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Abstract: Water temperature in lakes is their basic property that determines many processes. Changes
in average values are thoroughly investigated using a long-term approach. Knowledge of extreme
situations such as temperature minimums is still insufficient. This paper analyses changes in the
minimum temperature in 10 lakes in Poland in the period 1972-2021. The obtained results show
variability over the course of the parameter, both at the annual and monthly scale. In the first case, half
of the analysed set showed statistically significant increasing trends (on average 0.10 °C per decade).
In the latter case, the greatest changes occurred in the months of the warm half-year (on average
0.57 °C per decade). The reported situation is caused by the individual conditions of particular lakes,
i.e., their location, morphometric parameters, or the dynamics of the occurrence of ice phenomena. A
successive increase in the minimum temperature in lakes has its consequences for biotic and abiotic
processes. Exceeding specific thresholds results in the evident transformation of these ecosystems.

Keywords: lakes; climate change; minimum temperature

1. Introduction

The response of the hydrosphere to the effect of processes and phenomena occurring
in its vicinity is evident due to the characteristic properties of water. Changes in its physical
state, high capacity for accumulating energy, or facility for transporting and depositing
matter are properties that make water ecosystems subject to continuous, and sometimes
impulsive transformations [1,2]. Lakes play a considerable role in the natural environment.
Through their high water retention capacity, they serve as a specific buffer mitigating
extreme hydrological phenomena such as floods [3,4]. Moreover, freshwater lakes are a
stable source of water resources in a given catchment area or region [5]. Water temperature
is a key parameter determining the physical, chemical, and biological properties of these
ecosystems. Its distribution and course, shape, among others, the course of ice phenom-
ena [6], oxygen conditions [7] or the species composition of organisms [8]. The issue of
the thermal conditions of inland waters is therefore among frequently discussed research
problems, as evidenced by the abundant literature in the scope of [9-15]. So far, in the long
term, papers referring to average temperatures have been dominant [16-19]. Maximum
water temperatures in lakes have been investigated to a lower degree [20,21]. Less focus
is also put on multiannual changes in minimum temperatures. Woolway et al. [22] con-
ducted research for eight lakes in Europe. They determined an increase in their annual
minimum temperature at an average rate of 0.35 °C decade™!. In the case of Lake Tonle
Sap (Cambodia), research conducted by Fujihara et al. [23] showed a decrease in its annual
water temperature at a rate of 0.91 °C/decade. In this context, the research presented in
this paper corresponds with the broad issue of the thermal regime of lakes, simultaneously
referring to the so-far marginally discussed issue concerning minimum water temperature.
The value is important, among others, in the context of potentially limiting the growth
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of some fish species [24]. When the surface water temperature reaches 0 °C, any further
cooling results in latent heat removal and ice formation [25]. Therefore, changes in the
minimum water temperature characteristic of the liquid state will determine the duration
of the ice season, and further consequences for lake ecosystems in the remaining seasons.

Proper interpretation of the scale and scope of changes in the thermal regime of
lakes provides the basis for the understanding of the entirety of the processes responsible
for the functioning of these ecosystems. The availability of detailed information on its
transformation in the times of global warming is therefore of utmost importance. It should
be emphasised that extreme situations are critical in many aspects, and exceeding a specific
threshold can cause a long-lasting and irreversible response [26].

The objective of the paper is the analysis of long-term changes in minimum water
temperatures in selected lakes in Poland. The analysis was performed in the context of
minimum momentary air temperatures and minimum daily air temperatures in the years
1972-2021. Moreover, the relationship between changes in water temperatures and air
temperatures was determined.

2. Materials and Methods
2.1. Study Objects

The article covers 10 lakes in Poland (Figure 1). Lake Studzieniczne is located furthest
to the east, Lake Stawskie to the west and south, and Lake Gardno to the north. The
analysed lakes are mostly postglacial lakes, and one is a coastal lake (Gardno). All the
analysed lakes are of flow-through character. Their basic morphometric parameters are
presented in Table 1.

' hydrological station

meteorological station
river

lake
Weichselian glaciation

2499masl g 50 100 km
0 I

Figure 1. Location of study objects.
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Table 1. Lakes” morphometric parameters [27] and environmental characteristics.

Mean Ice C.O ver Koéppen’s

No Lake Latitude  Longitiude Area V°§““§e Depth Max Thickness Climate

(ha) (10° m?) (Mean) [

(m) Classification
(cm)

1 Stawskie 51.89 16.02 822.5 42,664.8 5.2 20.0 Cfb
2 Sepolenskie 53.46 17.51 157.5 7501.6 4.8 22.6 Cfb
3 Charzykowskie 53.77 17.50 1336.0 134,533.2 9.8 22.2 Cfb
4 Gardno 54.71 17.39 2337.5 30,950.5 1.3 18.8 Cfb
5 Bachotek 53.30 19.47 215.0 15,394.2 7.2 24.8 Cfb
6 Jeziorak 53.72 19.62 31525 141,594.2 4.1 224 Cfb
7 Mikotajskie 53.77 21.60 424.0 55,739.7 11.2 27.6 Dfb
8 Selmet Wielki 53.83 22.48 1207.5 9963.9 7.8 30.2 Dfb
9 Studzieniczne 53.87 23.12 244.0 22,073.6 8.7 29.9 Difb
10 Harncza 54.27 22.81 305.0 120,000.0 38.7 24.1 Dfb

2.2. Materials

The paper employed daily water temperatures in 10 lakes in Poland from the period
1972-2021. The data result from measurements by the Institute of Meteorology and Water
Management—National Research Institute, performed in the coastal zone at a depth of 0.4 m
under the water surface. Standard measurements were conducted at 6 UTC. Moreover,
the paper presents information on air temperature, also measured by the Institute of
Meteorology and Water Management—National Research Institute. The obtained daily
data provided the basis for the determination of minimum monthly and annual values.

2.3. Methods

Changes in minimum water temperatures in the lakes were determined for individual
months and for an annual period. The hydrological year in Poland begins on the first day
of November of the previous year and ends on 31 October of a given year. For monthly
and annual periods, minimum 1-day values were determined. Moreover, for each year,
temperature duration curves were prepared, used for reading 90% values. Because air
temperatures were measured several times a day, minimum daily and average daily values
of air temperature were determined. The resulting data sets provided the basis for the
analogical calculation of a 1-day minimum for each month and each year. The resulting
data set was subjected to further statistical analysis.

2.4. Statistical Analysis

The determination of the trend of changes in minimum water temperatures in the lakes
employed a modified Mann—-Kendall test (MK) [28]. The approach is broadly applied in
analyses regarding the trends of climatic and hydrological changes [29-34]. A zero hypoth-
esis was stated (Hy) on the lack of a monotonic trend of minimum water temperatures, and
an alternative hypothesis (H;) on the existence of a monotonic trend. The main assumption
of the Mann—Kendall test is a lack of autocorrelation. In order to remove the autocorrelation
from the series of data, the trend-free prewhitening procedure was used [35]. The determi-
nation of the magnitude of changes in minimum water temperatures in the lakes applied a
non-parametric Sen test (S) [36]. The Sen test is insensitive to outliers. It can be much more
accurate than a simple linear regression for skewed and heteroscedastic data. The analysis
of trends and the magnitude of changes by means of MK and S tests employed the modified
mk package developed by Patakamuri and O’Brien [37]. The detection of change-points in a
series of 1-day minimums of monthly annual water temperatures employed the Wild Binary
Segmentation 2 method. Originally, the Wild Binary Segmentation method was developed
by Fryzlewicz [38]. The WBS method permits the determination of several change-points.
The Wild Binary Segmentation 2 method contains a recursive algorithm that provides a
complete solution for the problem of change-point detection. Another improvement is a
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new model selection procedure for change-point problems which is not based on penalties
but uses thresholding. The developed method is fast and requires no selection of a window
or span parameter [39]. The calculation of change-points employed the breakfast package
developed by [40]. The analysis of changes in minimum lake water temperatures was
performed in reference to changes in minimum air temperatures. For this purpose, data on
air temperatures were analysed the same way, by applying a modified Mann-Kendall test,
Sen test, and Wild Binary Segmentation 2 method. The statistical analysis of the results was
performed by assuming standard levels of significance of 0.05 and 0.01. The generalisation
of the results involved grouping months and lakes by means of cluster analysis. The
clustering was based on the minimum water temperatures and the magnitude of changes
in minimum water temperatures described by means of the Sen coefficient. The cluster
analysis was performed by means of the Ward method. Square Euclidean distance was
used as the similarity measure. The division of sets into clusters used the threshold value
of 66%, and a threshold value of 25% for subclusters [41]. Finally, for the purpose of the
identification of lakes with the greatest changes in minimum water temperatures, principal
component analysis was conducted (PCA). The analysis was performed in reference to
explanatory variables, i.e., the morphological parameters of lakes (area, volume, mean
depth), their location (the number of significant principal components was adopted based
on a Kaiser criterion of eigenvalues higher than 1). The correlation between the principal
components and the analysed data was classified as strong, moderate, and weak according
to the following values: >0.75, 0.75-0.50, and 0.50-0.30, proposed by Liu et al. [42].

3. Results

Minimum water temperatures in the analysed lakes show a course similar to that
of average temperatures. The highest values of the minimum temperatures occur in
June, and the lowest in January. In July, the average values and medians of minimum
temperatures for the analysed lakes reach 17.9 °C. The range of changes in minimum
temperatures in July is from 10.6 to 24.1 °C. In January, the average values and medians of
minimum temperatures for the analysed lakes are 0.6 and 0.4 °C, respectively. Minimum
temperatures in the analysed lakes in January varied in a range from 0 to 3.1 °C. The
highest amplitudes of minimum water temperatures occur in the analysed lakes in May
(approximately 9 °C), and the lowest in January—approximately 2.4 °C. The course of
the minimum temperatures in the analysed lakes is presented in Figure 2. The annual
amplitudes of water temperature fluctuations in lakes were at a level from 19.7 °C in Lake
Gardno to 24.1 °C in Lake Studzieniczne. The highest amplitudes of minimum monthly
water temperature fluctuations occurred in May (in Lakes Stawskie, Gardno, Bachotek,
Jeziorak, Studzieniczne), June (Charzykowskie, Haricza), July (Sepoleniskie, Selmet Wielki),
and October (Mikoflajskie). The lowest amplitudes usually occurred in January, and in
Lakes Mikotajskie, Selmet Wielki, and Haricza in February.

The cluster analysis allowed for the designation of two clusters of months in terms
of the course of minimum water temperatures: the first cluster includes months from
November to April, and the second one from June to September (Figure 3a). Based on
minimum monthly water temperatures, lakes can also be divided into two clusters. The
first one includes 8 lakes. Two subclusters can be designated within this cluster, each
covering four lakes. The first subcluster includes Lakes Bachotek, Stawskie, Sepoleniskie,
and Jeziorak. They are lakes located in the central and western part of Poland. The second
subcluster includes Lakes Studzieniczne, Selmet Wielki, Charzykowskie, and Mikotajskie,
located in the east and central part of Poland. The second cluster includes two Lakes:
Gardno and Haricza (Figure 3b). The lakes, however, differ from each other in terms of
minimum water temperatures. This results from their location, but also their type.
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Figure 2. Fluctuations of monthly minimum water temperature in lakes: Stawskie (1), Sepoleniskie
(2), Charzykowskie (3), Gardno (4), Bachotek (5), Jeziorak (6), Mikotajskie (7), Selmet Wielki (8),
Studzieniczne (9) and Harcza (10).
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Figure 3. Division of months (a) and lakes (b) into clusters in terms of similarity of minimum water
temperatures.

The analysis of minimum water temperatures in the lakes in the period 1972-2021
showed an increasing trend in 5 of them. The greatest fluctuations of minimum water
temperatures occurred in Lake Selmet Wielki (0.15 °C per decade) and in Lakes Stawskie
and Charzykowskie (0.13 °C per decade). Moreover, considerable fluctuations also occurred
in Lakes Bachotek and Haricza (Figure 4). In the remaining five lakes, the changes were not
statistically significant. Particularly high temperatures in the background of the analysed
multiannual period were recorded in 2020. This is associated with the lack of ice cover
in the winter season. Data analysis by means of the Wild Binary Segmentation 2 method
showed the occurrence of numerous change-points in the data set of minimum annual
water temperatures in Lakes Charzykowskie, Gardno, Studzieniczne, and Harcza. This
primarily results from the specifics of the determination of minimum annual values that
usually occurred in January, but also in December and February. The analysis of values
of minimum temperatures T90% read from the curve of durations of water temperatures
showed an increasing trend, except for Lakes Gardno and Jeziorak. Increasing trends of
minimum water temperatures were increasing at a significance level of 0.01, and for Lake
Sepoletiskie they were significant at a level of 0.05. The changes described by means of the
Sen coefficient were within a range from 0.15 to 0.37 °C per decade (Table S1). Different
results were obtained for minimum air temperatures. At the annual scale, air temperature
fluctuations in the period from 1972 to 2021 were not statistically significant for each
meteorological station (Table S2).

More detailed results refer to monthly minimum temperature fluctuations in the
analysed lakes (Figure 5). In the period from May to August, an increasing trend occurred
in all cases, generally significant at a level of 0.01. Only in the case of Lakes Haricza and
Studzieniczne were the changes significant at a level of 0.05 (Figure 5a). The greatest
changes occurred in May. The Sen coefficient values averaged 0.77 °C per decade at
fluctuations from 0.59 to 0.99 °C per decade (Figure 5b). In the period from June to August,
the fluctuations usually exceeded a value of 0.05 °C per decade. The lowest fluctuations of
minimum monthly water temperatures occurred in January. The changes were statistically
significant only for Lakes Charzykowskie, Selemet Wielki, and Haricza. The analysis of
change-points by means of the Wild Binary Segmentation 2 method showed the occurrence
of numerous change-points in December, January, February, and March in most of the
analysed lakes. In the case of Lakes Bachotek, Selemet Wielki, and Studzieniczne, numerous
changes also occurred in April, and in Lakes Haricza and Jeziorak in May. In February,
March, and May in 1989, change-points occurred, and in April and December in 2006. In
the remaining months, single change-points were observed. Considering the above, it
appears more credible to conduct analyses for months from May to October, when no ice
phenomena or disturbances in water mixing occur in the analysed lakes. The analysis of
minimum monthly air temperatures showed significant changes in the period from June to
August. It should be emphasised that the greatest changes in minimum air temperatures
occurred in June, ranging from 0.63 to 0.78 °C per decade at an average value of 0.71 °C
per decade. Moreover, in meteorological stations in Chojnice, changes also occurred in
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December and September, in Ketrzyn and Olsztyn in December and April, and in Torun in
December and September.
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Figure 4. Course of minimum annual water temperatures in lakes: Stawskie (1), Sepolerniskie
(2), Charzykowskie (3), Gardno (4), Bachotek (5), Jeziorak (6), Mikotajskie (7), Selmet Wielki (8),
Studzieniczne (9) and Haricza (10).
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temperatures in lakes in the period 1972-2021 (orange line designates threshold value to a significance
level of 0.05, red line designates a threshold value to a significance level of 0.01).

The obtained values of the Sen coefficient provided the basis for the division of the
analysed months into two groups (Figure 6). The first group includes months with the
greatest fluctuations of minimum water temperatures. This group can be divided into
2 subgroups. The first one covers the months of April, September, October, and November
with fluctuations at a moderate level (on average 0.44 °C per decade, at fluctuations in a
range from 0.05 to 0.80 °C per decade), and the second one from May to August with the
greatest water temperature fluctuations (on average 0.64 °C per decade, at fluctuations from
0.38 to 0.95 °C per decade) (Figure 6a). The last group includes December and the period
from January to March when fluctuations of the minimum water temperatures were at the
lowest level (on average 0.17 °C per decade, at fluctuations from 0 to 0.51 °C per decade).

a b
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Figure 6. Division of months (a) and lakes (b) into groups in terms of similarities in minimum water
fluctuations.

A more complex situation concerns the analysed lakes. They can be separated into
3 groups (Figure 6b). The first group includes Lakes Stawskie, Bachotek, Charzykowskie,
Selmet Wielki, and Gardno. In these lakes, minimum water temperature fluctuations were
at an average level of 0.48 °C per decade. The second group covered Lakes Sepoleriskie,
Studzieniczne, Mikolajskie, and Jeziorak, with fluctuations at a level of 0.38 °C per decade.
Lake Haricza stands out in terms of minimum water temperature fluctuations, averaging
0.30 °C per decade. Generally in all the lakes, increases in minimum temperatures are
higher in the months of the warm half-year (May—-October) than in the months of the
winter half-year (Figure 7). The differences are at an average level of 2.3 at a range of
fluctuations from 1.4 to 3.5 times. The lowest seasonal differences occur for Lakes Selmet
Wielki, Charzykowskie, and Bachotek, from 1.4 to 1.8. The greatest disproportions occur
in Lakes Gardno, Jeziorak, and Harncza. In those lakes, the increasing trend of water
temperature in the period from May to October is from 2.8 to 3.5 times higher than in the
period from November to April.
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Figure 7. Increases in minimum water temperatures in lakes in the period from November to April
and from May to October.

The principal component analysis aimed at identifying factors that can contribute
to an increase in the minimum water temperatures in lakes. The analysis permitted
the designation of two significant factors, PC1 and PC2, with values of 2.81 and 1.01,
respectively. The designated factors account for 70.43% and 25.17% of the internal data
structure, respectively. The obtained results suggest that an increase in the minimum
temperatures in lakes in the summer periods related to the depth of lakes, their location
between the west and east of Poland, and altitude (Figure 8). This means the lakes that
warm up faster in the summer period are lakes that are shallower, located at a lower height,
or in the west of Poland.

1.0

0.5

0.0

PC2:25.17%

-0.5

O -seasons,year, ratio

-1.0

0 - location, morphometry

-1.0 -0.5 0.0 0.5 1.0
PC1:70.43%

Figure 8. Results of PCA analysis for changes in half-annual and annual minimum water tempera-
tures in lakes (Summer—mean Sen’s slope value to the period from May to October; Winter—mean
Sen’s slope value to the period from November to April, Ratio—ratio of the Sen’s slope value for
summer and winter).
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The PCA analysis conducted for months allowed for the designation of 3 principal
components with values higher than 1. The designated components account for 40.35%,
24.40%, and 19.56% of the internal data structure, respectively (Figure 9). The obtained
results suggest that in the analysed lakes, an increase in minimum water temperatures
in July, August, September, and October is related to the location of the lake (latitude,
longitude and altitude) and its depth.

1.0 1.0 b
Area
Latitude
0.5 0.5
X X
2 g
g 0.0 9_; 0.0 Volume
§ § Longitude
e Depth
-0.5 -0.5
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-1.0 o- location, morphometry -1.0
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
PC1:40.35% PC1:40.35%

Figure 9. Results of the PCA analysis for fluctuations of monthly minimum water temperatures in
lakes, projection on the background of components PC1 and PC2 (a) as well as PC1 and PC3 (b).

4. Discussion

The research conducted in the paper refers to minimum temperatures, and particularly
to the long-term direction and scale of changes, pointing to their variable character. In
the case of minimum annual water temperature, an increasing trend was recorded for
half of all the analysed lakes. This result is in accordance with, among others, research by
Woolwey [22] for other lakes in Europe (primarily in the UK, as well as Ireland, Austria,
and Switzerland). In five cases for which no statistically significant changes in annual mini-
mum temperatures were recorded, the dynamics of ice phenomena are of key importance
(identified with temperature of 0 °C). This is well illustrated in the case of Lake Sepoleniskie
(Figure 4), where the increasing trend line plateaued after 2000, and then increased again.
As a result, however, for the entire multiannual period analysed in the paper, the observed
changes were not statistically significant.

From a broader perspective, the long-term course of minimum water temperature
analysed in the paper supplements the current state of knowledge on the thermal regime
of lakes in Poland, referring to average [41] and maximum temperatures [26]. At a monthly
scale, minimum temperatures show an evident division—with a higher increase in the
warmer half-year. It should also be emphasised that it also occurs in the winter season
(Figure 5). The reported situations have consequences in many aspects related to the
functioning of lakes, in reference to both biotic and abiotic elements. Lakes show their
characteristic features in the annual cycle. For example, Winslow et al. [43] emphasise that
phenological events such as phytoplankton success and the spawning of fish respond to
specific seasonal temperatures. According to Currie et al. [44], a great portion of laboratory
research on fish tolerance concerns high temperatures, whereas most deaths of fish in
nature is caused by their exposure to low temperatures. Pelechata et al. [45], analysing
changes in phytoplankton in Lake Jasne (located in the study area presented in the paper),
determined that the abundance of the selected species was related to, among others, lower
water temperature in the growing season. The characteristics of the ichthyofauna of Lake
Druzno presented by Martyniak et al. [46] largely overlaps with the species composition
of fish in the analysed lakes, allowing for a detailed determination of, among others, the
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thermal conditions of their functioning in the analysed region. In reference to selected
examples, the reproduction of pike occurs at a water temperature of 6-14 °C, roach 12-14 °C,
Crucian carp >14 °C, and bream at a temperature of 17-20 °C. Therefore, the increasing
trend of the bottom threshold water temperature will be of key importance for changes in
the entire chain of trophic relations for lakes in north Poland. This in turn will affect the
fishery management or angling use of the lakes, important for the functioning of the lake
district zone in economic terms. Moreover, an increase in temperature in lakes will have
further consequences for rivers flowing out of these lakes. It will probably increase the size
of longitudinal temperature gradients, which will probably affect the distribution of cold
water fish species [47].

The quantity of oxygen dissolved in water is important for life processes, providing
for the proper functioning of aerobic organisms and biodiversity of these ecosystems.
In the context of successive increases in minimum water temperatures, the possibility
of dissolving oxygen becomes increasingly scarce, as confirmed in earlier research from
Poland. The analysis of the thermal and oxygen conditions in five lakes showed an increase
in water temperature in the epilimnion zone and a simultaneous decrease in the content
of dissolved oxygen [48]. In addition to the aforementioned effect on hydrobiological
conditions, a decrease in the amount of oxygen dissolved in water limits its self-cleaning
properties [49].

Changes in temperature remain in a close relationship with water density, which in
deep lakes is of key importance for shaping the stratification system. As emphasised by
Woolwey et al. [50], stratification is a factor affecting the distribution of energy, oxygen
content, and the availability of nutrients, i.e., elements determining the abundance and
biomass of organisms. The reported increasingly shorter terms of minimum water tem-
peratures (characteristic of particular seasons) are of key importance for the dynamics of
circulation conditions, and consequently the duration of water stratification. An increase in
water temperature will contribute to, among others, the increased strength of stratification
that will be dependent on the depth, surface area, and transparency [51]. Peeters et al. [52],
analysing the case of Lake Zurich in central Europe, determined that an increase in water
temperature will cause a situation in which the near-surface layer will be maintained above
4 °C throughout the year, contributing to a change in the system of vertical water circulation
from dimictic to monomictic. Seven of the lakes analysed in the current paper also show
dimictic properties, and the possible change in the system of water mixing signalled above
will radically affect the current course of processes that occur in them.

Another important aspect for lakes in the temperate zone is the presence of ice
cover [53-55]. Slower cooling of water determines a delay in the moment of develop-
ment of the ice cover, and consequently a change in the ice regime. For example, an
increase in minimum water temperature in Nam Co Lake recorded by Guo et al. [56]
was the primary cause of changes in its ice phenology and the reduction in ice duration.
Additionally, in the case of lakes analysed in the paper, an evident reduction in the ice
season is recorded with a simultaneous decrease in ice thickness [57]. For a dozen of the
analysed lakes, they evidenced that the delay in the development of ice cover reached an
average of 3.0 days/decade. On the other hand, the evident acceleration of the ice end
(3.8 days/decade) creates a situation where water is not isolated from external factors,
therefore accelerating and prolonging warming. The effect of this process at the turn of the
winter-spring season finds confirmation in the analysed lakes characterised by an increase
in minimum temperature that progresses in subsequent months.

5. Conclusions

Due to the number of close relations and dependencies on water temperature in lakes
themselves, as well as in their vicinity, this characteristic is one of the key ones for these
elements of the hydrosphere. The course of average values is investigated in detail using a
long-term approach. Knowledge of extreme situations such as maximums and minimums is
still unsatisfactory. This paper presents an analysis of the changes in minimum temperature
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in 10 lakes in Poland at an annual and monthly scale over the period of the last five decades.
The obtained results show that at both temporal scales, the course of this parameter is
variable, whereas in the first case, half of the analysed set showed statistically significant
increasing trends, and in the second case, the greatest changes occurred in the months of
the warm half-year. The reported situation is determined by the individual conditions
of particular lakes, namely their location, morphometric parameters, or dynamics of the
occurrence of ice phenomena. A successive increase in the minimum temperature threshold
in lakes will have its consequences for biotic, as well as abiotic processes, and will finally
lead to substantial transformations of these ecosystems. Therefore, future research in the
context of the results obtained in this paper should focus on the detailed determination of
such dependencies.
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cal stations in the period 1972-2021.

Author Contributions: Conceptualization, M.P. and M.S.; methodology, M.S.; software, M.S.; val-
idation, M.S.; formal analysis, M.S.; investigation, M.P., M.S.; resources, M.P.; data curation, T.O.;
writing—original draft preparation, M.P.; M.S.; writing—review and editing, M.P; visualization, M.S.;
supervision, M.P,; project administration, M.P.; funding acquisition, M.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: https://dane.imgw.pl, (accessed on: 15 November 2022), Roczniki
Hydrologiczne Wéd Powierzchniowych.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ptak, M.; Choinski, A.; Strzelczak, A.; Targosz, A. Disappearance of Lake Jelenino since the end of the XVIII century as an effect of
anthropogenic transformations of the natural environment. Pol. J. Environ. Stud. 2013, 22, 191-196.

2. Choinski, A.; Ptak, M.; Strzelczak, A. Present-day evolution of coastal lakes based on the example of Jamno and Bukowo (the
Southern Baltic coast). Oceanol. Hydrobiol. Stud. 2014, 43, 178-184. [CrossRef]

3. Liu, Y; Yang, S.-Q.; Jiang, C.; Sivakumar, M.; Enever, K.; Long, Y.; Deng, B.; Khalil, U.; Yin, L. Flood Mitigation Using an
Innovative Flood Control Scheme in a Large Lake: Dongting Lake, China. Appl. Sci. 2019, 9, 2465. [CrossRef]

4. Luo, Y,; Dong, Z; Liu, Y;; Zhong, D.; Jiang, F.; Wang, X. Safety design for water-carrying Lake flood control based on copula
function: A Case study of the Hongze Lake, China. J. Hydrol. 2021, 597, 126188. [CrossRef]

5. Nowak, B.; Dumieriski, G. Znaczenie jezior w gospodarce kraju. Gospod. Wodna 2020, 8, 8-14.

6. Kirillin, G.B.; Shatwell, T.; Wen, L. Ice-Covered Lakes of Tibetan Plateau as Solar Heat Collectors. Geophys. Res. Lett. 2021, 48,
€2021GL093429. [CrossRef]

7. Flood, B.; Wells, M.; Midwood, ].D.; Brooks, J.; Kuai, Y.; L, J. Intense variability of dissolved oxygen and temperature in the
internal swash zone of Hamilton Harbour, Lake Ontario. Inland Waters 2021, 11, 162-179. [CrossRef]

8.  Hansen, G.J.A,; Read, ].S.; Hansen, J.F.; Winslow, L.A. Projected shifts in fish species dominance in Wisconsin lakes under climate
change. Glob. Chang. Biol. 2017, 23, 1463-1476. [CrossRef]

9.  Stefanidis, K.; Varlas, G.; Papaioannou, G.; Papadopoulos, A.; Dimitriou, E. Trends of lake temperature, mixing depth and ice
cover thickness of European lakes during the last four decade. Sci. Total Environ. 2022, 830, 154709. [CrossRef] [PubMed]

10. Ptak, M. Long-term temperature fluctuations in rivers of the Fore-Sudetic region in Poland. Geografie 2018, 123, 279-294. [CrossRef]

11.  Zhu, S.; Ptak, M.; Choinski, A.; Wu, S. Exploring and quantifying the impact of climate change on surface water temperature of a
high mountain lake in Central Europe. Environ. Monit. Assess. 2020, 192, 7. [CrossRef]

12. Mushtaq, F.; Ahmed, P.; Nee Lala, M.G. Variability of lake surface water temperature: A case study during El Nino and La Nina
events over the Himalayan lake region. Phys. Geogr. 2021, 42, 240-264. [CrossRef]

13. Fukushima, T.; Matsushita, B.; Sugita, M. Quantitative assessment of decadal water temperature changes in Lake Kasumigaura, a

shallow turbid lake, using a one-dimensional model. Sci. Total Environ. 2022, 845, 157247. [CrossRef]


https://www.mdpi.com/article/10.3390/app122412601/s1
https://www.mdpi.com/article/10.3390/app122412601/s1
https://dane.imgw.pl
http://doi.org/10.2478/s13545-014-0131-1
http://doi.org/10.3390/app9122465
http://doi.org/10.1016/j.jhydrol.2021.126188
http://doi.org/10.1029/2021GL093429
http://doi.org/10.1080/20442041.2020.1843930
http://doi.org/10.1111/gcb.13462
http://doi.org/10.1016/j.scitotenv.2022.154709
http://www.ncbi.nlm.nih.gov/pubmed/35331765
http://doi.org/10.37040/geografie2018123030279
http://doi.org/10.1007/s10661-019-7994-y
http://doi.org/10.1080/02723646.2020.1751386
http://doi.org/10.1016/j.scitotenv.2022.157247

Appl. Sci. 2022,12, 12601 13 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

Li, Y;; Shi, K; Zhang, Y.; Zhu, G.; Guo, Y.; Li, H.; Du, C. Warming lake surface water temperatures in Lake Qiandaohu, China:
Spatiotemporal variations, influencing factors and implications for the thermal structure. Front. Environ. Sci. 2022, 10, 995862.
[CrossRef]

Albarqouni, M.M.Y.; Yagmur, N.; Bektas Balcik, F.; Sekertekin, A. Assessment of Spatio-Temporal Changes in Water Surface
Extents and Lake Surface Temperatures Using Google Earth Engine for Lakes Region, Tiirkiye. ISPRS Int. ]. Geo-Inf. 2022, 11, 407.
[CrossRef]

Kainz, M.J.; Ptacnik, R.; Rasconi, S.; Hager, H.H. Irregular changes in lake surface water temperature and ice cover in subalpine
Lake Lunz, Austria. Inland Waters 2017, 7, 27-33. [CrossRef]

Luo, Y,; Zhang, Y.; Yang, K; Yu, Z.; Zhu, Y. Spatiotemporal Variations in Dianchi Lake’s Surface Water Temperature from 2001 to
2017 under the Influence of Climate Warming. IEEE Access 2019, 7, 115378-115387.

Peng, Z.; Yang, ].; Luo, Y,; Yang, K; Shang, C. Impact of climate warming on the surface water temperature of plateau lake. Acta
Geophys. 2021, 69, 895-907. [CrossRef]

Yu, S.J.; Ryu, 1.G.; Park, M.].; Im, ] K. Long-term relationship between air and water temperatures in Lake Paldang, South Korea.
Environ. Eng. Res. 2021, 26, 200177.

Dokulil, M.T.; de Eyto, E.; Maberly, S.C.; May, L.; Weyhenmeyer, G.A.; Woolway, R.I. Increasing maximum lake surface
temperature under climate change. Clim. Chang. 2021, 165, 56. [CrossRef]

Yang, J.; Yang, K.; Zhang, Y.; Luo, Y.; Shang, C. Maximum lake surface water temperatures changing characteristics under climate
change. Environ. Sci. Pollut. Res. 2022, 292, 2547-2554. [CrossRef] [PubMed]

Woolway, R.I,; Weyhenmeyer, G.A.; Schmid, M.; Dokulil, M.T,; de Eyto, E.; Maberly, S.C.; May, L.; Merchant, C.J. Substantial
increase in minimum lake surface temperatures under climate change. Clim. Chang. 2019, 155, 81-94. [CrossRef]

Fujihara, Y.; Okuyama, K.; Hoshikawa, K.; Fujii, H.; Nakamura, T.; Lun, S.; Siev, S. Characteristics of the Annual Maximum and
Minimum Water Temperatures in Tonle Sap Lake, Cambodia from 2000 to 2019. Remote Sens. 2021, 13, 3972. [CrossRef]

Fang, X.; Stefan, H.G. Projections of climate change effects on water temperature characteristics of small lakes in the contiguous
U.S. Clim. Chang. 1999, 42, 377-412. [CrossRef]

Fang, X.; Ellis, C.R,; Stefan, H.G. Simulation and observation of ice formation (freeze-over) in a lake. Cold Reg. Sci. Technol. 1996,
24,129-145. [CrossRef]

Ptak, M.; Sojka, M.; Koztowski, M. The increasing of maximum lake water temperature in lowland lakes of Central Europe: Case
study of the Polish Lakeland. Ann. Limnol. Int. ]. Limnol. 2019, 55, 11. [CrossRef]

Choinski, A. Katalog Jezior Polski; Wyd. Nauk. UAM: Poznar, Poland, 2006.

Kendall, M.G.; Stuart, A. The Advanced Theory of Statistics, 3rd ed.; Charles Griffin Ltd.: London, UK, 1968.

Stefanidis, S.; Stathis, D. Spatial and Temporal Rainfall Variability over the Mountainous Central Pindus (Greece). Climate 2018, 6,
75. [CrossRef]

Myronidis, D.; Ioannou, K.; Fotakis, D.; Dorflinger, G. Streamflow and Hydrological Drought Trend Analysis and Forecasting in
Cyprus. Water Resour. Manag. 2018, 32, 1759-1776. [CrossRef]

Ptak, M.; Sojka, M.; Kaluza, T.; Choiriski, A.; Nowak, B. Long-term water temperature trends of the Warta River in the years
1960-2009. Ecohydrol. Hydrobiol. 2019, 19, 441-451. [CrossRef]

Ptak, M.; Sojka, M.; Graf, R.; Choiniski, A.; Zhu, S.; Nowak, B. Warming Vistula River—The effects of climate and local conditions
on water temperature in one of the largest rivers in Europe. J. Hydrol. Hydromech. 2022, 70, 1-11. [CrossRef]

Ptak, M.; Sojka, M. Different reactions to climate change as observed in selected elements of hydrological regime of the deepest
lake on the Central European Plain (Lake Haricza). Hydrol. Sci. ]. 2021, 66, 1083-1095. [CrossRef]

Ptak, M.; Sojka, M.; Nowak, B. Effect of climate warming on a change in thermal and ice conditions in the largest lake in
Poland—Lake Sniardwy. J. Hydrol. Hydrodyn. 2020, 68, 260-270. [CrossRef]

Yue, S.; Pilon, P; Phinney, B.; Cavadias, G. The influence of autocorrelation on the ability to detect trend in hydrological series.
Hydrol. Process. 2002, 16, 1807-1829. [CrossRef]

Gilbert, R.O. Statistical Methods for Environmental Pollution Monitorin; Van Nostrand Reinhold Co.: New York, NY, USA, 1987;
p. 320.

Patakamuri, S.K.; O’'Brien, N. Modified Versions of Mann Kendall and Spearman’s Rho Trend Tests, Version 1.6. 2021. Available
online: https:/ /cran.r-project.org/web/packages/modifiedmk/modifiedmk.pdf (accessed on 31 October 2022).

Fryzlewicz, P. Wild binary segmentation for multiple change-point detection. Ann. Stat. 2014, 42, 2243-2281. [CrossRef]
Fryzlewicz, P. Detecting possibly frequent change-points: Wild Binary Segmentation 2 and steepest-drop model selection. J.
Korean Stat. Soc. 2020, 49, 1027-1070. [CrossRef]

Anastasiou, A.; Chen, Y.; Cho, H.; Fryzelewicz, P; Anastasiou, A.; Chen, Y.; Cho, H.; Fryzelewicz, P. Methods for Fast Multiple
Change-Point Detection and Estimation, Version 2.3. 2021. Available online: https:/ /cran.r-project.org/web/packages/breakfast/
breakfast.pdf (accessed on 1 November 2022).

Ptak, M.; Sojka, M.; Choiniski, A.; Nowak, B. Effect of Environmental Conditions and Morphometric Parameters on Surface Water
Temperature in Polish Lakes. Water 2018, 10, 580. [CrossRef]

Liu, C.W,; Lin, K.H.; Kuo, Y.M. Application of factor analysis in the assessment of groundwater quality in blackfoot disease in
Taiwan. Sci. Total Environ. 2003, 313, 77-89. [CrossRef]


http://doi.org/10.3389/fenvs.2022.995862
http://doi.org/10.3390/ijgi11070407
http://doi.org/10.1080/20442041.2017.1294332
http://doi.org/10.1007/s11600-021-00581-x
http://doi.org/10.1007/s10584-021-03085-1
http://doi.org/10.1007/s11356-021-15621-8
http://www.ncbi.nlm.nih.gov/pubmed/34370202
http://doi.org/10.1007/s10584-019-02465-y
http://doi.org/10.3390/rs13193972
http://doi.org/10.1023/A:1005431523281
http://doi.org/10.1016/0165-232X(95)00022-4
http://doi.org/10.1051/limn/2019005
http://doi.org/10.3390/cli6030075
http://doi.org/10.1007/s11269-018-1902-z
http://doi.org/10.1016/j.ecohyd.2019.03.007
http://doi.org/10.2478/johh-2021-0032
http://doi.org/10.1080/02626667.2021.1906429
http://doi.org/10.2478/johh-2020-0024
http://doi.org/10.1002/hyp.1095
https://cran.r-project.org/web/packages/modifiedmk/modifiedmk.pdf
http://doi.org/10.1214/14-AOS1245
http://doi.org/10.1007/s42952-020-00060-x
https://cran.r-project.org/web/packages/breakfast/breakfast.pdf
https://cran.r-project.org/web/packages/breakfast/breakfast.pdf
http://doi.org/10.3390/w10050580
http://doi.org/10.1016/S0048-9697(02)00683-6

Appl. Sci. 2022,12, 12601 14 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Winslow, L.A.; Read, ].S.; Hansen, G.J.A.; Rose, K.C.; Robertson, D.M. Seasonality of change: Summer warming rates do not fully
represent effects of climate change on lake temperatures. Limnol. Oceanogr. 2017, 62, 2168-2178. [CrossRef]

Currie, RJ.; Bennett, W.A.; Beitinger, T.L. Critical thermal minima and maxima of three freshwater game-fish species acclimated
to constant temperatures. Environ. Biol. Fishes 1998, 51, 187-200. [CrossRef]

Petechata, A.; Petechaty, M.; Pukacz, A. Winter temperature and shifts in phytoplankton assemblages in a small Chara-lake.
Aquat. Bot. 2015, 124, 32. [CrossRef]

Martyniak, A.; Poczyczyniski, P.; Szymariska, U.; Koztowski, J.; Wziatek, B. The Fish of Lake Druzno. In Jezioro Druzno—Monograia
Przyrodnicza; Wyd. Mantis: Olsztyn, Poland, 2013; pp. 83-102.

Nozzi, N.; Stelzer, R.S. Responses of fish communities to longitudinal thermal gradients in coldwater, lake outflow streams.
Environ. Biol. Fishes 2021, 104, 1235-1249. [CrossRef]

Ptak, M.; Nowak, B. Variability of oxygen-thermal conditions in selected lakes in Poland. Ecol. Chem. Eng. S 2016, 23, 639-650.
[CrossRef]

Ptak, M.; Nowak, B. Warunki termiczno—Tlenowe jeziora Biatego Wtodawskiego w pétroczu letnim (2012-2015). Ann. Univ.
Mariae Curie-Sktodowska. Sect. B. Geogr. Geol. Mineral. Petrogr. 2016, 71, 61-71. [CrossRef]

Woolway, R.I; Denfeld, B.; Tan, Z.; Jansen, J.; Weyhenmeyer, G.A.; La Fuente, S. Winter inverse lake stratification under historic
and future climate change. Limnol. Oceanogr. Lett. 2022, 7, 302-311. [CrossRef]

Butcher, ].B.; Nover, D.; Johnson, T.E.; Clark, C.M. Sensitivity of lake thermal and mixing dynamics to climate change. Clim.
Chang. 2015, 129, 295-305. [CrossRef]

Peeters, F,; Livingstone, D.M.; Goudsmit, G.-H.; Kipfer, R.; Forster, R. Modeling 50 years of historical temperature profiles in a
large central European lake. Limnol. Oceanogr. 2002, 47, 186-197. [CrossRef]

Choinski, A.; Ptak, M.; Strzelczak, A. Areal variation in ice cover thickness on lake Morskie Oko (Tatra Mountains). Carpathian J.
Earth Environ. Sci. 2013, 8, 97-102.

Solarski, M.; Rzetala, M. Determinants of Spatial Variability of Ice Thickness in Lakes in High Mountains of the Temperate
Zone—The Case of the Tatra Mountains. Water 2022, 14, 2360. [CrossRef]

Ptak, M.; Tomczyk, A.; Wrzesinski, D.; Bednorz, E. Effect of teleconnection patterns on ice conditions in lakes in lowland Poland.
Theor. Appl. Climatol. 2019, 138, 1961-1969. [CrossRef]

Guo, L.; Zheng, H.; Wu, Y.; Zhang, T.; Wen, M,; Fan, L.; Zhang, B. Responses of Lake Ice Phenology to Climate Change at Tibetan
Plateau. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13, 3856-3861. [CrossRef]

Ptak, M.; Sojka, M. The disappearance of ice cover on temperate lakes (Central Europe) as a result of global warming. Geogr. J.
2021, 187, 200-213. [CrossRef]


http://doi.org/10.1002/lno.10557
http://doi.org/10.1023/A:1007447417546
http://doi.org/10.1016/j.aquabot.2015.03.001
http://doi.org/10.1007/s10641-021-01149-w
http://doi.org/10.1515/eces-2016-0045
http://doi.org/10.17951/b.2016.71.1.61
http://doi.org/10.1002/lol2.10231
http://doi.org/10.1007/s10584-015-1326-1
http://doi.org/10.4319/lo.2002.47.1.0186
http://doi.org/10.3390/w14152360
http://doi.org/10.1007/s00704-019-02929-2
http://doi.org/10.1109/JSTARS.2020.3006270
http://doi.org/10.1111/geoj.12385

	Introduction 
	Materials and Methods 
	Study Objects 
	Materials 
	Methods 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

