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seb.czap@ukw.edu.pl

2 Inspectorate of Environmental Protection, Regional Department of Environmental Monitoring in Bydgoszcz,
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Abstract: The study aims to analyse changes in the morphological conditions of the endorheic Lake
Borówno (39.06 ha) that occurred in the 20th century and early 21st century. The analysis was based on
bathymetric measurements carried out in 2018 and cartographic materials, and performed using QGIS
3.10 and SAGA GIS 6.4 software. Moreover, changes in physical (temperature, transparency), chemical
(dissolved oxygen, phosphorus, and nitrogen content) and biological (chlorophyll a, phytoplankton)
parameters were analysed based on the results of measurements conducted by the Voivodeship
Inspectorate of Environment Protection (VIEP) in Bydgoszcz in the period 1984–2017. It was found
that Lake Borówno is subject to a constant reduction in surface area and volume, the rate of which
increased in the second decade of the 21st century. The lake’s progressive disappearance results
from the co-occurrence of hydrological drought over the last several years and an increase in the
use of groundwater resources. A decrease in the maximum depth of the lake entails a change in
temperature distribution in the vertical profile, which contributes to the tendency toward the lake
transforming into an unstratified reservoir. The increase in water temperature affects oxygen content
in the bottom water, improves water transparency, and influences the maximum occurrence of
chlorophyll a in spring.

Keywords: lake bathymetry; chemical; physical and biological variables; water use; climate warming;
Lake Borówno; Poland

1. Introduction

The processes affecting the hydrological and hydrochemical conditions in catchment areas
depend on many factors such as climate, geological structure, soil conditions, and land use as well
as anthropogenic activities including groundwater use [1–3]. Small, endorheic lakes are particularly
susceptible to changes in these factors. Such lakes are sensitive to both human impact [4–10] and
climate changes [11,12]. Changes in land use in the catchment area affect the local water balance
including surface run-off and underground drainage conditions, water retention in soil, and extent of
evaporation [11–17]. The use of water for agriculture, as it intensifies, may lower the groundwater
table and, in turn, reduce the water level in the lake [18]. Water used in agrotechnical processes is
contaminated with fertilisers and organic substances. As it returns via surface run-off to the lake,
it may pose a threat to the lake’s chemical status [19,20]. High levels of risk to surface waters are
also posed by livestock farming (particularly on large-scale farms) and improper storage of natural

Water 2020, 12, 1348; doi:10.3390/w12051348 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/12/5/1348?type=check_update&version=1
http://dx.doi.org/10.3390/w12051348
http://www.mdpi.com/journal/water


Water 2020, 12, 1348 2 of 26

and artificial fertilisers [4,6,7,9,10]. Eutrophication rates may increase as a result of over-exposure of
surface water to substances of anthropogenic, and particularly agricultural, origin. This process can
occur naturally in lakes as part of their evolution [21] and can be intensified by an increase in the
concentrations of phosphorus and nitrogen supplied to the lake from external sources (cultivation
and fertilisation, animal husbandry) [22,23]. Excessive use of groundwater can lead to a significant
drop in the water table, resulting in lower water levels in surrounding lakes and watercourses [24–26].
The exploitation of larger groundwater intakes to meet livelihood needs may cause the formation
of depression cones [27]. The occurrence of large depression cones may also be the effect of mining
activity [28,29], which may lead to significant changes in ground and surface water levels [30–34].

Climate variability is the second key factor influencing hydrological conditions in catchments and
water bodies. Feyen and Dankers emphasised that global warming is likely to favour conditions for
the development of droughts in many regions of Europe in the 21st century [35]. The complexity and
extent of the reaction of a basin to diminishing water resources were touched upon by Van Loon [36].
According to the author, hydrological drought is associated with a lack of water in the hydrological
system and is caused by prolonged low soil moisture. In Poland, the first decades of the 21st century
demonstrated an increased frequency of heat waves, which in turn is likely to have resulted in recurring
negative water balance [37], and thus a rapidly growing demand for water. Some urban areas have
already been struggling with periodic water shortages in the summer season. Furthermore, drastically
falling outflow of small rivers [38] and accelerating disappearance of lakes have been observed [39].
Taking into account the potential risk implicated by the impact of hydrological drought phenomena on
lakes, particular attention should be given to lakes subject to strong human pressure.

This paper investigated the impact of climate and catchment factors on the hydrological stability
and water quality of the endorheic Lake Borówno (39.06 ha). The study was initiated due to problems
resulting from a significant drop in the lake water level in the second decade of the 21st century.
Therefore, the aim of the study involves analysing changes in the morphological conditions of Lake
Borówno from the mid-20th century to the present including changes in the surface area (in the years
1964–2018), water table (1912–2018), and lake depth (1964–2018). In addition, the analysis included
changes that occurred throughout the study period in selected chemical, physical, and biological
parameters of water (in the years 1984–2017). Particular attention was also given to changes in
water management in the lake’s catchment. The presented case-study demonstrates a comprehensive
approach to investigating the causes of the quantitative and qualitative transformations of a lake’s
water, and offers insight into lake evolution within a human-transformed environment. Due to the
significant differences in the characteristics of individual lakes and their catchment areas, each lake
may have a different set of factors determining its evolution [3]. Therefore, in addition to the multi-area
studies showing the overall tendency of lake changes for the entire area, individual cases should also
be investigated to better explain possible deviations from general trends. The proposed research may
offer insights into climate-driven changes that are further accelerated by anthropogenic pressure within
water catchment areas [40,41].

2. Materials and Methods

2.1. Lake Bathymetry and Catchment Analysis

In July 2018, the bathymetry of Lake Borówno was measured using a single beam sonar
(Lowrance Elite). In addition, the water level was measured using an GPS positioning device
(16-channels). The current bathymetric map of the lake was developed on the basis of those
measurements using open source Geographic Information System software QGIS 3.10 and SAGA GIS
6.4. Furthermore, the bathymetry of the lake from 2018 was compared with archival measurements
from 1964 (measurements made by the Inland Fisheries Institute—IRŚ). The changes in the area of Lake
Borówno between the years 1964–2012–2018 were compared against the changes in this parameter
in the neighbouring lakes—Kusowo and Dobrcz—in order to verify the trends of changes in water
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resources in the entire closed catchment area of the three lakes. Changes in the water level in the lakes
between 1912 and 2018 were compared on the basis of an archival map from 1912, measurements
from 1964 (measurements made by IRŚ), and our own measurements from 2018. Based on a 1:10,000
topographical map from 1987, and orthophotomaps from 2005 and 2018, changes in the building
development in the catchment were analysed.

A digital elevation model (DEM) based on LIDAR data (31 sheets) served as a basis for developing
an up-to-date hydrographic map with a division into sub-catchments and a subsequent analysis
of slope gradients. Data interpolation and terrain modeling were performed using the multilevel
b-spline interpolation method [42]. Based on the DEM, lines of surface water runoff were determined,
which were the basis for the correction of the course of the watersheds. The surface drainage network
was developed on the basis of the numerical terrain model using the Strahler order river network
identification method [43] and verified in the field. On the basis of data from the orthophotomap
from 2018, a land-use map was prepared. In addition to the analysis of the aforementioned maps,
the authors performed a review of archival materials pertaining to Lake Borówno and its tributaries,
which are available at the Voivodeship Inspectorate of Environmental Protection in Bydgoszcz (VIEP).

Long-term changes in annual air temperature (t, ◦C), precipitation (P, mm), and relative air
humidity (f, %) were analysed against average monthly values of air temperature for the period of
1951–2018 against the data available for Toruń (the nearest meteorological station conducting long-term
meteorological observations). The calculations were performed using data from national weather
monitoring made available by the Polish Institute of Meteorology and Water Management—National
Research Institute [44]. Annual values of weather parameters were calculated based on the monthly
values of each parameter, and the homogeneity of the data series was confirmed using von Neumann’s
test. The presented changes in the study parameters in the period 1952–2018 were calculated using the
linear regression equation y = ax + b. The resulting linear trend values were investigated in terms of
statistical significance by means of the parametric Student’s t-test at a significance level of 0.05.

2.2. Water Quality Measurements

The analysis of physical, chemical, and biological parameters of Lake Borówno was performed
on the basis of the results of research carried out by the Voivodeship Inspectorate of Environmental
Protection in Bydgoszcz in 1984, 1992, 2002, 2009, and 2017, which concerned water temperature
and oxygen content at various depths. Moreover, the VIEP measured water transparency (Secchi
disk visibility) and collected water samples for the analysis of chlorophyll a, phytoplankton counts,
phosphorus and nitrogen content. The research into Lake Borówno was conducted as part of the National
Environment Monitoring network, which is implemented by a national institution—the Voivodeship
Inspectorate of Environmental Protection—using the methodology specified for monitoring water
quality (VIEP) [45]. The date of measurements and sampling is presented in Table 1. Measurements
of temperature (◦C) and oxygen content (mg·O2·dm−3) took place by the end of summer thermal
stratification. The measurements were performed in situ with a WTW OXI portable oxygen meter
197 (measurement accuracy: T 0.1 K, O2 concentration ±0.5% of value) in the vertical profile
located in the deepest section of the lake with a vertical interval of 1 m. Samples for laboratory
analysis were collected twice a year during spring thermal homothermy and summer thermal
stratification (Table 1)—with the use of a Ruttner bathometer with a volume of 5 L and stored
in 1 L glass bottles to minimise the risk of sample contamination. Sampling containers were
rinsed with the sample water three times, and then filled without air bubbles to prevent the loss
of analytes to headspace. All collected water was stored and transported to the laboratory of VIEP
in Bydgoszcz and stored at low temperatures (approx. +4 ◦C). Chemical and biological analyses
were conducted at a certified laboratory of VIEP in Bydgoszcz (current accreditation number AB
161 of Polish Centre for Accreditation, the laboratory was certified throughout the entire research
period 1984–2017) [46]. Phosphorus and nitrogen in the water samples were determined using a
UV–Vis Varian Cary 50 spectrophotometer Total phosphorus analyses were performed in compliance
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with PN-EN ISO 6878 [47], with an accuracy of ±0.01 and measurement range of 0.02–20.0 mg·dm−3.
The concentration of total nitrogen was expressed as the sum of the various forms of nitrogen according
to procedure PN-C-04576-14 [48]. Various forms of nitrogen were measured with accuracy of ±0.01
in accordance with procedures: ammonium nitrogen—PN-ISO 7150-1 [49] (measurement ranges
0.04–10.0 mg·dm−3), nitrite nitrogen—PN-EN 26777 [50] (measurement ranges 0.004–2.5 mg·dm−3),
nitrate nitrogen—PN-82/C-04576.08 [51] (measurement ranges 0.04–100.0 mg·dm−3), and nitrogen in
organic substances—PN-EN 25663 [52] (measurement ranges 0.02–10.0 mg·dm−3). In 2002, samples
for phosphorus and nitrogen analyses were also taken from tributaries of Lake Borówno. Moreover,
in 2002, an analysis was performed to indicate chemical oxygen demand in the tributaries of Lake
Borówno, employing the titration method in compliance with PN-ISO 6060 [53]. In the summer of
2018, field research of tributaries were carried out (presence of flow and condition of channels).

Table 1. Dates of the measurements and sampling conducted by Voivodeship Inspectorate of
Environmental Protection in Bydgoszcz VIEP and presented in this study.

Measued/Analysed
Parameters

1984 1992 2002 2009 2017

18
April

30
July

24
March

29
July

20
February

14
August

1
April

18
August

27
March

7
August

Temperature x x x x x
Oxygen x x x x x

Transparency x x x x x x x x x x
Chlorophyll a x x x x x x x x x x

Phytoplankton x x x x x x
Phosphorus x x x x x x x x x x

Nitrogen x x x x x x x x x x

Chlorophyll a was determined using a Cadas 200 spectrophotometer in accordance with procedure
PN ISO 10260 [54]. Prior to the analysis, samples were prepared via extraction in acidified (0.002 M
HCl) 50% methanol. In the case of phytoplankton, due to methodological differences between the
period 1984–1992 and the later years, only the data from the last two years of the study (2009 and
2017) were compared in the case of phytoplankton biomass, and data from the years 2002, 2009, and
2017 in the case of phytoplankton composition [55,56]. Water samples for the study were collected
during the spring and summer months (Table 1) within the vertical profile in the central part of the
lake. The assessment of phytoplankton biomass was performed in compliance with PN-EN 15204 [57],
using the Utermöhl method [58] with the use of sedimentation cylinders, whereas the quantity was
estimated with the use of the Nikon Eclipse Ts2R inverted microscope.

Due to the fact that the analysis employed the results of archival VIEP studies, the range of
physical and chemical parameters under analysis was restricted to those that proved to be comparable
in terms of the analysis methodology and could be supported with monitoring data applying to all
four analysed years.

3. Study Area

The studied lake is located in a young post-glacial zone, in the vicinity of the 50–60 m escarpment
zone of a moraine plateau (the Świecie Upland), separating its area from the Vistula River valley
(Figure 1). In the immediate vicinity of the lake, there is the small town of Borówno (permanent
population: 1118 [59]), and at a distance of 14.5 km, the city of Bydgoszcz (population: 350,178 [60]).
Due to its proximity to Bydgoszcz—the main town of the voivodeship—the lake plays a recreational
role for the inhabitants of the city as well as being a location for weekend stays at agritourism farms,
holiday resorts, and private recreational plots. Due to its location within agricultural areas and the
neighbouring city of Bydgoszcz, the lake is subject to various forms of anthropogenic pressures.
The catchment area is also crossed by the S5 national road, which has recently been undergoing
intensive development.
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Figure 1. Location of Lake Borówno against the background of hydrographic division (prepared based
on [61,62]).

3.1. Hydrological Background and Land Use

Lake Borówno, together with Lakes Kusowo and Dobrcz and their surroundings, is a closed
catchment area that is part of the river basin of the Brda (a left-bank tributary of the Vistula River) [62]
(Figure 1). The depression that holds the lakes is poorly distinguished in terms of topographical
relief and has no distinct edges. The analysed area consists of smaller closed systems, which are
drained towards the centrally located lakes through a drainage network and drainage ditches (Figure 2).
Lake Borówno is supplied by six such tributaries with periodic discharge (nos. 1–6 in Figure 2a).
The areas of the designated catchments are, respectively: the catchment area of Lake Borówno—335.65 ha
and the closed catchment area of the lakes of Borówno, Kusowo and Dobrcz—1850.35 ha. Due to a
lack of natural surface runoff between Lake Borówno and Lake Kusowo, the direct catchment area of
Lake Borówno also constitutes its total surface catchment area. The calculated slopes for the direct
catchment area of the lake to an average of 1.5◦, with a maximum of 18.1◦, and, for the catchment
area of the three lakes, were an average of 1.5◦ and a maximum of 24.5◦. Both basins demonstrated
a prevalence of areas with minor slope gradient (0–2◦), which cover 96.8% and 84.5% of their area,
respectively, whereas terrains with the slope gradient exceeding 10◦ comprise only 0.6% and 0.4% of
the aforementioned areas.
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Figure 2. Total and direct catchment of Lake Borówno: (a) against the background of the numerical
terrain model (prepared based on [62,63]), (b) against the background of land use (prepared based
on [63,64]).

Agricultural function is the predominant land use both within the catchment area of Lake Borówno
and the catchment of the three-lake complex (Table 2) (Figure 2b). Meadows and pastures are found
mostly at the bottoms of hollows, mainly in the Dobrcz–Kusowo–Borówno lake complex. To the west
and north-west of Lake Borówno, there is a small forest complex. In total, in the direct catchment
area of Lake Borówno, agricultural land occupies 171.02 ha (50.96% of the area), urbanised areas are
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58.21 ha (17.35% of the area); forests are 49.79 ha (14.83% of the area), water covers 43.65 ha (13% of the
area), meadows are 10.48 ha (3.12% of the area). In the catchment area of the three lakes—Borówno,
Kusowo and Dobrcz—there is a slightly higher share of agricultural land and meadows and a smaller
share of forests (Table 2).

Table 2. Land use in the catchment of Lake Borówno and the catchment of the three lakes, Borówno,
Kusowo, and Dobrcz (calculated on the basis of satellite image Sentinel, 2018 [64]).

Type of Land Use
Catchment of Lakes Borówno, Kusowo, and Dobrcz Lake Borówno Catchment

(ha) (%) (ha) (%)

Meadows 138.91 7.51 10.48 3.12
Forests 141.21 7.63 49.79 14.83

Agricultural land 1270.69 68.68 171.02 50.96
Urbanised areas 167.54 9.05 58.21 17.35

Water 124.38 6.72 43.65 13.00
Other and wastelands 7.62 0.41 2.50 0.74

TOTAL 1850.35 100.00 335.65 100.00

3.2. Geological and Hydrogeological Background

The surface geological structure of the area around Lake Borówno is dominated by Quaternary
formations—fine sands, sandy loam, loamy sands and till—with a thickness of 18–55 m [65,66].
Underneath them are Neogene formations, developed in the form of clay series, layers of brown
coals, and fine sands. In the vicinity of Lakes Borówno, Kusowo, and Dobrcz, there are two usable
aquifers [66,67]. The first, with a thickness of 3–10 m, is composed mainly of Quaternary fine sands
and silty sands, and its local drainage base is formed by the three lakes. This aquifer is characterised by
a water level that is unconfined, but locally confined where aquifers are deposited under impermeable
formations. It is mainly supplied by infiltrating precipitation and can therefore be subject to considerable
fluctuations in the groundwater level throughout the year and over a multi-year period. There is
also a high risk of pollution of agricultural origin being introduced into the waters of this aquifer.
The main usable aquifer includes Quaternary and Tertiary formations and is composed of fine- and
medium-grained sands, the thickness of which is variable (13–20 m). It is characterised by a confined
water table. The groundwater within this aquifer flows from the north-west towards the main basis of
drainage formed by the Vistula River. This aquifer is mainly supplied by lateral underground inflow,
and to a lesser extent, by precipitation infiltration into the geological substrate.

The first usable aquifer is utilised mainly by the users of individual recreational plots on the
southern shore of Lake Borówno [66]. In the past, this aquifer was also used by individual farms,
which are now supplied with water mainly from the municipal water supply system. The main usable
aquifer is reached by means of wells drilled within the system of municipal intakes. They supply water
to farms, leisure resorts, and allotment gardens as well as individual households [66].

Comparison of the location of the water table near Lake Borówno indicates a lowering of the first
usable aquifer by 0.3–2.0 m across a significant area (locally raised by 0.2–0.7 m) in the years 2005–2018,
and a lowering of the main water table across the entire study area (by a maximum of 1.4 m in the
immediate vicinity of water intakes) from the 1970s to 2018 [66].

4. Results

4.1. Climate and Water Consumption Changes

Air temperatures recorded in Toruń indicate a significant increasing trend starting from the
mid-20th century, which amounts to 0.31 ◦C per 10 years (statistically significant at the 0.05 level)
(Figure 3a). One may also note that, starting in 1989, mean air temperature in most years exceeded 8 ◦C,
whereas the mean value for the period of 1989–2018 amounted to 8.9 ◦C. The mean calculated for the
years 1951–1988 was 7.6 ◦C, while the mean air temperature for the entire period of 1951–2018 amounted
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to 8.2 ◦C. The annual sums of precipitation in the city of Toruń indicate a minor increasing trend in
the study period. However, said trend did not prove statistically significant (Figure 3b). Particularly,
low precipitation was recorded in 1951, 1982, and 1989, and amounted to 312, 316, and 310 mm,
respectively. Precipitation sums in the last two decades of the study period were similar to the mean
value for the entire period of 1951–2018 (532 mm), or slightly higher. Precipitation was lower than the
mean value for the period in question—by approximately 100 mm—only in the years 2014, 2015, and
2018. Despite the fact that in the past few decades there has been no prolonged precipitation deficit, a
clear downward trend can be noted in relative air humidity (Figure 3b). Its value decreased by 4%
throughout the entire study period of 1951–2018 (statistically significant at the 0.05 level).
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Figure 3. Air temperature (t, ◦C), precipitation (P, mm), and relative air humidity (f, %) in the period
1951–2018 in Toruń and water consumption (cw, thousand m3) in the Dobrcz commune (prepared
based on data obtained from the Polish Institute of Meteorology and Water Management—National
Research Institute and Statistic Poland—Local Data Bank [44,60]).

The location of Lake Borówno in the vicinity of the city of Bydgoszcz paired with the
suburban-recreational character of its basin has resulted in a successive increase in buildings and
infrastructure (Table 3, Figure 4). The most notable growth pertained to single-family housing, which
affected the immediate vicinity of Lake Borówno (Figure 4). In 1986, single-family housing occupied
4.3% of the direct catchment area. In 2019, it was 10.8%. This development is concentrated mostly
near the north-eastern lakeshore (i.e., the building area belonging to the village of Borówno) and in the
vicinity of the southern lakeshore, near the allotment gardens.
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Table 3. Changes in the building development area [A] and floor area ratio [FAr] in the catchment of
Lake Borówno and the catchment of Lakes Borówno, Kusowo, and Dobrcz (measured and calculation
based on [63,68,69]).

Type of Building Development
1987 2005 2019 1987 2005 2019

A (ha) A (ha) A (ha) FAr (%) FAr (%) FAr (%)

Catchment Area of Lake Borówno

Individual recreational plots (allotment
gardens) and holiday resorts 15.6 16.7 18.1 4.6 5.0 5.4

Single-family house buildings 14.6 23.5 36.3 4.3 7.0 10.8

Catchment Area of Borówno, Kusowo, and Dobrcz Lakes

Individual recreational plots (allotment
gardens) and holiday resorts 19.1 20.2 20.4 1.0 1.1 1.1

Single-family house buildings 49.3 72.7 107.0 2.7 3.9 5.8

Low-impact industrial development 13.3 16.2 20.5 0.7 0.9 1.1
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Figure 4. Changes in the building development area in: (a) the catchment of Lake Borówno, and (b) the
catchment of Lakes Borówno, Kusowo, and Dobrcz (prepared based on [63,68,69]).

Data presented in Figure 3a show an increase in water consumption from 1985 to the present.
High water consumption is related to utility purposes as well as to the watering of the allotment
gardens during summer droughts. Moreover, the aforementioned increase may also correspond to the
presence of several outdoor swimming pools established as part of residential development.

The field work conducted by the authors in the summer of 2018 shows no discharges in Lake
Borówno’s tributaries. Moreover, the channels of streams were overgrown by plants and filled by
sediments and tree branches. Apart from 2002, no outflows were observed in the tributaries during
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spring and summer sampling dates. Furthermore, in 2018, the authors interviewed residents of the
vicinity of the lake and received information that there had been no discharges in the tributaries in the
last few years. In some years, water had stagnated in the channels in spring. However, no flowing
water was observed. The residents also reported that in the last few years, severely hot summers had
occurred and they had needed a lot of water to irrigate their plants.

4.2. Changes in the Morphometry of Lake Borówno

Calculations of the surface area of Lake Borówno in different periods indicate that in the years
1964–2012, the lake area decreased by 5.7%, and by a further 5.1% between 2012 and 2018 (Table 4).
In total, between 1964 and 2018, the lake reduced its area by 10.8%. In Lakes Kusowo and Dobrcz,
between 1964 and 2018, the losses in area were 27.0% and 27.2%, respectively. As in the case of Lake
Borówno, a substantial decrease in the area of these two lakes was observed in the years 2012–2018.

Table 4. Comparison of the surface area and the depth of Lakes Borówno, Kusowo, and Dobrcz on the
basis of source materials from different years (based on: Sentinel data [64], orthophotomap [70], Inland
Fisheries Institute (IRŚ) measurements [71], and own measurements).

Lake Borówno Lake Kusowo Lake Dobrcz

IRŚ Data (1964)—Area (ha) 43.8 44.0 30.2
IRŚ Data (1964)—Max. depth (m) 14.1 9.2 6.3
IRŚ Data (1964)—Mean depth (m) 7.5 3.4 4.4
Orthophotomap (2012)—Area (ha) 41.31 39.16 26.82

Sentinel (2018)—Area (ha) 39.06 32.10 21.98
Lake area decrease 1964–2012 (ha)/(%) 2.49/5.7 4.84/11.0 3.38/11.2
Lake area decrease 2012–2018 (ha)/(%) 2.25/5.1 7.06/16.0 4.84/16.0
Lake area decrease 1964–2018 (ha)/(%) 4.74/10.8 11.9/27.0 8.22/27.2

Lake Borówno is characterised by a greater maximum depth than either Lake Kusowo or Lake
Dobrcz, amounting to 14.1 m in 1964 (Table 4). According to the list of lake water level altitudes
(Table 5), the water level of Lake Borówno is approximately 3 m higher than the water level of Kusowo
and Dobrcz. Taking into account the depths of these lakes, it is visible that the basin of Lake Borówno
is the deepest depression in the surrounding area. Its depth is located at an altitude of approximately
72.3 m a.s.l. (i.e., about 1.5 m lower than the deepest point of the basin of Lake Kusowo and 5 m lower
than the bottom of Lake Dobrcz).

The altitudes of the water tables of the lakes recorded on cartographic materials from different
periods indicate that between 1912 and 1964 (IRŚ measurements), the water levels of Lake Borówno
and Lake Dobrcz did not change, while those of Kusowo decreased by 0.2 m. The total drop in the
water levels of the lakes between 1912 and 2018 was 0.94 m for Lake Borówno, 1.25 m for Lake Kusowo,
and 1.57 m for Lake Dobrcz. However, one should note that said drop occurred mostly between the
years 1964 and 2018 (Table 5).

In Lake Borówno, in the period 1964–2018, the water level decreased by 0.94 m (Table 6), the surface
area of the lake dropped by 4.74 ha (10.8%) and the volume of the lake reduced by 474.96 × 103 m3

(14.4%). This decrease in depth mainly applies to the south-eastern part of the lake and fragments
located along the southern shore (Figure 5). In this zone, the alluvial fan is visible in the lake basin in
the mouth section of the tributary, which drains the arable land located south-east of Lake Borówno
(Figure 5). Along the northern shore and in the northern part of the basin, the depth increased locally.
The current bathygraphic curve of Lake Borówno (Figure 6) shows a slope break at the depths of 4 m,
10 m, and 12 m. The 0–4 m depth zone contains almost 48.1% of the lake’s water volume and the
0–10 m zone holds 93.2% of total water mass (Table 7). The deepest zone, below 10 m, contains only
6.8% of the total water mass of Lake Borówno.
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Table 5. Comparison of the altitudes of the water tables and the bottoms of Lakes Borówno, Kusowo,
and Dobrcz on the basis of various source materials [71,72], and own measurements.

Lake Water/Bottom Level Date Lake Borówno Lake Kusowo Lake Dobrcz

Authors’ own study (m a.s.l.) October 2018 85.46 81.95 81.93
Authors’ own study (m a.s.l.) July 2018 85.52a/72.22b

IRŚ Data (m a.s.l.) 1964 86.4a/72.3b 83.0a/73.8 b 83.5a/77.2 b

Prussian 1:25,000 topographic
mapc (m a.s.l.) 1912 86.4 83.2 83.5

Water Level Changes Lake Borówno Lake Kusowo Lake Dobrcz
1912–2018 (m) − −0.94 −1.25 −1.57
1964–2018 (m) − −0.94 −1.05 −1.57
1912–1964 (m) − 0.00 −0.20 0.00

a Water table altitude, b Bottom altitude, c The difference resulting from a different reference system for the altitudes
on the maps is 0.084 m, as such, it does not significantly affect the interpretation of the lowering of the water level in
the lakes.

Table 6. Morphometric data of Lake Borówno on the basis of measurements in 1964 [71], and own
measurements in 2018.

Parameter 1964 2018 Change

Water level (m a.s.l.) 86.4 85.46 −0.94
Area (ha) 43.8 39.06 −4.74

Volume (×103 m3) 3305.6 2830.64 −474.96
Max. depth (m) 14.1 13.3 −0.80
Mean depth (m) 7.5 7.23 −0.27

Shoreline (m) 3950 3817.51 −132.49
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Figure 6. Bathygraphic curve of Lake Borówno (prepared on the basis of bathymetric measurements
conducted in 2018).

Table 7. Morphometric data of Lake Borówno (prepared on the basis of bathymetric measurements
conducted in 2018).

Depth Percentage of Depth Zones in
Total Lake Volume

Summative Percentage in Total
Lake Volume

0–2 m 26.0 26.0
2–4 m 22.1 48.1
4–6 m 18.1 66.3
6–8 m 15.1 81.3

8–10 m 11.8 93.2
10–12 m 6.4 99.6

12–13.3 m 0.4 100.0

4.3. Changes in Physical, Chemical, and Biological Properties of Water in Lake Borówno, 1984–2017

The course of water temperature during summer stagnation (Figure 7a) demonstrates the stratified
character of Lake Borówno. The epilimnion included water masses up to 4–5 m in depth. A comparison
of water temperature in subsequent years showed an increase in the temperature of the surface layer
when comparing the year 1984 against other researched years of the last three decades. The metalimnion
ended, on average, at a depth of 8 m and the temperature gradient within it was not high—between
1 and 2 ◦C. It can also be noted that the summer stratification that has emerged in recent years is
incomplete (i.e., no hypolimnion is present). In the following years, the temperature of the benthic
layers increased from approx. 6–7 ◦C in the 1990s to over 10 ◦C in 2002, 2009, and 2017. In 2009, water
temperature at a depth of 2 m was lower than in the surface waters and the metalimnion (Figure 7a).
This resulted from a considerable fluctuation in daily air temperature, which ranged from 16 to 23 ◦C
on the days preceding data collection. Air temperature fluctuation thus translated into more notable
differences in water temperature across the epilimnion, which in turn affected the content of oxygen
(Figure 7b), whose solubility rises as water temperature drops.

A constant feature of the vertical oxygen content distribution in the vertical profile of Lake
Borówno during the period of summer thermal stratification is the occurrence of oxygen deficits below
the metalimnion (Figure 7b). The occurrence of hydrogen sulphide was recorded in the benthic zone
as early as in 1992 (unpublished data from the VIEP in Bydgoszcz). Hydrogen sulphide was also
detected in 2002, when the anaerobic zone covered 50% of the bottom surface area. The presented
data show that in 1984, oxygen in water ranged between 1 and 3 mg·O2·dm−3 in the lake’s bottom
zone (Figure 7b). It can also be observed that the years 1992, 2002, and 2017 were characterised by an
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increase in the thickness of the oxygen deficiency zone, which in those years covered water masses
from the depth of 6–8 m to the bottom of the lake.
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unpublished VIEP data).

The analysis of the data from the following years shows an ambiguous trend in the seasonality of
lake water transparency changes (Figure 8). In 1984 and 1992, greater water transparency was observed
in spring than in summer, while in the following years, it reversed (transparency proved to be higher
in summer). There is also a general tendency towards increasing transparency in the following years,
except for the last year of observations (2017). Water transparency reached the maximum value of
3.5 m in 2009, while in 1992, it was only 1.2 m. The absolute maximum of 5.8 m was found in early
summer of 2009 in the so-called “clean” water phase (VIEP Bydgoszcz, unpublished data).

Chlorophyll a displays a typical time distribution in Lake Borówno. The characteristic peak
occurs in spring, while in summer, the trophogenic layer shows a lower concentration of this pigment
(Figure 9), which is related to the decline of phytoplankton. This is due to the exhaustion of the pool of
available biogenic nutrients affecting the growth intensity of algae and cyanobacteria. The concentration
of chlorophyll a over the years showed fluctuations from 2.4 µg·dm−3 to 13.3 µg·dm−3, with a higher
chlorophyll a content in the summer season compared to spring, except for 1984.
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(prepared based on unpublished VIEP data).

The value of phytoplankton biomass studied in 2009 and 2017 shows this biological parameter to
have been stable. The amount of phytoplankton was 1.36 mg·dm−3 and 0.68 mg·dm−3 in spring and
summer of 2009, respectively, and 1.39 mg·dm−3 and 0.25 mg·dm−3 in spring and summer of 2017,
respectively. The analysis of phytoplankton composition in the summer months, in relation to the
quantitative share of cyanobacteria, indicated that the share of this taxon was marginal and in 2002, 2009,
and 2017, it ranged around 4–5% (unpublished data from the VIEP in Bydgoszcz). Ceratium hirundinella
was present at all times in the summer. In 2002, large proportions of Chlorophyta accounting for 58.5%
and Pyrrophyta accounting for 35.4% of the phycoflora composition were recorded. The Chlorophyta
was also found to be an important element of the lake’s phycoflora in the remaining years.

In the case of total phosphorus concentrations, a significant decrease was recorded in successive
years (Figure 10). The maximum value of 0.194 mg·dm−3 for phosphorus was found in spring 1984
and the minimum value of 0.015 mg·dm−3 in summer of 1992. In all the study years, higher contents of
this element in water were recorded in spring, rather than in summer (Figure 10). In spring, the main
share in total phosphorus was represented by phosphates, whose concentrations in the surface layer
were 0.13 mg·dm−3 in 1984, 0.023 mg·dm−3 in 1992, 0.04 mg·dm−3 in 2002, and ≤0.016 mg·dm−3 in 2009
(unpublished data from the VIEP in Bydgoszcz). The concentration of phosphates in the hypolimnion
was 0.09 mg·dm−3 in 1992, 0.25 mg·dm−3 in 2002, and 0.03 mg·dm−3 in 2009. It is therefore evident that
export of this element from the sediments occurred only once, in 2002.
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Total nitrogen concentration in the studied lake ranged between 1.05 mg·dm−3 in spring and
1.85 mg·dm−3 in the summer of 1992 (Figure 11). In the first two years (1984 and 1992), nitrogen
concentrations were higher in summer than in spring (Figure 11). In subsequent years (2002,
2009, and 2017), the level of nitrogen, as with phosphorus, was higher in spring than in summer.
Since 2002, a stable low level of total nitrogen has been observed. However, one should note
that in previous years, the highest values of total nitrogen were observed (Figure 11). Nitrate
concentrations in Lake Borówno in individual spring periods were as follows: 1984—0.12 mg·dm−3,
1992—0.32 mg·dm−3, 2002—0.54 mg·dm−3, 2009—0.09 mg·dm−3, and 2017—0.23 mg·dm−3. Studies
on ammonium nitrogen concentration in the hypolimnion indicate that the amount of ammonium
nitrogen increased significantly from 0.49 mg·dm−3 in 1992 to 2.58 mg·dm−3 in 2002, and decreased to
0.31 mg·dm−3 in the next studied year, 2009 (unpublished data from the VIEP in Bydgoszcz).
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Figure 11. Changes in concentrations of total nitrogen (mg·dm−3) in Lake Borówno in 1984–2017
(prepared based on unpublished VIEP data).

As mentioned before, the samples were taken in 2002 in Lake Borówno tributaries, because in 2002,
flowing water was observed in these streams. The chemical parameters of the tributary waters flowing
into Lake Borówno examined in 2002 indicate an increased nitrate content in the north-eastern tributary
(No. 1 in Figure 2). The nitrate concentration was 6.60 mg·dm−3 in tributary 1, while in tributary 2,
it was only 0.80 mg·dm−3. In light of the provisions of the Nitrates Directive [73], such concentrations
are believed to present no risk of nitrogen pollution in waters of agricultural origin. In the north-eastern
and south-eastern tributaries, the study revealed an increased content of organic matter, determined
as chemical oxygen demand. It amounted to 52.0 mg·O2·dm−3 and 71.0 mg·O2·dm−3, respectively.
Such concentrations may represent the result of an inflow of humic substances. According to the VIEP
archive, in the next years, the inflow in tributaries was sporadic.
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5. Discussion

5.1. Changes in Lake Morphology and Water Resources

The increase in air temperature in Poland in the second half of the 20th century slightly exceeded
0.2 ◦C per 10 years [74,75]. However, the increase within the study area was higher compared to other
regions and amounted in Toruń to 0.31 ◦C per 10 years [76]. In the study area, as in other parts of
Poland [77], no reduction in annual sums of precipitation was observed in the second half of the 20th
century or the first two decades of the 21st century. However, Radzka [37] indicates an increasing
frequency of negative climatic balances in the growing seasons of 1971–2005, which increased the
extent of Poland’s dry zone, those areas characterised by climate balance ranges from −90 mm to
−120 mm [77]. Meanwhile, calculations by Meresa et al. [78] showed a large discrepancy between the
results of calculations of drought indicators that only take climate parameters into account, and the
Standardised Runoff Index, which can be used to identify hydrological drought [78]. The calculations
by the cited authors indicate that, in the Narewka lowland catchment in 1971–2000, the drought index
calculated on the basis of outflows indicated hydrological drought in most of the studied years from
the period 1984–2000. These results differ significantly from those for drought calculated based on
precipitation, or on precipitation and evapotranspiration. The occurrence of hydrological drought in
recent decades has also been confirmed by studies of other lowland basins of Poland, which recorded
that underground outflow fell in the second half of the 20th century [79], and total outflow fell within
smaller catchment areas [80] as well as in the lowland left-bank catchment of the Vistula River [81].

Similar to those areas above-mentioned, Lake Borówno and its catchment are subject to considerable
transformations in terms of hydrological conditions. As demonstrated in this study, a significant
reduction in surface area, paired with a lowering of the water table, was recorded in Lake Borówno as
well as in the neighbouring Lakes Kusowo and Dobrcz. This process intensified particularly in the
second decade of the 21st century, when the reduction in surface area was comparable to that of the
previous 45 years and the drop in water table more than doubled. Comparison of the obtained values
with the rate of lake disappearance in different regions of Poland indicates that the decrease in the
surface area of Lake Borówno is similar, while Lakes Kusowo and Dobrcz displayed larger-than-average
decreases in area over a period of about 50 years, as calculated by Choiński [82], amounting to 9.6%
and 9.98% for the Pomorskie Lake District and the Mazurskie Lake District. The rate of lake surface
area decline in Poland is very diverse, and in the perspective of the next 100 years may, in extreme
cases, reach even several dozen percent of the initial area [29,39,83–85]. The authors above-mentioned
emphasise that the process of lake surface reduction depends on many natural and anthropogenic
factors, and therefore each lake should be analysed individually. In the case of many lakes, the process
of progressive disappearance associated with a decrease in surface area and water table lowering has
accelerated significantly in the 21st century. It is related to an increase in air temperature [39,84], which
causes higher potential evaporation [76]. Annual potential evaporation in the research area in the years
1952–2018—measured at the meteorological station in Toruń—increased by 183.9 mm [76]. The authors
found that the highest increase occurred in the spring (March–May) and summer (July–September).
Moreover, an increase in the differences in evaporation between the Baltic sea coast and inland regions
was observed in the years 1952–2018. Therefore, the lakes located further away from the Southern
Baltic Coastlands such as Lake Borówno, may be highly exposed to climate-driven water level changes.

A graphic representation of the differences in depth of Lake Borówno between 1964 and 2018
(Figure 5) indicates that shallowing has occurred together with a lowering of water level. The lake
shallowed most along the south-eastern shore (i.e., where it borders agricultural areas), single-family
housing areas, and allotment gardens. On this shore, there are three tributaries that can supply mineral
material and organic matter from agricultural areas to the eastern and north-eastern parts of the lake.
The results presented in Figure 5 compared with field observations performed in 2018 indicate that
beaches may constitute the source of supply of sandy material, which caused shallowing of the selected
sections of the lake’s shore. This phenomenon was observed both in the area of holiday resorts and
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the so-called “wild” beaches used by local residents and allotment garden owners. Along the shore
sections used as public beaches, there are zones of considerable size that are devoid of vegetation cover,
which may explain the supply of mineral material to the lake basin. The map of depth differences
(Figure 5) indicates that the shallowing of the shore zone in comparison to 1964 also occurred near the
beach in the proximity of other beaches. The accumulation of material can be also observed in deeper
parts. It is possible that this is due to the movement of material from the shore zone to the deeper parts
of the lake basin as a result of works to maintain bathing areas. Another potential source of sandy
material accumulated in the lake derives from the relatively rapid exposure of lakeshore caused by the
lowering of its water level. It should be emphasised that the intense tourist pressure and heavy use
of beaches on Lake Borówno in recent decades is also conditioned by climatic factors. Summer heat
waves intensify the use of beaches and lakes by weekend tourists.

The lowering of the water table by 0.94 m between 1912 and 2018 at Lake Borówno shows that
water resources in its catchment area are diminishing. The significantly greater lowering of the water
table observed at the two remaining lakes—Kusowo and Dobrcz—results from their smaller depth
and lack of contact with the main usable aquifer supplying Lake Borówno. Lakes of greater depths
act as hydrogeological windows, allowing surface waters to contact deeper aquifers [86–88]. Despite
its more favourable supply conditions associated with deeper drainage, Lake Borówno lost 10.8% of
its surface area and 14.4% of its water volume between 1964 and 2018. In the light of the research
regarding changes in the water table within the two usable aquifers in the area [66], it can be assumed
that the deteriorating climatic conditions coincided with intensified use of groundwater (Figure 3).
In particular, the depletion of the main usable aquifer, which does not have a high capacity to recover,
may permanently change water relations in the study area. This aquifer is intensively exploited as
a result of the expansion of municipal waterworks, and estimates show that it will be several years
before precipitation water infiltrates back into this aquifer [66]. Since the 1970s, there has been a
local lowering of the water table in the main aquifer of several dozen centimetres (up to a maximum
of 1.4 m). This shows a steady trend of diminishing resources as well as indicating large-scale and
long-term exploitation of groundwater in this usable aquifer [66]. Groundwater resource depletion can
also be related to the use of these waters in individual intakes; for example, for watering allotment
gardens or greenhouse crops [89]. In the case of Lake Borówno, an additional adverse factor increasing
the risk of water resources depletion and lake water level decrease is the catchment area’s location near
the edge of the Vistula River valley. As indicated by hydrological surveys carried out in the catchment
area of the Wda—a left-bank tributary of the Vistula River—sections of this catchment area located
near the edge of the Vistula River valley are characterised by a lower outflow volume than the areas
located further from this edge [90,91]. This is due to the draining influence of the deep Vistula River
valley. Similar conclusions were reached by Glazik and Pius (2007) [92] in their study pertaining to
the Vistula River section between Toruń and Tczew. The cited authors found that the Vistula River is
fed by deep circulation groundwaters in this section, and the edges of the valley are a place of heavy
drainage of these waters. The location of Lake Borówno in the edge zone may additionally influence
the stronger reaction of groundwater to changes in climatic conditions and the increase in exploitation.

A decrease in water level in lakes resulting from increased evaporation caused by heat waves
recorded in the summer of 2018 was also observed in other parts of Europe including England [93].
However, instead of focusing on the losses in water resources per se, a number of European countries
became alarmed with the coinciding losses in agriculture [94], which translated, among other things, into
less restrictive approaches to protecting water resources and their use for irrigation [95]. Toreti et al. [96]
indicated that the drought of 2018 proved to affect a considerable portion of Europe. However, having
analysed seven climate scenarios, the authors anticipate that droughts of comparable severity will
occur more frequently in the 21st century, and may in fact become the norm in the 2050s. At the
same time, the increased demand for potable water and prioritisation of agriculture in the course of
the drought of 2018 [95,97] suggest that the observed reaction of lakes to drought may constitute a
combined result of diminishing water resources and increased use of basin water. Lake Borówno
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demonstrated a considerable drop in the water table in the second decade of the 20th century and,
in light of the scenarios presented by Toreti et al. [96] and Meresa [98], we may anticipate that such
hydroclimatic conditions will be recurring. The map presented by Feyen and Dankers [35] shows that
the research area and the whole territory of Poland is at the edge of an area covering southern and
south-western Europe, which in the 21st century will suffer from an outflow deficit. Furthermore,
taking into consideration that Lake Borówno is located in the suburban area of Bydgoszcz, it constitutes
an attractive location for settlement as well as for seasonal migration of citizens during hot summer
days, which is particularly true for the owners of nearby allotment gardens. Therefore, we may expect
further growth of anthropopressure and increasing water consumption. Water use has been indicated
as a factor intensifying hydrological drought by, among others, Wada et al. [40] as well as Wanders
and Wada [41]. Taking into consideration the accelerated problems with drought caused by forecasted
climate warming and accompanying water demand, Van Loon argues that future studies on droughts
should concentrate on four key tasks, one of which involves “moving to including the human aspects
of hydrological drought”. He also advocates the concept of “socio-hydrology”, a new science of people
and water introduced by Sivapalan et al. [99]. Moreover, in the second decade of the 21st century, the
International Association of Hydrological Sciences (IAHS) identified a new important field of research
related to the link between hydrological drought and society [100]. As noticed by Arnell et al. [101],
the current state of knowledge pertaining to the impact of climate change on water management is
largely insufficient. Therefore, in recent years, an effort has been made in Poland to develop a six-year
nationwide programme known as the “Drought Effects Counteracting Plan” (2021–2027) [102]. In this
programme, several dozen of retention works are planned to increase the retention in areas most
exposed to drought including central Poland.

5.2. Factors Affecting Water Quality

The chemical status of the water in the lake is shaped by a number of factors that are related
to the lake itself and its catchment area [103]. The assessment of the susceptibility of Lake Borówno
to eutrophication [104] showed that in terms of catchment criteria, the lake represented the second
group of catchment area susceptibility. This means that “the catchment area is characterised by a
low susceptibility to activation of the load deposited in its area and a low possibility of it reaching
the lake”. Such an assessment results, among other things, from the low slope gradients within
the lake’s catchment area and the only periodical functioning of the small watercourses supplying
them and draining the agricultural areas. However, the observed lowering of the water level in Lake
Borówno may determine the ecological type of the lake and the rate of eutrophication. A change in the
parameters of average depth, water stratification percentage, and active bottom surface area decreases
the lake’s resistance to external factors [105].

As shown above, in the second half of the 20th century, changes shaping the lake’s water
resources occurred, which resulted in a decrease in the water level, surface area, and depth of the
lake. These changes may be the cause of the observed shifts in the thermal stratification of Lake
Borówno. According to Piasecki and Skowron (2014) [29] and Magee and Wu (2017) [106], changes in
lake stratification, which depend mainly on the type of lake basin and its depth, are strongly related to
climate change. Reduction of the maximum depth of Lake Borówno and lowering of the water table
results in incomplete summer stratification (lack of hypolimnion) and the water temperature in the
entire profile is higher in the 21st century than in the 20th century. Results presented by Woolway
et al. [107] in relation to 20 lakes in Central Europe show an increasing trend in lake surface water
temperature in the past 50 to 100 years, with the most notable growth reported in the late 1980s.
Studies concerning individual lakes show that, despite the fact that the trend concerning changes in
surface water temperature in Europe appears to be uniform, the processes related to heat transport
within lakes tend to vary on a lake-by-lake basis [108–110]. Increased supply of heat to the surface
layer of water accompanied by lower wind intensity may increase the temperature difference between
the epilimnion and the hypolimnion [108]. Lake Borówno displays a rise in temperature across the
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entire vertical profile; however, we also observed an increase in the difference between surface water
temperature and hypolimnion. Moreover, similar to Upper Raduńskie Lake [108], but unlike Lake
Geneva [109], the depth of the thermocline was observed to have decreased. However, it should also
be noted that the shallow zone’s high share in total lake volume means that currently heated surface
layers of 4–6 m deep and a temperature of 20–23 ◦C account for as much as 66.7% of water by volume,
while only about 7% by volume are colder waters at depths of over 8 m, with a temperature reaching
7–11 ◦C during summer stratification (Figure 7a, Table 7). It is often emphasised that an increase in
surface water temperature in mixed lakes results in greater stability of water masses within the lake
related to briefer water mixing and a longer duration of stratification in summer [106,108,111,112].
Moreover, changes in vertical mixing within the water column constitute an important factor changing
the availability of nutrients and light [113,114].

The decrease in the depth of the lake and its high stability of water masses also entails changes
in relation to oxygen distribution. The anoxia observed in Lake Borówno at the depth of 6–14 m
(Figure 7b) may be a result of changes in heat distribution within the lake water as well as processes
related to the decomposition of organic matter. An increase in water temperature results in a reduced
capacity to dissolve oxygen, especially in relatively warm benthic layers [115]. Moreover, a prolonged
period of summer stratification and shorter period of water mass mixing could worsen conditions
for oxygen delivery, and also exacerbate seasonal oxygen deficiency in the bottom water [116]. In the
case of the analysed period, one may note that in the years featuring the occurrence of bottom zone
anoxia, the mean annual air temperature was relatively high, and in the years 1992, 2002, and 2017
amounted to 8.9 ◦C, 9.4 ◦C, and 9.2 ◦C, respectively (Figure 3a). In the years 1984 and 2009, in turn,
it was lower: 8.0 ◦C and 8.5 ◦C. It should be stressed that Wiśniewska and Paczuska also did not
observe any oxygen deficit in Lake Borówno in the year 2009 [117], when the mean annual temperature
was lower than in the years when the above-mentioned occurrence was recorded. Due to the limitation
of existing data, in order to provide a detailed analysis pertaining to the susceptibility of Lake Borówno
to eutrophication and the potential risk of anoxia, further research is required, particularly in terms of
the contents of carbonates in the spring–autumn cycle.

Transformations of the thermal character of the lake waters may also cause changes in
water transparency (Secchi disk visibility) [118]. This parameter is mainly related to the amount
of organic and inorganic substances suspended in water and the content of chlorophyll a and
phytoplankton [115,119,120]. In Lake Borówno, an increase in water transparency in the summer
season was observed in the last three years of the study compared to the previous period. It can
therefore be assumed that the increase in transparency during the summer season was due to the
relatively high stability of the epilimnion, associated with high air temperatures during the summer
months [120].

Neither the amount and composition of the phytoplankton nor chlorophyll a in the lake showed
significant changes over time. The collected data prove the generally low capacity of Lake Borówno
for intensive primary production. Low content of phytoplankton (1.23–5.74 mg·dm−3), albeit slightly
higher than in the presented study (0.25–1.39 mg·dm−3), was observed by Wiśniewska and Paczuska
in 2009 [117]. The aforementioned authors recorded the highest contents of phytoplankton in the
summer season (July–August), but the highest content of chlorophyll a (36.1 mg·m−3) was in May
2009. They classified the lake as mesotrophic. In our study, similar to the aforementioned study, higher
values of chlorophyll a were seen in spring than summer, though phytoplankton mass was higher in
spring than in summer. The differences in these results may be associated with the higher sampling
frequency in the research by Wiśniewska and Paczuska [117].

Generally reduced phytoplankton blooms may result from low surface outflow in the lake’s
catchment having caused low nutrient contents [22]. The obtained results showed a decrease in total
phosphorus and total nitrogen in the 21st century, especially in the summer (Figure 10). Temporary
enrichment in nutrients was observed in 2002, when tributaries were flowing during the sampling
dates, showing that surface outflow may be a source of nitrates and organic matter. However, probably
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due to their periodic character and decreasing outflow in the last dozen or so years, the total supply
of phosphorus and nitrogen compounds to Lake Borówno is not particularly heavy and has been
decreasing in recent decades. A decrease in the flow of nitrogen and phosphorus compounds, along
with a reduction of outflow were observed in many flowing waters [121,122]. The discharge in periodic
tributaries of Lake Borówno is activated in spring, which explains the higher level of nitrogen and
phosphorus in spring than in summer in the last three years of the study. It is difficult to determine
whether such seasonality, associated with seasonal discharge of water, will be maintained. In the 21st
century, on the one hand, a further increase in air temperatures is predicted, which will translate into
high evaporation values [85], but on the other hand, there is also a possibility of more frequent heavy
rainfalls. Such precipitation under conditions of significant soil dryness may result in the activation of
surface run-off [123]. This may well increase the inflow of compounds of agricultural origin in some
years, as can be concluded from high nitrogen concentrations in the hypolimnion of Lake Borówno in
2002 (2.58 mg·dm−3), when the lake was intensively supplied by the inflowing watercourses. However,
our results also suggest the possible activation of a mechanism of periodic internal enrichment of the
lake with phosphorus secreted from bottom sediments in the lake. This indicates the importance of
both allochthonous nutrients and nutrients previously stored in bottom sediments in the eutrophication
of Lake Borówno. In this lake, the process of eutrophication can take place spontaneously with low
external pressure.

6. Conclusions

On the basis of the conducted research, it was found that Lake Borówno is undergoing a constant
process of surface area and volume reduction, which has increased drastically since 2012. The process of
lake disappearance in the second decade of the 21st century shows the combined effects of hydrological
drought over the last several years and an increase in the use of groundwater resources in the catchment
area. The observed lake’s response to climate stress and human impact may be exacerbated in the
future, especially when considering the projected increase in air temperature, which is bound to have a
strong impact on lakes in developing suburban areas of large urban centres.

The study of physical, chemical, and biological parameters of Lake Borówno water indicates
the occurrence of processes related to the climate warming observed in the second half of the 20th
century. Said processes have also been found in other lakes and include an increase in surface
water temperature, growing stability of water masses, and prolonged summer thermal stratification.
However, one should note that climate warming may result in a reduction of lake depth, which in
turn affects the capacity to transfer heat into the deeper zone. Reduction in depth also entails a change
in temperature distribution in the vertical profile during the summer period. In shallower lakes,
this process contributes to the tendency for such lakes to transform into unstratified reservoirs due to
incomplete development of the hypolimnion zone. Secondary effects of air and lake water temperature
increase include changes in oxygen content in bottom water, higher water transparency, and maximum
occurrence of chlorophyll a in spring. This last phenomenon is related to the observed low content of
nutrients resulting from diminishing runoff and dissolution during drought. In the light of climate
forecasts that assume further increases in air temperature and higher frequency of extreme phenomena
(including heavy rainfall), it remains uncertain what impact runoff from the catchment area will have
on water quality in Lake Borówno. With this in mind, it is advisable to continue the observation of
water levels and selected physical and chemical factors at Lake Borówno and other lakes subject to
strong anthropopressure. As suggested by Mosley [121], when forecasting climate conditions, it is
important to adopt a comprehensive approach to water resources and account for likely instances of
increased water use during droughts. Furthermore, measures should be taken to establish and follow
rational principles of water management in order to enable aquifers to recharge.
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38. Kędziora, A. Climatic conditions and water balance of the Kujawy Lakeland. Rocz. Glebozn. 2011, 62, 189–203.
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Warszava, Poland, 2000.

68. GUGiK. Mapa topograficzna Polski w skali 1:10 000, sheet: 344 442, 344-443, 344-444, 354-221, 354-222; GUGiK:
Warszawa, Poland, 1987.

69. GUGiK. Orthophoto Data, Sheet: N-34-97-A-a-4-4, N-34-97-A-b-3-2, N-34-97-A-b-3-3, N-34-97-A-b-3-4,
N-34-97-A-b-4-1, N-34-97-A-b-4-3, N-34-97-A-c-2-2, N-34-97-A-c-2-4, N-34-97-A-d-1-1, N-34-97-A-d-1-2,
N-34-97-A-d-1-3, N-34-97-A-d-1-4, N-34-97-A-d-2-1; GUGiK: Warszawa, Poland, 2005.

70. GUGiK. Orthophoto data, sheet: N-34-97-A-a-4-4, N-34-97-A-b-3-2, N-34-97-A-b-3-3, N-34-97-A-b-3-4,
N-34-97-A-b-4-1, N-34-97-A-b-4-3, N-34-97-A-c-2-2, N-34-97-A-c-2-4, N-34-97-A-d-1-1, N-34-97-A-d-1-2,
N-34-97-A-d-1-3, N-34-97-A-d-1-4, N-34-97-A-d-2-1; GUGiK: Warszawa, Poland, 2012.
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75. Wójcik, R.; Miętus, M. Some features of long-term variability in air temperature in Poland (1951–2010).
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83. Marszelewski, W.; Ptak, M.; Skowron, R. Anthropogenic and natural conditionings of disappearing lakes in

the Wielkopolska-Kujawy Lake Distric. Rocz. Glebozn. 2011, 62, 283–294.
84. Skowron, R.; Jaworski, T. Changes in lake area as a consequence of plant overgrowth in the South Baltic

Lakelands (Northern Poland). Bull. Geogr. Phys. Geogr. Ser. 2017, 12, 19–30. [CrossRef]
85. Ptak, M. Zmiany powierzchni i batymetrii wybranych jezior Pojezierza Pomorskiego. Pr. Geogr. 2013, 61–76.
86. Drwal, J. Jeziora w egzoreicznych systemach pojezierzy młodoglacjalnych (Lakes in exoreic systems of

young-glacial lakelands). Zesz. Nauk. Wydz. Binoz Ug 1985, 14, 7–15.
87. Borowiak, D. Water regimes and hydrological functions of Polish Lowland lakes. Bad. Limnol. 2Wyd.
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69, 129–137.
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