased by 1.5 °C, and water temperature increased by merely 0.12 °C. In this study, changes in mean annual air temperatures averaged 0.51 °C decade−1, and changes in water temperatures in rivers reached 0.35 °C decade−1. A somewhat different response of waters to climate change results from the fact that next to climatic factors, water temperature in rivers is associated with the geological structure of the catchment, among other groundwater alimentations of rivers.



The obtained results point to different responses to climate change not only in the case of particular rivers, but also sections of rivers. Depending on the analysed hydrological station, the conducted analyses of changes in water temperatures in rivers in the Warta catchment showed different rates of changes, which is caused by local factors that modify the effect of global factors. Earlier research on the thermal conditions of the Warta River showed an increase in annual water temperatures in the years 1960–2009 at a level from 0.096 to 0.281 °C decade−1 [4]. In this study, changes in mean annual water temperatures in the Warta River in the period of 1984–2020, in particular, hydrological stations, varied from 0.16 to 0.54 °C decade−1. Furthermore, research by Chen et al. [67] shows an increase in water temperatures in rivers varying from 0.29 to 0.46 °C decade−1. The cause of these changes was an increase in air temperature, but also changes in local human activities (e.g., increasing developed areas and population density, and decreasing forest areas). Despite the obtained differences, the research confirms an increase in water temperatures, which corresponds with the results obtained by other authors, e.g., [6,12,68,69,70,71]. In hydrological station Śrem in the central course of the Warta River, higher changes in water temperatures were recorded. This part of the catchment is mainly of agricultural character. In hydrological station Gorzów Wielkopolski in the lower course of the river, where the share of forests is higher, an increase in temperature in the period of 1984–2020 was lower. The importance of forests in the catchment and their effect on water temperature in the river are emphasised by Ptak [72] and Sridhar et al. [73].



The obtained results showed that the model of changes in mean monthly water temperatures in rivers is approximate to mean air temperatures. This evidences that air temperatures are the primary factor shaping water temperatures in rivers. Other factors are of secondary modifying character. This is confirmed by Arora et al. [19], Marszelewski and Pius [7], Ptak et al. [71], and Ptak et al. [4], among others. The situation is different in the case of lake waters, since their temperature depends on morphometric parameters of the lake basin, thermal stratification, and water mixing to a greater extent [74]. An increase in mean annual temperatures in lakes was at a level from 0.14 to 0.58 °C·decade−1. These values are higher than those obtained by Virdis et al. [1] for artificial lakes on the island of Sardinia, where an increase in mean annual temperatures was at a level of 0.10 °C·decade−1. Research by Peng et al. [75] evidences that in urbanised areas, lakes are under a stronger impact of local factors. Moreover, research shows that an increase in water temperatures is stronger than in air temperatures. This suggests that local and climatic factors show the same direction of impact. The lakes analysed in this paper were characterised by different changes in thermal conditions at the monthly and annual scale. An example is Lake Powidzkie, where at the annual scale, the changes were not statistically significant. Results by Öğlü et al. [76] for Lake Peipsi (Estonia/Russia) also show that the water temperature in the lake did not increase significantly on an annual basis.



Water temperature is a key parameter supporting the investigation of the environmental and ecological impact of climate change. The direction and extent of changes in water temperature presented in this paper can provide the basis for undertaking activities aimed at mitigating this trend. Further increase in water temperatures may have a negative effect on water quality, but also on the condition of ecosystems. It can particularly lead to the disappearance of native species and loss of biodiversity [77]. This trend of changes is expected in the future. According to Piccolroaz at al. [78], mean annual water temperatures in lakes will increase by 0.15 and 0.34 °C per decade under scenarios RCP4.5 and RCP8.5 in the future. Climate warming is expected to have a major impact on river water quality, water column/hyporheic zone biogeochemistry, and aquatic ecosystems.



In the context of the forecasted changes in water temperatures in rivers and lakes, a decrease in the waters’ self-cleaning ability should be expected, as well as an increase in oxygen deficits. As a result, the amount of pollutants supplied to waters should be reduced, as they may additionally magnify this unfavourable trend.




5. Conclusions


The study results show that in the years 1984–2020, changes in water temperatures in rivers usually showed an increasing trend, both for monthly and annual periods. It should be emphasised that even within the same rivers, changes in river water temperature showed different extents. This results from the variable character of the river, its geological structure, water supply to the river, and land use structure. In addition, differences occurred between particular rivers. Moreover, modifying factors included anthropogenic effects, discharge of mining waters, and discharge of wastewater. An increase in water temperatures in rivers was lower than in air temperature due to the alimentation of rivers with groundwaters with no direct contact with air. The obtained results showed no differences between changes in water temperatures in rivers and lakes. One of the reasons could be the effect of local factors shaping water temperature in lakes. Future research should involve water temperature monitoring of a larger pool of lakes, permitting the expansion of the analyses and final verification of the hypothesis on the lack of differences in the response of river and lake waters to climate change. It will also permit verification of the hypothesis concerning differences between trends of air and water temperatures in lakes. Furthermore, it should be emphasised that the analysis of changes in river water temperatures was carried out on the basis of both measured and reconstructed data. To clearly assess the response of rivers to climate change, direct measurements of river water temperature should be restarted as soon as possible.
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Figure 1. Analysed hydrological and meteorological stations. Numbering of stations in accordance with Table 1 (letters denote hydrological stations on rivers, roman numerals denote hydrological stations on lakes, digits denote meteorological stations). 
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Figure 2. Changes in mean annual air and water temperatures in rivers and lakes: (a) Rate of changes in °C per decade and (b) significance of the changes. 
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Figure 3. Changes in mean monthly air temperatures: (a) Rate of changes in °C per decade and (b) significance of the changes (solid line—significance level of 0.05, dashed line—significance level of 0.01). 
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Figure 4. Changes in mean monthly river water temperatures: (a) Rate of changes in °C per decade and (b) significance of the changes (solid line—significance level of 0.05, dashed line—significance level of 0.01). 






Figure 4. Changes in mean monthly river water temperatures: (a) Rate of changes in °C per decade and (b) significance of the changes (solid line—significance level of 0.05, dashed line—significance level of 0.01).



[image: Atmosphere 14 00330 g004]







[image: Atmosphere 14 00330 g005 550] 





Figure 5. Changes in mean monthly lake water temperatures: (a) Rate of changes in °C per decade and (b) significance of the changes (solid line—significance level of 0.05, dashed line—significance level of 0.01). 
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Figure 6. The ranges of mean annual changes in air and water temperatures in rivers and lakes. 
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Table 1. Analysed hydrological stations on rivers and lakes, and meteorological stations.
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River-Station

	
Lake-Station

	
Meteorological Station






	
Warta—Gorzów Wielkopolski (a)

	
Bytyń Wielki—Nakielno (I)

	
Gorzów Wielkopolski (1)




	
Piła (2)




	
Słubice (3)




	
Obra—Zbąszyń (b)

	
Sławskie—Radzyń (II)

	
Leszno (4)




	
Wielichowo (5)




	
Zielona Góra (6)




	
Gwda—Piła (c)

	
Bytyń Wielki—Nakielno (I)

	
Chrząstkowo (7)




	
Gorzów Wielkopolski (1)




	
Piła (2)




	
Warta—Śrem (d)

	
Powidzkie—Powidz (III)

	
Leszno (4)




	
Poznań—Ławica (8)




	
Wielichowo (5)




	
Prosna—Bogusław (e)

	
Powidzkie—Powidz (III)

	
Kalisz (9)




	
Koło (10)

Poznań—Ławica (8)




	
Ner—Dąbie (f)

	
Powidzkie—Powidz (III)

	
Kalisz (9)




	
Koło (10)




	
Łódź—Lublinek (11)




	
Widawka—Szczerców (g)

	
Powidzkie—Powidz (III)

	
Łódź—Lublinek (11)




	
Sulejów (12)




	
Wieluń (13)




	
Warta—Bobry (h)

	
Powidzkie—Powidz (III)

	
Lgota Górna (14)




	
Sulejów (12)




	
Wieluń (13)




	
Mała Noteć—Gębice (i)

	
Powidzkie—Powidz (III)

	
Koło (10)




	
Kołuda Wielka (15)




	
Toruń (16)




	
Noteć—Nowe Drezdenko (j)

	
Bytyń Wielki—Nakielno (I)

	
Gorzów Wielkopolski (1)




	

	

	
Piła (2)




	

	

	
Poznań—Ławica (8)
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Table 2. Scope of the available data on river water temperatures.






Table 2. Scope of the available data on river water temperatures.





	River-Staion
	Data Availability





	Warta—Gorzów Wielkopolski (a)
	1984—2010; 2012—2014



	Obra—Zbąszyń (b)
	1985—2020



	Gwda—Piła (c)
	1984—2015



	Warta—Śrem (d)
	1987—2015



	Prosna—Bogusław (e)
	1984—2015



	Ner—Dąbie (f)
	1985—2015



	Widawka—Szczerców (g)
	1985—2015



	Warta—Bobry (h)
	1985—2019



	Mała Noteć—Gębice (i)
	1985—2020



	Noteć—Nowe Drezdenko (j)
	1984—2015
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