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2 Department of Hydrology and Water Management, Adam Mickiewicz University, Krygowskiego 10,
61-680 Poznań, Poland
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Abstract: One of the key parameters of lakes is water temperature, which influences many physical
and biochemical processes. In Poland, in situ temperature measurements are or have been conducted
in only about 30 lakes, whereas there are over 3000 lakes with an area larger than 10 hectares. In
many cases, the length of existing observation series is not always sufficient for long-term analysis.
Using artificial neural networks of the multilayer perceptron network (MLP) type, the reconstruction
of average monthly water temperatures was carried out for nine lakes located in northern Poland.
During the validation stage of the reconstruction results, BIAS values were obtained in the range
of −0.33 to 0.44 ◦C, the mean absolute error was 0.46 ◦C, and the root mean square error was
0.61 ◦C. The high quality of the reconstructed data allowed for an assessment of water temperature
changes in the analyzed lakes from 1993 to 2022 using the Mann–Kendall and Sen tests. It was
found that, on an annual basis, the water temperature increased by an average of 0.50 ◦C per decade,
ranging from 0.36 ◦C per decade to 0.64 ◦C per decade for individual lakes. For specific months,
the largest increase was observed in November, about 0.99 ◦C per decade, and the smallest in May,
0.07 ◦C per decade. The obtained results confirm previous studies in this field while adding new
data from lakes, which are particularly significant for the western part of Poland—a region with a
previously limited number of monitored lakes. According to the findings, the analyzed lakes have
undergone significant warming over the past three decades, which is important information for water
management authorities.

Keywords: inland water; global warming; thermal regime; Central Europe

1. Introduction

Proper assessment of environmental changes requires long-term data records that
represent their course and changes in interaction with other factors. In the case of hydrol-
ogy, different regions of the world have more or less developed monitoring networks for
various water parameters, and numerous studies indicate that these data relate to various
timescales, including water levels [1,2], quality [3,4], ice phenomena [5,6], and tempera-
ture [7,8]. Moreover, remote sensing techniques are increasingly being used in hydrosphere
studies [9,10], although they have certain limitations due to satellite revisit frequency or
cloud cover [11]. For lakes, one of the key characteristics for their functioning is water
temperature, which, as noted by Xu et al. [12], affects primary productivity, physical and
biological properties, and, additionally, geochemical and ecological processes, which in
turn influence water quality [13].

In Poland, water temperature observations have a tradition spanning several decades,
with the first continuous measurements on lakes appearing in the late 1950s. The number
of lakes monitored for water temperature has fluctuated over the years, reaching its peak
at the end of the 1970s, with 39 lakes being observed at that time. At the turn of the 20th
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and 21st centuries, this number decreased to 30, only to increase by an additional 9 lakes
between 2006 and 2011.

On a regional scale, general patterns of water temperature changes in lakes are similar,
but local specifics and morphometric features of the lakes can result in varying degrees
of these changes [14]. This is important, for instance, due to the amount of dissolved
oxygen in the water [15], which in turn affects the lake’s self-purification capacity and
water quality [16]. Warming of lakes could potentially lead to stronger fluctuations in the
internal nutrient load, extending the duration of cyanobacteria blooms [17]. Climate change
is also expected to result in the emergence of new species due to the disappearance of low
temperatures or oxygen deficits during the winter [18]. Therefore, the rise in lake water
temperature forms the basis for taking remedial actions (e.g., lake restoration) by agencies
responsible for water management and environmental protection.

In long-term climate studies, a period of 30 years is considered the classical stan-
dard [19]. This, in turn, translates into assessing how other components of the natural
environment respond to changes over this timescale. A good example of this approach is
found in numerous hydrological studies [20–23]. Collados-Lara et al. [24], in relation to the
impact of climate change on meteorological and hydrological droughts, emphasize that
conducting such an analysis requires a sufficiently long dataset, typically covering a period
of 30 years or more. This time frame has been deemed appropriate in studies of surface
water temperature, both for artificial reservoirs and natural lakes [25,26].

In light of the above methodological assumptions, it is necessary to have a set of
information as broad and reliable as possible, understood as a period that allows for
statistical assessment and interpretation of changes in this characteristic. Therefore, two
research objectives were set: the first is to reconstruct the water temperature of selected
lakes in Poland, and the second is to determine the direction and magnitude of temperature
change trends from 1993 to 2022. Importantly, the objects for which reconstruction analyses
were performed are mainly located in the western part of Poland, which has previously
been characterized by a low number of monitored lakes in this regard.

2. Materials and Methods
2.1. Materials

The research material consists of daily water temperatures from 13 lakes in northern
Poland (Figure 1). Water temperatures were obtained from hydrological stations where
measurements were taken 0.4 m below the water table.

The length of the water temperature time series for the analyzed lakes varies from
12 to 23 years (Table 1). Additionally, isolated data gaps were identified within the data
series. To reconstruct the missing data in nine lakes (No. 1, 2, 3, 6, 7, 8, 9, 11, and 13),
daily water temperature from four lakes (No. 4, 5, 10, and 12) was used. Moreover,
the daily air temperature data from six meteorological stations were used (Figure 1).
The meteorological stations were assigned to the nearest lakes based on their locations
(Table 1). The air and water temperature data used to reconstruct the data gaps covered
the period from 1993 to 2022. The air temperature refers to the daily average and is
measured in standard monitoring, conducted in a meteorological shelter 2 m above the
ground surface.

The daily air and water temperature data used in this study were provided by the
Institute of Meteorology and Water Management–National Research Institute. Furthermore,
in the supplementary material for this analysis are the morphometric parameters of the
lakes, including surface area, average depth, maximum depth and volume (Table 2).
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Figure 1. Location of study sites.

Table 1. Range of water and air temperature data used in this study.

No. Lake Period No. Meteorological Station Period

1 Morzycko 2006–2022 A Szczecin

1993–2022

2 Niesłysz 2008–2022 B Zielona Góra
3 Ińsko 2011–2022 A Szczecin
4 Sławskie 1993–2022 B Zielona Góra
5 Lubie 1993–2022 C Piła
6 Ostrowite 2007–2022 C Piła
7 Drawsko 2000–2022 C Piła
8 Komorze 2006–2022 C Piła
9 Sławianowskie 2007–2022 C Piła
10 Sępoleńskie 1993–2022 D Chojnice
11 Dejguny 2005–2022 E Kętrzyn
12 Litygajno 1993–2022 E Kętrzyn
13 Rospuda Filipowska 2005–2022 F Suwałki
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Table 2. Morphometric parameters of the analyzed lakes [27].

Lake Area (ha) Volume (106 m3) Mean Depth (m) Max Depth (m)

Morzycko 317.5 49.8 14.5 60.7
Niesłysz 526 34.4 6.9 34.7
Ińsko 529 65.1 11 41.7
Sławskie 822.5 42.6 5.2 12.3
Lubie 1487.5 169.8 11.6 46.2
Ostrowite 387.6 36.4 9.4 28.5
Drawsko 1797.5 331.4 17.7 82.2
Komorze 386 49.3 11.8 34.7
Sławianowskie 269 18.3 6.6 15
Sępoleńskie 157.5 7.5 4.8 10.9
Dejguny 762.5 92.6 12 45
Litygajno 154.5 9.7 6 16.4
Rospuda
Filipowska 323.5 49.7 14.5 38.9

2.2. Methods

In the first stage of the analysis, the average monthly temperature values were cal-
culated for each lake and meteorological station. In the second stage, the missing data
were reconstructed to obtain a 30-year data series for each lake, covering the period from
1993 to 2022. For the reconstruction and extension of the measurement series, an artificial
neural network (ANN) of the multilayer perceptron network (MLP) type was applied. This
method of data reconstruction provided the best results during the reconstruction of river
water temperatures [28]. The MLP network training was conducted using approximately
70% of the measurement data, while about 30% of the data was used for validation (Table 3).

Table 3. Division of data into training and validation sets, and range of data reconstruction.

Lake
Series Scope of Data

ReconstructionLearning Validation

Niesłysz 2012–2022
(n = 132)

2008–2011
(n = 48)

1993–2007
(n = 180)

Morzycko

2011–2023
(n = 142)
Without Jun. and
Aug. 2011

2006–2010
(n = 60)

1993–2005
With Jul. and Aug. 2011
(n = 158)

Ostrowite 2012–2022
(n = 132)

2007–2011
(n = 60)

1993–2006
(n = 168)

Komorze
2011–2022
(n = 143)
Without May 2019

2006–2010
(n = 60)

1993–2005
(n = 157)
With May 2019

Drawsko 2008–2022
(n = 180)

2000–2007
(n = 92)
Without Nov. 2011 and
Mar., Apr., and May 2006

1993–1999
(n = 88)
With Nov. 2011 and Mar.,
Apr., and May 2006

Insko 2014–2022
(n = 108)

2011–2013
(n = 36)

1993–2010
(n = 216)

Sławianowskie 2012–2022
(n = 132)

2007–2011
(n = 60)

1993–2006
(n = 168)

Dejguny 2010–2022
(n = 156)

2005–2009
(n = 60)

1993–2004
(n = 144)

Rospuda
Filipowska

2010–2022
(n = 156)

2005–2009
(n = 60)

1993–2004
(n = 144)

Note: n—number of months.
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To extend/reconstruct the data series, a three-layer MLP model was selected, with
the second hidden layer containing between 3 and 20 neurons. The input (independent)
variables were the average monthly air temperatures from the nearest meteorological
station and the average monthly water temperatures from the nearest lake with a complete
observation series. Additionally, qualitative data, such as the month index, were used
when creating the MLP. The output variable was the average monthly water temperature
for lakes with incomplete data series. An automatic search scheme was applied to build
the MLP network. Activation functions during training for hidden and output neurons
included linear, logistic, tanh, exponential, and sinusoidal functions. An automatic network
design method was used, testing 100 different network architectures and retaining the
5 best ones. The MLP models were created using Statistica ver. 13.1 (TIBCO Software
Inc., Palo Alto, CA, USA). The validation of the results, as well as the selection of the best
network, was based on validation data through the calculation of commonly used statistical
measures, such as standard deviation (SD) for the measurement data and modeling results,
mean prediction error (MPE), mean absolute error (MAE), root mean square error (RMSE),
correlation coefficient (R), and Nash–Sutcliffe model efficiency coefficient (NSE).

The developed models enabled the reconstruction of missing average monthly water
temperatures. Ultimately, the data prepared for the period 1993–2022, which included
average monthly and annual water temperatures for 13 lakes and air temperatures for
six hydrological stations, were analyzed for long-term trends. For this purpose, non-
parametric Mann–Kendall and Sen tests were used. The Mann–Kendall test allows for the
identification of significant temporal changes in water and air temperatures, as well as the
direction of these changes. The analysis was conducted at significance levels of 0.1, 0.05,
and 0.001. Sen’s test, on the other hand, was used to determine the magnitude of water
and air temperature changes from 1993 to 2022. The Mann–Kendall and Sen tests were
conducted using the modifiedmk package in the R program, developed by Patakamuri
and O’Brien [29]. The results of data reconstruction quality and the magnitude of water
temperature changes were analyzed in the context of the morphometric parameters of
the lakes.

3. Results

The analysis of long-term thermal changes in lake waters requires data spanning at
least 30 years. However, not all lakes in Poland meet this condition, as available mea-
surement series are often too short and also contain gaps. Given these requirements and
limitations, it was decided to reconstruct the average monthly water temperatures in the
studied lakes using MLP-type neural networks. The results obtained were validated using
commonly applied statistical measures. The standard deviations of the measurement data
from the validation subset for the studied lakes ranged from 6.67 ◦C in Lake Drawsko to
7.76 ◦C in Lake Niesłysz, with an average of 7.32 ◦C. Meanwhile, the SD values for the
modeled data in the validation subset ranged from 6.90 ◦C (Drawsko) to 7.55 ◦C (Niesłysz),
with an average of 7.26 ◦C. A comparison of the SD values for the measurement and
modeled data using the Student t-test showed no significant differences at a significance
level of 0.05. The mean prediction error (MPE) values for individual lakes ranged from
−0.33 ◦C to 0.41 ◦C, with an average of 0.06 ◦C. Negative MPE values were obtained for
Lakes Morzycko, Sławianowskie, and Ińsko, indicating that the model results were higher
than the measurement data. Positive MPE values were observed for the remaining lakes,
suggesting that the modeling results were lower than the measurement data. MPE values
within the range of ± 0.1 ◦C were achieved for Lakes Komorze and Dejguny, indicating
the best data reconstruction results. The mean absolute error (MAE) values ranged from
0.33 ◦C for Lake Sławianowskie to 0.66 ◦C for Lake Rospuda Filipowska, with an average
MAE of 0.46 ◦C for the analyzed lakes. The root mean square error (RMSE) values for
the lakes ranged from 0.40 ◦C to 0.85 ◦C, with an average of 0.61 ◦C. Additionally, the
correlation coefficient and NSE (Nash–Sutcliffe efficiency) values were both higher than
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0.992 and 0.986, respectively. The validation results of the MLP models are illustrated in
the Taylor diagram (Figure 2).
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Figure 2. Validation results of MLP-type neural networks presented in a Taylor diagram.

The results demonstrate that MLP-type neural networks are highly effective for recon-
structing average monthly water temperatures in lakes. The analysis of the relationships
between the statistical indicators used to assess the quality of the modeling results revealed
the following patterns: lakes with larger surface area and volume had lower standard
deviations (SD) in water temperature; higher MAE (mean absolute error) and RMSE (root
mean square error) values were observed in lakes with greater average depth; and lakes
with greater average depth exhibited lower correlation coefficients (R) and Nash–Sutcliffe
efficiency (NSE) values. These data allowed for the determination of values of monthly
water temperature variability in the studied lakes, both those subject to data reconstruction
and those with complete data (Figure 3).

The average annual water temperatures in the analyzed lakes during the period from
1993 to 2022 ranged from 9.8 ◦C in Lake Dejguny to 11.6 ◦C in Lake Sławskie. The lake
with the highest variability in average annual temperatures was Lake Rospuda Filipowska
(range of 1.9 ◦C), while the greatest variability was found in Lake Litygajno (range of 3.5 ◦C).
When considering monthly temperatures, it was shown that the water in the lakes is coldest
in January and February, averaging around 2.0 ◦C, and warmest in July and August, around
21.0 ◦C. In general, there is spatial variation in average annual temperatures, with lakes in
western Poland having higher water temperatures than those in the east. The variability of
average monthly water temperatures in Lake Morzycko (located farthest to the west) and
Lake Rospuda Filipowska (located farthest to the east) is shown in Figure 4. Overall, of
all the lakes studied, the smallest variability in average monthly temperatures occurred
in February, ranging from 2.3 ◦C to 4.4 ◦C with an average of 3.2 ◦C. In contrast, the
greatest variability occurred in July, averaging 6.7 ◦C with a minimum value of 5.7 ◦C and
a maximum of 7.3 ◦C.



Water 2024, 16, 3347 7 of 13
Water 2024, 16, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Variability of mean annual water temperatures in lakes in the period 1993–2022. 

The average annual water temperatures in the analyzed lakes during the period from 
1993 to 2022 ranged from 9.8 °C in Lake Dejguny to 11.6 °C in Lake Sławskie. The lake 
with the highest variability in average annual temperatures was Lake Rospuda Filip-
owska (range of 1.9 °C), while the greatest variability was found in Lake Litygajno (range 
of 3.5 °C). When considering monthly temperatures, it was shown that the water in the 
lakes is coldest in January and February, averaging around 2.0 °C, and warmest in July 
and August, around 21.0 °C. In general, there is spatial variation in average annual tem-
peratures, with lakes in western Poland having higher water temperatures than those in 
the east. The variability of average monthly water temperatures in Lake Morzycko (lo-
cated farthest to the west) and Lake Rospuda Filipowska (located farthest to the east) is 
shown in Figure 4. Overall, of all the lakes studied, the smallest variability in average 
monthly temperatures occurred in February, ranging from 2.3 °C to 4.4 °C with an average 
of 3.2 °C. In contrast, the greatest variability occurred in July, averaging 6.7 °C with a 
minimum value of 5.7 °C and a maximum of 7.3 °C. 

Figure 3. Variability of mean annual water temperatures in lakes in the period 1993–2022.

Water 2024, 16, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. Variability of average monthly water temperatures in Lakes Morzycko and Rospouda Fil-
ipowska. 

The most interesting results from the perspective of lake functioning and aquatic eco-
systems are the changes in water thermal conditions between 1993 and 2022. An analysis 
of changes in the average annual water temperatures for four lakes—Sławskie, Lubie, 
Sępoleńskie, and Litygajno—for which complete data were available revealed a signifi-
cant increasing trend at a significance level of 0.01. The slope values of the trend line, 
according to Sen’s test, ranged from 0.36 °C per decade to 0.64 °C per decade (Table 4). A 
significant increase in water temperatures, ranging from 0.36 °C to 0.61 °C per decade, 
was also observed in the other lakes. 

Table 4. Results of trend analysis of average annual water temperatures in lakes. 

Lake S Z-Value p-Value Sen’s Slope °C per Decade 
Lubie 252 4.71 0.000 0.64 
Sępoleńskie 186 3.47 0.001 0.36 
Sławskie 252 4.71 0.000 0.59 
Litygajno 236 4.41 0.000 0.63 
Sławianowskie 178 3.32 0.001 0.38 
Ostrowite 236 4.41 0.000 0.55 
Niesłysz 226 4.22 0.000 0.61 
Morzycko 224 4.18 0.000 0.49 
Komorze 226 4.22 0.000 0.53 
Ińsko 212 3.96 0.000 0.42 
Drawsko 150 2.79 0.005 0.43 
Dejguny 218 4.07 0.000 0.48 
Rospuda Filipowska 216 4.03 0.000 0.36 

Considering the average monthly water temperatures in the lakes, significant 
changes in thermal conditions most frequently occurred in November (significant change 
in 13 out of 13 lakes); March, June, and December (change in 12 out of 13 lakes); September 
(change in 9 of the lakes studied); and October (change in 8 out of 13 lakes) (Figure 5). 
Although temperature increases were also recorded in other months, these changes were 
not always statistically significant. In May, water temperature changes between 1993 and 
2002 were not statistically significant. However, in July and in January and February, a 
significant increase in water temperatures was observed only in two and three lakes, re-
spectively. 

Figure 4. Variability of average monthly water temperatures in Lakes Morzycko and Rospouda
Filipowska.

The most interesting results from the perspective of lake functioning and aquatic
ecosystems are the changes in water thermal conditions between 1993 and 2022. An
analysis of changes in the average annual water temperatures for four lakes—Sławskie,
Lubie, Sępoleńskie, and Litygajno—for which complete data were available revealed a
significant increasing trend at a significance level of 0.01. The slope values of the trend line,
according to Sen’s test, ranged from 0.36 ◦C per decade to 0.64 ◦C per decade (Table 4). A
significant increase in water temperatures, ranging from 0.36 ◦C to 0.61 ◦C per decade, was
also observed in the other lakes.
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Table 4. Results of trend analysis of average annual water temperatures in lakes.

Lake S Z-Value p-Value Sen’s Slope ◦C per Decade

Lubie 252 4.71 0.000 0.64
Sępoleńskie 186 3.47 0.001 0.36
Sławskie 252 4.71 0.000 0.59
Litygajno 236 4.41 0.000 0.63
Sławianowskie 178 3.32 0.001 0.38
Ostrowite 236 4.41 0.000 0.55
Niesłysz 226 4.22 0.000 0.61
Morzycko 224 4.18 0.000 0.49
Komorze 226 4.22 0.000 0.53
Ińsko 212 3.96 0.000 0.42
Drawsko 150 2.79 0.005 0.43
Dejguny 218 4.07 0.000 0.48
Rospuda Filipowska 216 4.03 0.000 0.36

Considering the average monthly water temperatures in the lakes, significant changes
in thermal conditions most frequently occurred in November (significant change in 13 out
of 13 lakes); March, June, and December (change in 12 out of 13 lakes); September (change
in 9 of the lakes studied); and October (change in 8 out of 13 lakes) (Figure 5). Although
temperature increases were also recorded in other months, these changes were not always
statistically significant. In May, water temperature changes between 1993 and 2002 were
not statistically significant. However, in July and in January and February, a significant
increase in water temperatures was observed only in two and three lakes, respectively.
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Based on Sen’s statistic, the highest changes in water thermal conditions in the lakes
occurred in November, with an average increase of 0.99 ◦C per decade in the analyzed lakes,
while the lowest changes occurred in May, averaging 0.07 ◦C per decade. To illustrate the
pattern of changes in the thermal regime of the lakes, they were grouped using hierarchical
cluster analysis. The lakes most similar in terms of average monthly water temperatures
are Komorze, Morzycko, Sławianowskie, and Ostrowite (Figure 6). Therefore, these lakes
were used to demonstrate how the thermal regime has changed over the 30 years analyzed.
The starting point for this analysis is the average monthly water temperatures from these
lakes in 1993 (blue line), along with the values from Sen’s statistic. Sen’s statistic helped
determine the average temperature at the end of the analysis period, and the red and
orange lines were used to indicate the range of possible changes.
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Figure 6. Average change of water temperature regime in Lakes Komorze, Morzycko, Sławianowskie,
and Ostrowite.

4. Discussion

Contemporary climate change necessitates actions aimed at gaining increasingly com-
prehensive knowledge about individual environmental components and their responses
to global warming. This approach is being implemented through both the ongoing de-
velopment of measurement techniques and analytical–statistical methods. As previously
indicated, a proper and reliable assessment of atmosphere–hydrosphere interactions re-
quires certain preliminary assumptions, including those related to the length of the study
period. The increasing use of models in hydrology allows, among other things, for filling
in missing data. The reconstruction of water temperature for over 600 lakes has shown
that in most cases, the RMSE was less than 1.5 ◦C [30]. In the case of Poland, the extension
of water temperature data has so far focused on rivers. The daily water temperature
reconstruction for several dozen rivers was carried out using the air2stream model [31],
where the calibration period RMSE was 1.21 ◦C and the validation was 1.32 ◦C. For five
rivers, a reconstruction was performed using a multilayer perceptron network, random
forest, and linear regression. The first method yielded the best results [28], with an RMSE
of 1.52 ◦C. Therefore, the results obtained in this study are generally consistent with pre-
vious approaches aimed at reconstructing inland water temperatures. The use of a single
explanatory variable (air temperature) with the optimal model selection allows for a simple
yet accurate reconstruction of lake water temperatures. This is an important consideration
in water resource management, especially with the emergence of new observation stations
and the need for sufficiently long data records.

With a 30-year data set (the minimum period according to widely accepted method-
ological assumptions), it was possible to assess the long-term changes in the thermal regime
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of the analyzed lakes. In all cases, the average annual water temperature from 1993 to
2022 showed an upward trend, amounting to a total increase of 0.50 ◦C per decade. This
information aligns with earlier findings, where such a situation is common across Europe.
The surface water temperature of Lake Lugano (Italy/Switzerland) experienced warming
between 1972 and 2013, ranging from 0.2 to 0.9 ◦C per decade, depending on the season [32].
Lake Konnevesi, located in Northern Europe (Finland), exhibited clear warming of surface
temperatures during the summer period, with an increase of 0.41 ◦C per decade from 1984
to 2021 [33]. Poland’s largest lake has warmed by more than 2 ◦C since the early 1970s [34].

In the monthly distribution, the highest increase occurred in November, and between
1993 and 2022 it amounted to 0.99 ◦C per decade. The lowest increase occurred in May
and amounted to 0.07 ◦C per decade. When analyzing individual lakes, it was determined
that the annual trends varied from 0.36 ◦C per decade to 0.64 ◦C per decade. Despite the
relatively small area covered by the analysis, the variation in the course of changes is quite
significant, which, as previous studies have shown, may depend on the morphometric
parameters of individual lakes [14]. Richardson et al. [35] note that lakes provide a good
reflection of climate change, but their characteristics influence the magnitude of these
changes, which is crucial for the biology, ecology, and chemistry of the lakes.

Concerning the analyzed lakes, the last three decades have been characterized by
a clear transformation of the thermal regime. Given the connection of water tempera-
ture with essentially every process (whether direct or indirect), this situation should be
regarded as unfavorable. Assessing multistep reactions related to the interactions of hy-
drobiological conditions and water parameters is challenging. Analysis of the eutrophic
Lake Peipsi showed that water temperature was crucial for the abundance and biomass of
zooplankton, subsequently affecting the biomass of cyanobacteria, nitrogen concentrations,
and water transparency [36]. Moreover, the emergence of invasive species disrupts the
existing features of biocenoses. In Europe, the increase in the temperature of hydrosphere
elements is beneficial for the spread of exotic species [37]. Grabowska et al. [38], describ-
ing seven invasive fish species in inland waters in Poland, stated that their colonization
success is influenced by a high tolerance to unfavorable environmental conditions, such
as oxygen deficits. Therefore, in a situation where water temperature increases, it will
lead to a decrease in dissolved oxygen content and create less favorable conditions for
native ichthyofauna. Additionally, it is important to note the different timescales of the
fundamental biological processes of living organisms. A study involving three lakes in
the Netherlands [39] showed that water temperature was the main factor influencing the
hatching and growth of young fish.

An adequate amount of oxygen is also crucial for the mineralization of organic matter,
thereby improving water quality in lakes. The overall classification of the status of uniform
parts of surface water available from the analyzed set for seven lakes [40] showed poor
status in all cases. Key indicators for assessment included nitrogen, phosphorus, and
water transparency. The increase in water temperature may be a process that complicates
achieving a specified status, even with the elimination of external threats. Research con-
ducted in Sweden indicated that a longer residence time of water in Lake Erken led to
greater sensitivity to climate change [41]. According to one of the accepted scenarios, the
concentration of dissolved phosphorus in this lake for the epilimnion is nearly twice as high
in the spring and autumn seasons. Higher temperatures in relation to shallow lakes may
accelerate the development of planktonic algae and increase their dominance over benthic
algae, thereby contributing to eutrophication [42]. The increase in water temperature in
Lake Iseo (Italy) had a key impact on phytoplankton, resulting in increased volume and
decreased diversity, as well as fostering the dominance of cyanobacteria [43].

The above examples clearly demonstrate the role of water temperature in the pro-
gression of selected limnological processes. In this context, the change in thermal regime
observed in the analyzed lakes presents new challenges for institutions responsible for
water resources. Considering the factors regulating water availability and quality, the risk
associated with water scarcity should be regarded as higher than initially assumed, espe-
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cially in the context of climate change [44]. In Poland, the institution responsible for water
management is the State Water Holding–Polish Waters, which provides administrative
decisions regarding water abstraction licenses for municipal, industrial, and agricultural
purposes and licenses for the release of treated wastewater. Warmer waters have less
capacity for self-purification; in order to maintain good water status as required by the
Water Framework Directive, water abstractions will be limited, but limiting the discharge of
treated wastewater or better sewage treatment should also be considered. Likewise, the use
of water for cooling purposes will be less efficient due to warming waters. Also, the results
of studies indicating warming water should be considered in lake restoration activities due
to the fact that water temperature limits biological and physicochemical processes.

Another issue is the need for detailed (daily) information regarding the thermal
layers of stratified lakes. Implementing such monitoring in Poland would allow for the
understanding of changes in the extent of the epilimnion, the thermal gradient of the
metalimnion, and the thermal conditions of the hypolimnion. These issues will be crucial
for understanding biogeochemical changes and biodiversity in these ecosystems.

5. Conclusions

The water temperature of lakes is one of the key characteristics determining, on various
scales, all processes occurring in these ecosystems. An accurate assessment of changes in
their thermal regime requires sufficiently long data sets, which is not feasible in many cases.
One solution is to utilize increasingly dynamic modeling methods that employ artificial
intelligence, which have the advantage of requiring minimal input data. This study used
an approach based on air temperature measurements and available water temperature
observations to reconstruct water temperature for nine lakes in northern Poland. The best
results were obtained using MLP-type neural networks, as indicated by the RMSE values.
Based on the reconstructed and existing records, it was determined that, over the last three
decades, there has been a significant increase in water temperature, averaging 0.50 ◦C per
decade. These results align with similar findings in various regions around the world,
simultaneously posing challenges for institutions managing water resources.
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8. Brkić, Z. Increasing water temperature of the largest freshwater lake on the Mediterranean islands as an indicator of global
warming. Heliyon 2023, 9, e19248. [CrossRef]

https://danepubliczne.imgw.pl/
https://doi.org/10.1016/S0380-1330(02)70597-2
https://doi.org/10.17713/ajs.v52i1.1444
https://doi.org/10.1007/s40710-023-00668-1
https://doi.org/10.5004/dwt.2023.29562
https://doi.org/10.5194/hess-20-1681-2016
https://doi.org/10.3390/w14233886
https://doi.org/10.1016/j.limno.2020.125777
https://doi.org/10.1016/j.heliyon.2023.e19248


Water 2024, 16, 3347 12 of 13

9. Wan, W.; Li, H.; Xie, H.; Hong, Y.; Long, D.; Zhao, L.; Han, Z.; Cui, Y.; Liu, B.; Wang, C.; et al. A comprehensive data set of lake
surface water temperature over the Tibetan Plateau derived from MODIS LST products 2001–2015. Sci. Data 2017, 4, 170095.
[CrossRef]

10. Attiah, G.; Pour, H.K.; Scott, K.A. Lake surface temperature retrieved from Landsat satellite series (1984 to 2021) for the North
Slave Region. Earth Syst. Sci. Data 2023, 15, 1329–1355. [CrossRef]

11. Sojka, M.; Ptak, M.; Szyga-Pluta, K.; Zhu, S. How Useful Are Moderate Resolution Imaging Spectroradiometer Observations for
inland water temperature monitoring and warming trend assessment in temperate lakes in Poland? Remote Sens. 2024, 16, 2727.
[CrossRef]

12. Xu, W.; Duan, L.; Wen, X.; Li, H.; Li, D.; Zhang, Y.; Zhang, H. Effects of Seasonal Variation on Water Quality Parameters and
Eutrophication in Lake Yangzong. Water 2022, 14, 2732. [CrossRef]

13. Haddout, S.; Priya, K.; Boko, M. Thermal response of Moroccan lakes to climatic warming: First results. Ann. Limnol. Int. J.
Limnol. 2018, 54, 2. [CrossRef]
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