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Abstract: Lakes are vital components of the Earth’s hydrological cycle and are susceptible to the
impacts of climate change. Understanding the changes in terms of minimum and maximum lake
surface temperatures is crucial for assessing the effects of climate change on freshwater ecosystems.
This study focuses on ten lakes in Poland to investigate the impacts of climate change on lake
temperatures in different geographical regions. The Mann-Kendall (MK) and Sen tests were employed
to analyze trends and changes in minimum and maximum water temperatures, respectively. The
results reveal significant increases in the minimum and maximum temperatures, particularly in May
and June. Different lakes exhibit varying trends and variability in temperature changes over time,
indicating the vulnerability of these ecosystems. The current study also examines the magnitude of
annual temperature changes and classifies them into different levels. This analysis highlights the
complex relationship between air temperature, seasonal cycles, and lake morphometric characteristics
in shaping variations in lake surface water temperature. These findings contribute to understanding
the impacts of climate change on Poland’s lakes and provide valuable insights for developing
conservation strategies and adaptive measures to protect freshwater resources.
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1. Introduction

Climate change is a global phenomenon with significant implications for ecosystems
worldwide, including lakes. Lakes act as sensitive indicators of climate change, responding
to alterations in air temperature and climatic conditions. They have well-defined ecosys-
tems that can be studied using standard protocols and are affected by direct and indirect
changes related to climate change [1].

Previous studies have provided insight into the effects of climate change on aquatic
ecosystems [2—4]. According to the authors of [5], climate change affects lakes in two ways:
directly, through changes in atmospheric drivers such as temperature, precipitation, wind
speed, and radiation, and indirectly, through modifications to catchment properties. This
effect includes changes in food-web dynamics, biodiversity, and ecological productivity [6].
Climate change can cause significant ecological changes, such as shifts in the composition,
seasonality, and production of algae, fluctuations in the abundance and emergence of
insect populations, and alterations in the abiotic filters that impact the success of invasive
or nuisance species [3,4,6-10]. Verburg [11] observed that the current warming trend
had significant consequences for stratification in lakes, which indirectly affects plankton.
Furthermore, there has been an increase in cyanobacteria dominance and alterations in the
timing and duration of the growing season [12], which could cause mismatches between
phytoplankton and zooplankton [13].
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In the same way, warming lake water due to climate change could cause a decrease
in the dissolved oxygen concentration [14,15]. It may also lead to a decline in lake ice
formation [16,17] and increase lake evaporation by substantially altering the hydrologi-
cal, chemical, and energy budgets of lakes [18-20] and fundamentally causing a trade-off
between precipitation (P), evaporative water loss, and alterations in terrestrial water stor-
age [21]. Additionally, climate change can influence the warming of lake surface water
temperature (LSWT) and can cause a lake to experience a change in water storage that could
result in an increase, decrease, or no significant cumulative change [22-25]. In general, the
impact of climate change on lakes is complex and varied.

The minimum and maximum lake surface temperatures play a vital role in shaping the
thermal regime of lakes, influencing water quality, aquatic biodiversity, and overall ecosys-
tem functioning. Previous studies have largely focused on mean lake surface temperatures
and air temperatures [26,27], leaving a relative gap in the comprehensive understanding
of changes in the minimum and maximum temperature extremes in Poland’s lakes. This
study thoroughly analyzes historical data from the time period of 1972-2021 regarding
minimum and maximum lake surface temperatures across Poland to address this knowl-
edge gap by examining long-term trends and temporal variations; the aim is to discern
the changes occurring in these temperature extremes and their relationship to climate
change. The outcomes of this in-depth analysis will contribute to the expanding body of
knowledge on the impact of climate change on lakes, with a specific focus on Poland. By
unraveling the intricacies of trends, variations, and the magnitude of change in minimum
and maximum lake surface temperatures, this study will provide critical insights into the
vulnerabilities and resilience of Poland’s lakes to climate change. The findings will inform
evidence-based decision-making, aiding in developing tailored conservation strategies and
adaptive measures to ensure the long-term sustainability and preservation of Poland’s
invaluable freshwater resources.

2. Materials and Methods
2.1. Study Area

The study was conducted in Poland and focused on lake surface temperature, taking
advantage of the country’s extensive freshwater resources, including more than 9300 lakes.
Poland’s geographical position between the Baltic Sea and the Tatra Mountains provides
an interesting climate combination of continental and oceanic influences, making it an
ideal location for investigating the impacts of climate change on lake temperatures. The
study examined ten Polish lakes, which were strategically selected to represent various
geographical regions (Figure 1). These lakes included Lake Studzieniczne in the eastern
region, Lake Stawskie in the western and southern regions, and Lake Gardno, a coastal
lake in the north. Most of the analyzed lakes were formed after the last glaciation, except
for Lake Gardno. All the studied lakes had a flow-through characteristic, meaning that
water consistently flowed in and out of the lakes. Detailed information on the lakes’ basic
morphometric parameters can be found in Table 1 of the study.

2.2. Materials

This study utilized daily water temperature data collected between 1972 and 2021
from 10 lakes located in Poland. The data were obtained through measurements conducted
by the Institute of Meteorology and Water Management—National Research Institute at a
depth of 0.4 m beneath the water surface in the coastal zone. Standard measurements were
taken at 6 UTC. This study also includes information on air temperature, as measured by
the same institute (measured in standard meteorological cages at a height of 2 m above the
ground surface). The daily data were utilized to determine the minimum and maximum
monthly and annual values.
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Figure 1. Location of the lakes studied in this paper.

Table 1. The lakes” morphometric parameters [28,29] and environmental characteristics.

Ice Cover

Mean . Koppen’s
No Lake Latitude Longitude Area V°£“m3e Depth Max Thickness Climate
(ha) (10" m*) (m) (cm) Classification
(Mean 1972-2021)

1 Stawskie 51.89 16.02 822.5 42,664.8 5.2 20.0 Cfb

2 Sepolerniskie 53.46 17.51 157.5 7501.6 48 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 3152.5 141,594.2 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 Dfb

10 Harncza 54.27 22.81 305.0 120,000.0 38.7 24.1 Dfb

2.3. Methods

The hydrological year in Poland begins on November 1 of the previous year and
ends on October 31 of the current year. The study adopts time series data from 1972 to
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2021 to examine the changes in the lakes” minimum and maximum water temperatures.
The temperature data were analyzed on both a monthly and annual basis. To better
understand the temperature changes within each period and identify any trends that may
have occurred, the temperature data were divided into three periods: 1972-2001, 1982-2011,
and 1982-2021. Air temperatures were measured daily to collect the necessary data, and
the minimum, maximum, and average daily values were determined. The minimum and
maximum temperature for each day of the month and year were then calculated from
this data using MS Excel. The temperature data for each year within each period was
analyzed and then presented in a clear format, such as temperature duration curves. This
allowed the researchers to read 90% of values and compare the temperature trends within
and between the different periods. Finally, the resulting data set was subjected to further
statistical analysis to understand the temperature trends better and identify any significant
changes that occurred over the years.

2.4. Statistical Analysis

This study adopts the Mann-Kendall test (MK) following the method used in [29-31]
to determine the trends of changes in minimum and maximum water temperatures. This
method has been widely used in analyses involving hydrological and climatic change
trends [26,30,32-34]. Although the MK test lacks autocorrelation, this was removed from the
data set by adopting the trend-free pre-whitening procedure developed elsewhere [29,35].
Similarly, the study adopts a non-parametric Sen test (S) following the method used
in [33,36] to evaluate the magnitude of changes in maximum lake water temperature. The
study adopts the Sen test against ordinary least square (OLS) regression because the test is
based on the median of all possible pairwise slopes between the observations, making it less
sensitive to outliers. In addition, Sen’s estimator is robust when faced with outliers because
it does not assume any particular distribution of the errors or the data and is a more robust
measure of central tendency than the mean [28]. The modified MK package developed
by the authors of [37] was used to analyze trends and measure changes in magnitude
through the MK and S tests in R studio. Finally, based on the calculated values of the Sen
slope for each lake, mean and median values were calculated for the periods 1972-2001,
1982-2011, 1982-2021, and the whole period of 1972-2021. In order to answer the question
regarding in which period the greatest changes occurred, the significance of differences
was analyzed using a parametric t-test and the nonparametric sign test, respectively. The
t-test and sign-test results were presented on the background of mean and median values,
respectively. Differential significance calculations were performed for annual and monthly
periods at a significance level of 0.05.

3. Results

The results of the monthly trends in the lakes” minimum and maximum surface water
temperature are presented in Figures 2 and 3, respectively, and span four different periods:
1972-2021, 1972-2001, 1982-2011, and 1992-2021. For minimum LSWT (Figure 2), the
highest increase in water temperature was observed in May for the period from 1972 to 2021
and 1972 to 2001. However, the latter period experienced a more significant temperature
increase, with mean values of 0.8 °C per decade and 1.2 °C per decade, respectively. In
1982-2011, June had the highest rate of temperature increase, with a mean value of 0.7 °C
per decade. December showed the highest rate of temperature increase in the period from
1992 to 2021, with a mean value of 0.6 °C per decade. January and February consistently
exhibited lower temperatures across all four periods, with mean values ranging from 0.0 °C
per decade to 0.1 °C per decade. Similarly, regarding maximum LSWT (Figure 3), the
highest increase in water temperature was observed in April, with mean values of 0.8 °C
per decade, 1.1 °C per decade, and 0.8 °C per decade, respectively, while in the period from
1992 to 2021, June had the highest rate of temperature increase, with a mean value of 1 °C
per decade. Conversely, the lower water temperature varies across each period. Lower
water temperature was observed in February with an average of 0.2 °C per decade for the
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Figure 2. Changes in minimum monthly water temperatures for the periods of 1972-2001, 1982-2011,
1992-2021, and 1972-2021, shown in °C per decade.

Furthermore, the variability in the trends of changes in water temperature differed
across the analyzed lakes and also varied among the four time periods. Regarding minimum
LSWT, from 1972 to 2021, June, September, and December have higher variability, with an
average difference of 0.2 °C per decade. In 1972-2001, September, October, and November
exhibited the highest variability, with an average difference of 0.4 °C per decade. May,
July, and December showed the highest variability in temperature change, recording
an average difference of 0.4 °C per decade from 1982 to 2011. In 1992-2021, January,
April, and November exhibited the highest variability, with an average difference of
0.6 °C per decade. Lower variability was consistently recorded in January, February, and
November for the period from 1972 to 2021, with an average difference of 0.1 °C per
decade, and in February, March, and December for the 1972-2001 period, with an average
difference of 0.2 °C per decade. In the same vein, lower variability was observed in
February, September, and November for 1982-2011, with an average difference of 0.1 °C
per decade, while in the 1992-2021 period, February, June, and September consistently
showed lower variability, with an average difference of 0.2 °C per decade. In the case of
maximum LSWT, May, July, and October consistently displayed the highest variability for
the period from 1972 to 2021, with an average difference of 0.2 °C per decade, while March,
August, and December were the months with the highest variability for the period from
1972 to 2001, with an average difference of 0.4 °C per decade. For the period from 1982 to
2011, April, May, and July have the highest variability, with an average difference of 0.5 °C
per decade, and finally, for the period from 1992 to 2021, May, August, and December
recorded the highest variability, with an average difference of 0.5 °C per decade. Lower
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variability was consistently recorded for February, September, and October in 1972-2021,
for January, March, and October in 1972-2001, and for January, February, and October in
1982-2011, with an average difference of 0.2 °C per decade for all three periods. Similarly,
in 1992-2021, February, April, and August consistently showed lower variability, with an
average difference of 0.1 °C per decade.
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Figure 3. Changes in maximum monthly water temperatures for the periods of 1972-2001, 1982-2011,
1992-2021, and 1972-2021, shown in °C per decade.
The yearly temperature trends for each lake were analyzed using the Mann-Kendall
Z- and p-values (Table 2). A positive Z-value indicates an upward trend and implies an
increasing trend over time. A p-value at a significance level alpha (0.05) was used to
determine if the trend was statistically significant, thus indicating a considerable increase
in the trend at a 5% level.
Table 2. Mann—Kendall analysis of annual minimum and maximum temperatures.
Lak 1972-2021 1972-2001 1982-2011 1992-2021
ake
Z-Value p-Value Z-Value p-Value Z-Value p-Value Z-Value p-Value
Minimum Temperature
Stawskie 2.75 0.071 % 1.58 0.12 0.43 0.67 1.78 0.07
Gardno 0.00 1.00 -0.13 0.89 0.10 0.92 0.63 0.53
Sepolenskie 1.89 0.06 2.25 0.02 % —0.45 0.65 1.11 0.27
Charzykowskie 3.35 0.00 2.01 0.04 5% 0.81 0.42 2.59 0.01 ot
Mikotajskie 1.34 0.18 —0.38 0.71 0.66 0.51 1.86 0.06
Jeziorak 0.42 0.67 0.96 0.34 0.06 0.96 1.89 0.06
Selmet Wielki 5.07 0.00 *#** 4.75 0.00 *#** 1.37 0.17 1.29 0.20
Studzieniczne 1.68 0.09 —-0.96 0.34 1.18 0.24 212 0.03 *#**
Haricza 2.18 0.03 217 0.03 0.02 0.99 1.71 0.09
Bachotek 3.15 0.00 *#** 2.48 0.01 % 0.84 0.40 2.19 0.03 %
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Table 2. Cont.

Lak 1972-2021 1972-2001 1982-2011 1992-2021
ake
Z-Value p-Value Z-Value p-Value Z-Value p-Value Z-Value p-Value
Maximum temperature
Stawskie 4.44 0.00 **** 2.01 0.04 *x=* 2.27 0.02 **=* 1.89 0.06
Gardno 1.97 0.05 **=* —0.51 0.61 0.47 0.64 1.67 0.10
Sepolenskie 2.37 0.02 **** 0.88 0.38 1.26 0.21 111 0.27
Charzykowskie 3.51 0.00 **** 0.77 0.44 3.28 0.00 **=* 1.89 0.06
Mikolajskie 3.04 0.00 **=* 0.21 0.84 2.34 0.02 **=* 1.71 0.09
Jeziorak 3.89 0.00 **** 0.66 0.51 0.66 0.51 2.79 0.07 ****
Selmet Wielki 2.92 0.00 **=* —0.47 0.64 1.07 0.28 2.49 0.07 **=*
Studzieniczne 4.44 0.00 **=* 0.99 0.32 2.98 0.00 **=* 2.49 0.07 ==
Harcza 2.96 0.00 **** 0.00 1.00 2.57 0.07 **** 2.46 0.07 ****
Bachotek 3.51 0.00 **=* 1.41 0.16 2.08 0.04 *x=* 1.56 0.12

**#* 5% significance level.

Figure 4 depicts the minimum yearly trend analysis results, which reveal significantly
increasing trends at a 5% significance level in various lakes. Lakes Charzykowskie and
Bachotek showed significant increasing trends in three periods: 1972-2021, 1972-2001, and
1992-2021, while Lakes Selmet Wielki and Haricza showed significantly increasing trends in
two periods, 1972-2021 and 1972-2001. Additionally, Lake Studzieniczne exhibited signifi-
cantly increasing trends from 1992 to 2021, while Lake Sepoleniskie displayed significantly
increasing trends from 1972 to 2001. Notably, no significant increase was observed between
1982 and 2011 across any of the lakes examined.

Similarly, the maximum yearly temperature trend analysis findings are presented in
Figure 5. All lakes demonstrate a highly significant increase in temperature trends at a 5%
significance level for the period from 1972 to 2021. However, only Lake Stawskie exhibits
a significant increase in temperature trends from 1972 to 2001 and an increasing trend
from 1982 to 2011. Lakes Studzieniczne and Haricza show increasing trends in 1982-2011
and 1992-2021. In addition, Lakes Charzykowskie, Mikotajskie, and Bachotek also display
significantly increasing trends from 1982 to 2011, while Jeziorak and Selmet Wielki show
significantly increasing trends from 1992 to 2021.

The annual change in lake surface temperature was observed based on the magnitude
of the Sen slope. The changes were classified into five levels: very low, low, moderate, high,
and very high (Table 3). The results of the annual changes in lake minimum and maximum
temperature are presented in Figures 6 and 7, respectively, while Table 4 shows the detailed
location of the lakes and meteorological stations. During the first period (1972-2001), most
lakes exhibited a low-magnitude change in minimum water temperature. In the second
period (1982-2011), most lakes showed very low-magnitude changes, with lakes 8 and 9
displaying moderate changes. In the third period (1992-2021), diverse changes were
observed, with high magnitudes in lakes 5, 6, 9, and 10, moderate changes in lakes 7 and 8,
low-magnitude changes in lakes 1, 2, and 3, and very low-magnitude changes in lake
4. Meanwhile, from 1972 to 2021, the observed lakes experienced mostly low- and very
low-magnitude temperature changes.

Table 3. Magnitude and classification of changes in lake water temperature.

Change Magnitude Change Classification
<0.10 Very Low
0.10-0.34 Low
0.35-0.64 Moderate
0.65-0.94 High

>0.94 Very high
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Figure 4. The trend of minimum lake water temperature for the periods of 1972-2001 (red line),
1982-2021 (blue line), 1992-2021 (purple line), and 1972-2021 (green line).
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1982-2021 (blue line), 1992-2021 (purple line), and 1972-2021 (green line).
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Figure 6. Annual minimum water temperature changes in the analyzed lakes.
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Figure 7. Annual maximum water temperature changes in the analyzed lakes.

The analysis of the three trend periods (1972-2001, 1982-2011, and 1992-2021) reveals
diverse changes in the maximum temperature magnitude across different lakes. For the first
trend period, the lakes exhibited a range of changes, with some lakes experiencing moder-
ate changes (lakes 1, 2, 3, 5, and 6), others showing low-magnitude changes (lakes 7, 9, and
10), and the remaining lakes displaying very low-magnitude changes (lakes 4 and 8). In the
second trend period, the lakes demonstrated varied magnitudes of changes. Some lakes
displayed very high-magnitude changes (lakes 3, 6, and 10), high changes (lake 9), and mod-
erate changes (lakes 1, 2, 5, and 7), while others exhibited low-magnitude changes (lakes 4
and 8). Similar patterns were observed in the third trend period. Lakes 8 and 10 experi-
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enced very high-magnitude changes, lakes 3, 4, 6, and 9 displayed high-magnitude changes,
lakes 1 and 5 showed moderate changes, and lake 2 exhibited low-magnitude changes.
Most of the lakes experienced moderate changes in maximum temperature across all trend
periods, except for lakes 6 and 9, which showed high-magnitude changes, and lakes 4 and
2, which showed low-magnitude changes. Lakes 1 and 5 demonstrated relatively consistent
magnitude changes throughout the periods, while the others displayed variations.

Table 4. Location of the lakes and meteorological stations.

Lakes Identifier Meteorological Stations Identifier
Stawskie 1 Zielona Gora A
Sepolenskie 2 Chojnice B
Charzykowskie 3 Leba C
Gardno 4 Torun D
Bachotek 5 Ketrzyn E
Jeziorak 6 Olsztyn F
Mikotajskie 7 Ketrzyn E
Selmet Wielki 8 Ketrzyn E
Studzieniczne 9 Ketrzyn E
Hancza 10 Ketrzyn E

Similarly, the changes in air temperature for the meteorological stations were analyzed.

The results of the trend analysis for annual air temperatures are presented in Table S3
in the Supplementary Materials. The results show that over the entire considered period
from 1972 to 2021, annual average temperatures increased in the range of 0.39 to 0.42 °C
per decade, with a mean value of 0.41 °C per decade. The changes in average annual
air temperatures were statistically significant at a significance level of 0.05. In contrast,
when considering individual 30-year periods, the largest increase in average annual air
temperatures occurred in the 1992-2021 period at an average of 0.55 °C per decade, while
the smallest occurred in the 1982-2011 period at an average of 0.28 °C per decade. The
changes in average annual temperatures that were statistically significant at each of the
weather stations were seen in the 1992-2021 period, while in the other periods, the changes
were only statistically significant at station A (Zielona Goéra). The results obtained for air
temperatures correspond with the response related to extreme water temperatures, where
the strongest changes are observed over the last 30-year period.

The significance of the differences in Sen slope values between the analyzed periods
was determined to summarize the results. The analysis of the differences in Sen slope
values for minimum and maximum temperatures is shown in Table 5 and Figure 8. The
t-test and sign-test results are presented with the background of average and median
values, respectively. The largest changes in mean and median values occurred in the period
from 1992 to 2021, regarding minimum temperatures. Although mean and median values
are the highest for maximum lake water temperatures in 1992-2021, the differences are
not statistically significant compared to 1982-2011. The difference analysis results for
months are shown in Tables S1 and S2 in the Supplementary Materials. The biggest changes
occurred in 1992-2021 regarding maximum temperatures, while the changes were not as
evident regarding minimum temperatures.
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Table 5. Statistical significance of the differences in mean and median values for minimum and maxi-
mum water temperatures in the chosen periods of 1972-2001, 1982-2011, 1992-2021, and 1972-2021.

Period Average Trend Median Trend
(°C per Decade) (°C per Decade)

Minimum water temperature trend value

1972-2011 0.08 a* 0.07 a

1982-2011 0.14 a 0.04 a

1992-2021 0.43 0.46

1972-2021 0.07 a 0.06 a
Maximum water temperature trend value

1972-2011 0.21 0.30

1982-2011 0.59 ab 0.61a

1992-2021 0.75a 0.65 a

1972-2021 0.52b 0.56 a

*—The same letter indicates no significant differences at the significance level of 0.05. Results of the f-test were
presented with the background of the average value and the sign test with the background of the median value.
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Figure 8. Changes in minimum (a) and maximum (b) water temperatures for the studied periods.

4. Discussion

The findings regarding the minimum and maximum changes in LSWT (MinLSWT
and MaxLSWT), indicate that different months exhibited varying temperature increases
and variability levels within each period. A similar result has been observed in Poland
and in other parts of central Europe [29,30,38-43]. The months with the highest variability
suggest periods when temperature fluctuations were more pronounced and vice versa,
which could be attributed to various factors. The low variability can be associated with
the relationship between the LSWT and air temperature; the average temperature of less
than or equal to 0 °C per decade recorded across all periods indicates a limited exchange of
heat between water and ice, thus making the lake water more isolated from atmospheric
factors such as air temperature [44]. The North Atlantic Oscillation (NAO) is another
significant factor that could cause variations in LSWT in Poland [45]. The location of the
analyzed lakes, ranging from the northwestern region, with a warmer marine climate, to
the northeastern part, which is characterized by a continental climate, further accentuates
the role of the NAO. During the positive phase of the NAO, milder and wetter conditions
prevail, leading to increased solar radiation and higher air temperatures that contribute
to the elevated maximum water temperatures observed in the lakes, particularly in April,
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as warmer air masses are advected from the Atlantic; a similar result has been observed
by the authors of [46]. Conversely, the positive phase also brings colder and stormier
conditions, influencing the lower minimum water temperatures in February. During this
period, the advection of colder air masses from northern latitudes decreases the surface
water temperatures.

The observed variation in LSWT across all the periods under study can be attributed
to a combination of seasonal cycles and the morphometric characteristics of the lakes [1].
In Poland, which is characterized by cold winters, transitional springs, warm summers,
and mild autumns, most lakes exhibit a stratified nature with varying depths from shallow
to deep (see Table 1). These factors play a significant role in shaping the patterns of LSWT
variation [47]. These findings reveal a clear association between temperature increases
and specific months, such as April, May, and June, aligning with the expected seasonal
variations and agreeing with the findings reported in [43]. This trend is particularly evident
in stratified lakes, where the limited depth allows for more efficient heating of the surface
water layer during the transition from spring to summer; this finding is consistent with the
observations made by the authors of [48] regarding the impacts of climate change on lake
thermal dynamics and ecosystem vulnerabilities.

Consequently, these lakes exhibit more pronounced temperature increases across all
studied periods in May. The relatively shallow depth (7/10 of the studied lakes) enables
rapid warming, as the combined effects of solar radiation and air temperature have a
more significant impact. Conversely, deeper stratified lakes (3/10 of the studied lakes)
will display more moderate temperature changes during these months. The larger volume
of colder water in the deeper layers acts as a thermal buffer, mitigating the rapid heating
observed in shallow lakes [49]. Thus, the temperature increase in these lakes is more
gradual. The interplay between lake depth and mixing dynamics shapes the extent of
temperature changes in stratified lakes, reflecting the unique thermal characteristics of each
lake [50].

The significance of seasonal cycles and the roles of lake depth and mixing processes
are further highlighted by the variability in temperature seen across different months
throughout all the periods studied. Months with higher temperature increases, such as
May, July, and October, exhibit more significant variability. This variability can be attributed
to the changing weather patterns and seasonal transitions [51]. In stratified lakes, these
months may experience increased mixing due to wind-induced currents or convective
processes, leading to notable fluctuations in surface water temperatures. Conversely,
January and February, representing the winter season, consistently demonstrate lower
temperatures and less variability. The deeper layers of stratified lakes act as a thermal
buffer, providing insulation against the cold winter conditions. According to the authors
of [52], this buffering effect contributes to more stable surface water temperatures during
winter, as the larger water volume minimizes the impact of external temperature changes.

Additionally, the findings of this study provide compelling evidence of an increase
in lake surface water temperatures. Among the studied lakes, five lakes (Charzykowskie,
Bachotek, Selmet Wielki, Haricza, and Studzieniczne) exhibited a prolonged period of
warming; Lake Stawskie demonstrated a notable warming trend, while Lakes Jeziorak and
Selmet Wielki exhibited ongoing warming. These temperature changes significantly affect
lakes with stratified, deep, and shallow characteristics [34]. The observed temperature
increases in deep lakes such as Charzykowskie and Haricza can have complex implications
due to their greater water column depth, as these lakes allow for vertical mixing and
temperature gradients. Temperature changes in these lakes may impact not only the
epilimnion (upper layer) but also the thermocline (middle layer) and hypolimnion (bottom
layer). Such changes in thermal stratification can influence the availability of suitable
habitats for different species within the water column [53].

Disruptions in the stability of the thermocline caused by temperature changes can
also affect the vertical distribution of species and the availability of suitable conditions for
plankton, fish, and other organisms at different depths [54]. Conversely, the temperature
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increases observed in shallow lakes such as Stawskie, Bachotek, and Selmet Wielki can
intensify thermal stratification due to their limited depth. Shallow lakes are more sus-
ceptible to rapid temperature fluctuations and changes in the epilimnion, which can lead
to prolonged periods of warm surface water. These changes in thermal stratification can
impact the distribution and behavior of species adapted to specific temperature ranges,
potentially favoring warm-water species and altering the composition of the epilimnion
community [28,55]. Rising winter lake temperatures have been linked to the disappearance
of Arctic charr from Lake Vattern, highlighting the vulnerability of cold-water species to
temperature changes [56].

The increase in surface water temperatures also has implications for harmful algal
blooms (HABs) in deep and shallow lakes [57]. Warmer temperatures can promote the
growth and proliferation of the algae species responsible for HABs [58]. The thermal struc-
ture of the lakes can influence the effects of temperature on HABs. In shallow lakes such as
Stawskie and Bachotek, rapid temperature fluctuations and changes in the epilimnion make
them particularly vulnerable to HABs. In deep lakes such as Charzykowskie and Harcza,
an increase in temperature can impact the vertical distribution of algae species, altering the
composition and dynamics of HABs within the water column; this is in tandem with the
findings of an earlier study [59] that water temperature is one of the most important factors
influencing the growth probability of HABs in the aquatic ecosystem.

Furthermore, temperature changes can impact both deep and shallow lakes’ evapo-
ration, water resources, and hydrological processes. In the case of the observed lakes, a
prolonged increase in LSWT can accelerate the evaporation rate, leading to reduced water
levels and potentially exacerbating water scarcity issues; this affirms the findings by the
authors of [60], whose study established that due to increases in water temperature, the
water level in lakes would decrease, mainly in response to the greater evaporation caused
by the higher temperature of surface waters. Additionally, the concentration of pollutants
and nutrients can increase due to reduced water volume, contributing to eutrophication
and water-quality problems [26].

Increased LSWT might also have impacted the lakes” water circulation and mixing
processes. In stratified lakes, temperature differences between the layers drive vertical
mixing, which is crucial for nutrient transport, the oxygenation of deeper waters, and
the overall stability of the ecosystem [48,61]. What these observations echo is that in the
observed lakes, changes in thermal stratification due to the increasing trend of LSWT
could have affected the strength and frequency of vertical mixing and, thus, potentially
disrupt these vital mixing processes. This disruption could have cascading effects on
nutrient availability, oxygen levels, and the distribution and abundance of organisms
throughout the water column; this upholds the position held in [62] that changes in thermal
stratification can also impact the physical and chemical properties of the water column,
including dissolved oxygen concentrations, nutrient availability, and pH value; changes in
these properties can have significant implications for the health and functioning of aquatic
ecosystems. As mentioned earlier, the specific temperature trends observed in each lake
during the different periods could contribute to the variations in water circulation and
mixing dynamics within each lake.

The impact of increasing temperature trends on lakes extends to the formation and
duration of ice, which plays a crucial role in their ecological dynamics. The relationship
between ice cover and the thermal regime of lakes, as emphasized by the author of [63],
highlights the consequences of shortened ice cover duration on lake characteristics. The
observed long-term increase in surface water temperatures in the studied lakes may inten-
sify these changes, leading to delayed ice formation and reduced ice cover duration. Such
alterations disrupt many essential processes, including light penetration, gas exchange,
and nutrient cycling, thereby influencing the winter ecology of the lakes. The interconnect-
edness of temperature, ice cover, and ecological processes underscores the importance of
understanding and monitoring these trends to assess the lake ecosystems’ overall health
and functioning during winter.
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Furthermore, the results of this study have important implications in the context of
climate change and its potential effects on lake ecosystems. The observed temperature
changes in air and water temperatures across the trend periods provide valuable insights
into the ongoing climate dynamics and their impacts on lakes (Figures 6 and 7). During
the first trend period (1972-2001), this study shows a high magnitude of changes in air
temperature, indicating a warming trend that is consistent with global climate change
patterns [27,44,64-66]. However, the limited magnitude of changes in minimum LSWT
during this period suggests that the higher AT restricted the cooling of lake waters; this has
implications for the thermal stratification of the lakes and can disrupt the natural thermal
profiles on which many organisms in the ecosystem rely [1,65].

In the second trend period (1982-2011), this study observed moderate AT, associated
with minimal fluctuations in minimum LSWT, as most lakes demonstrated relatively low
and low magnitudes of change that indicate a possible decoupling between air and water
temperature dynamics. However, diverse magnitudes of change in maximum LSWT (for
instance, Lakes 3, 6, and 9 consistently experienced high magnitudes of change) imply
the influence of other factors on the thermal dynamics of lakes. These findings suggest
that air temperature changes do not solely determine the impacts of climate change on
the lake’s ecosystems but are also influenced by additional factors, such as lake-specific
characteristics and local conditions; this is in tandem with the findings reported in [26] that
the presence of ice cover in lakes is an essential factor for the functioning of lake ecosystems,
which suggests that factors other than the air temperature, such as ice cover, can influence
the impacts of climate change on lakes.

The third trend period (1992-2021) reveals a more diverse magnitude of change in
both MinLSWT and MaxLSWT, reflecting the varying fluctuations in AT changes. The
observed very high and high magnitudes of change in MaxLSWT in several lakes (in 8 and
10, and in 3, 4, 6, and 9, respectively) indicate an increasing trend in maximum lake surface
temperatures, which can have significant ecological consequences. Higher temperatures
can alter nutrient cycling, impact primary productivity, and influence the distribution and
behavior of aquatic organisms [67].

Across all four trend periods (1972-2021), the observed magnitude of LSWT and AT
changes in lakes and meteorological stations underscore the importance of considering
climate change in the context of lake ecosystems. Rising air temperatures can profoundly
affect water temperature dynamics, leading to shifts in ecological processes and potentially
disrupting the delicate balance.

5. Conclusions

The study analyzes minimum and maximum lake surface temperatures over time in
Poland, aiming to understand the changes in temperature extremes and their relationship
to climate change. The analysis revealed notable trends and variations in the minimum
and maximum lake surface temperatures across different periods. The results indicated
that May consistently exhibited the highest increases in minimum temperature, while
April exhibited the highest increases in maximum temperature. These findings align
with the expected seasonal variations and highlight the influence of air temperature and
climatic conditions on lake surface temperatures. The variability in temperature changes
also varied across different months and lakes, emphasizing the complex nature of lake
thermal dynamics. Factors such as the North Atlantic Oscillation (NAO), the morphometric
characteristics of the lakes, and seasonal cycles played significant roles in shaping the
observed temperature variations. Lakes in warmer marine climates showed different
patterns than those in regions that are characterized by a continental climate.

Furthermore, the trend analysis using Mann—-Kendall’s Z-test revealed significantly
increasing trends in the minimum and maximum temperatures recorded for several lakes
over specific periods. However, no significant increase was observed between 1982 and 2011.
These findings highlight the temporal variability in temperature trends and underscore
the importance of considering long-term data to comprehensively understand the impact
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of climate change on lakes. Similarly, the analysis of annual changes in lake surface water
temperature categorized the magnitude of temperature shifts into different levels. Most
lakes exhibited low to moderate changes in both the minimum and maximum temperatures
across the studied periods. However, some lakes showed higher-magnitude changes,
indicating variations in thermal responses and vulnerabilities to climate change.

The study enhances our knowledge of the vulnerabilities and resilience of Poland’s
lakes to climate change. The insights gained from analyzing the temperature trends, varia-
tions, and magnitudes of changes in minimum and maximum lake surface temperatures can
inform evidence-based decision-making and aid in developing tailored conservation strate-
gies. By understanding the thermal dynamics of lakes, policymakers and stakeholders can
implement effective adaptive measures (such as thermal stratification disruption and metas-
tasis of water with different thermal characteristics) to ensure the long-term sustainability
and preservation of Poland’s valuable freshwater resources. Additionally, considering the
potential impacts of climate change on other ecological aspects of lakes, such as water
quality, aquatic biodiversity, and ecosystem functioning, would provide a more holistic
understanding of the consequences of climate change on these vital ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/resources12090107/s1, Table S1. Average and median Sen slope
value of minimum lake water temperature for all analyzed lakes; Table S2. Average and median Sen
slope value of maximum lake water temperature for all analyzed lakes; Table S3. Mann-Kendall and
Sen slope analysis of mean yearly air temperature (°C per decade).
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