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Abstract: The historical effects of land development on water management currently require a
new approach, in many cases involving attempts at the restoration of the quasi-natural state. This
is evident in reference to many regions in Poland, where the hydrographic network has been
diminishing over the centuries, among others in favour of obtaining new agricultural land. Such
activities overlap with natural processes causing transformations of the hydrosphere. The most
serious problems currently include water deficits resulting from climate change and human activity.
This paper employed archival bathymetric maps from the beginning of the 20th century for the
determination of the scale of changes in the morphometric parameters of six lakes in western Poland.
It was determined that over a period of more than a hundred years, the surface area (12.2%) and
original volume of water bodies (13.9%) were largely reduced. This situation was caused by both
natural (overgrowing and shallowing) and anthropogenic (change in water level) factors. The
obtained information points to the need of an inventory of historical bathymetric maps of lakes. In
combination with modern research, this will allow for the determination of changes in the water
resources of lakes and, in a longer-term perspective, potential possibilities of their renaturisation.
This knowledge is important in the context of the reconstruction of water resources in the territory of
Poland, where their deficits are recorded increasingly frequently. It should also be emphasised that
the restoration of the natural capacity of water retention in lakes is a more economical solution and,
most importantly, it is not invasive for the environment.
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1. Introduction

Changes in the natural environment constitute its permanent element determined by
the exchange of energy and matter between its particular components. Due to the physico-
chemical properties of water (e.g., the dynamics of movement and the solubility of various
substances), considerable changes have been observed in the environment, particularly
referring to its quality and quantity. The response of surface waters to the supply of
pollutants or changes in the components of the water balance in a given catchment are
observed relatively rapidly, with broad consequences for other water-related components
(including hydrobiological conditions) [1-4]. The human perception of water in the natural
environment has been subject to evolution determined by the civilisation needs of a given
epoch. For example, analysis of the function of water bodies in south-eastern Poland
has shown that they fulfill different functions that have changed throughout centuries,
including defence, economic, industrial, and recreational functions [5]. Recent decades
have revealed intensification of the problem of water deficits in many regions around
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the globe [6,7], determined by purely climatic factors (e.g., global warming), but also
improperly conducted water management. In the context of access to water resources, lakes
are an important element of the hydrosphere. They show a high capacity for water retention,
and due to their stability, they provide the possibility of easy access for use. Moreover,
their presence contributes to the mitigation of extreme hydrological situations such as
draughts and floods in the surrounding areas [8]. As they evolve, however, a vast majority
of lakes are subject to successive disappearance. According to the current research in the
scope, this process is usually associated with changes in the surface area [9-11], whereas
the lake basin as a three-dimensional concave landform is also subject to the process of
accumulation (filling) of sediment, consequently leading to the disappearance of a lake. The
disproportion between the analysis of changes in the surface area of lakes and their complex
disappearance (identified as a reduction in water resources) is determined by insufficient
comparative data, namely, bathymetric maps from two or more periods [12]. It should
also be emphasised that the availability of bathymetric maps permits the determination of
the primary morphometric properties of lakes, and is important for the calculation of the
water, thermal, and chemical balances of these elements of the hydrosphere [13]. Therefore,
knowledge concerning lake bottom relief is a frequently discussed issue in hydrological
research [14-18]. In this context, studies concerning changes in isobaths reflecting the
transformations of bottom topography should be considered scarce [19-21].

This paper presents a comparative analysis of bathymetric maps of six lakes in the
Wielkopolskie Lakeland (western Poland; Figure 1) in the period 1916-2020. The objective
of this article is the analysis of changes in water resources of lakes, allowing for the
determination of their direction, rate, and causes. Next to the purely scientific character
showing changes occurring in reference to selected elements of the hydrosphere, the
objective also has an applicative character: It points to a new direction of activities aimed
at the restoration of natural water resources that requires detailed data regarding the scale
of the related transformations to date.
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Figure 1. Location of the study objects.

2. Materials and Methods

The analysed lakes are of post-glacial origin, located on a moraine plateau, and their
basins are primarily incised into glacial tills. Both the inflows and outflows through streams
are negligible, and in certain periods of droughts, they completely disappear. The lake
catchments are under intensive agricultural use, dominated by arable land, with a small
share of forest areas.
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Research on transformations of the natural environment requires detailed knowledge,
which, next to the purely theoretical aspect, is necessary from the point of view of economic
conditions. In the case the study area, this can be referred to as the problem of water
deficits. The average unitary runoff from the area is 2-3 dm>-km?, constituting one of
the lowest values in Poland. The implementation of the adopted research objective was
based on the analysis of historical and modern bathymetric maps. The adopted starting
point for determining changes in water resources and other lake parameters (i.e., area and
depth) was information from the beginning of the 20th century Geologische Karte von
Preussen und benachbarten Bundesstaaten (1:25,000). Next to rich, extensive geological
content, the maps provided valuable information on other components of the environment.
Considering the complete cartometricity of the documents, the information provided by
the bathymetric maps of the lakes (Figure 2) is exceptionally valuable, because it refers to
the shape of the lake basins from before intensified human pressure on the environment.

Figure 2. Bathymetric map of Lake Zajaczkowskie from the early 20th century (Geologische Karte
von Preussen und benachbarten Bundesstaaten, 1:25,000, Ottorowo 1916).

The situation from the early 20th century was referred to as the current state through
preparation of current bathymetric maps. On the date of performing bathymetric mea-
surements, the measurement of the water level was conducted by means of GPS RTK.
Bathymetric measurements were conducted from a boat by means of a Garmin Fishfinder
100 echosounder. The data file included information on the location of the measurement
point (x and y coordinates) and information on depth (z). During the measurements with
the echosounder, point measurements were simultaneously conducted by means of a
traditional probe—a weight suspended on a cord. Such an approach aimed at normalis-
ing the modern technique to that from a century ago. Moreover, the data were used for
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the verification of measurements performed by means of the echosounder. The results
obtained from the echosounder in the postprocessing were corrected based on manual
measurements. The measurements performed by means of the echosounder and weight
probe differed by an average of approximately 0.07 m. In the next stage, the data were
fed into ArcMap software for the purpose of developing a digital model of the lake basin.
This employed the topo to raster function, permitting the interpolation of point data to
the continuous surface of the lake basin. Then, by means of the contour function, an
isobath map was developed, with a depth contour corresponding to that presented in
the historical maps. The obtained digital models of the lake basins were integrated with
the digital terrain models available in Poland that were developed based on data from
aerial laser scanning (LIDAR). The digital terrain model had a spatial resolution of 1 m
and mean error of up to 0.2 m. This way, a three-dimensional terrain model with the
lake basin was obtained. The developed model permitted the development of modern
curves of the surface area and volume of the lakes. In the case of the historical maps, in
the first stage, they were converted to the ETRS 1989 UWPP 1992 coordinate system. This
process employed the methodology proposed by Kubiak-Woéjcicka et al. [22] to convert
raster maps to digital form and to validate the obtained products. Moreover, taking into
account the information presented by Manowska and Szuba [23] regarding the precision
of height measurements at the end of the 19th century declining with distance from the
reference points, the development of digital terrain models of the areas adjacent to the lake
basins involved referring them to the PL-KRON86-NH geodetic height system used in
Poland. In order to reduce the errors associated with the direct transfer of heights found
in the archival bathymetric maps, the surface relief of the terrain surrounding the lakes
was also vectorised based on the contour lines. This way, an archival digital terrain model
with lake bathymetry was obtained. The model was compared to the actual digital terrain
model in the ArcMap software using the raster calculator and difference function. The
differences in elevation in the areas adjacent to the lakes resulting from the overlaying
of digital terrain models did not exceed 0.2 m. The second stage of the validation of the
archival data involved overlaying the lake water surface ordinates recorded on the archival
maps on the actual digital terrain model. This permitted the determination of the surface
and spatial extent of the lakes. In the case of height differences, the digital terrain models
developed based on archival data were matched with the actual models. The extracted
volume and surface area from the archival and actual digital terrain models were used to
plot graphs of depth against volume and surface area. The obtained results allowed for a
comparative analysis in reference to changes in the surface area and volume of the lakes.

3. Results

This study revealed considerable changes in the morphometry of the analysed lakes
that occurred over the last hundred years. For the six cases analysed in this paper, a total
decrease in their surface area by 12.2% was recorded (Table 1), as well as a reduction in
water resources of 13.9%.

The changes in the particular lakes were variable, largely due to their morphometric
parameters and factors affecting particular objects. The smallest transformation occurred
in the case of Lake Zajaczkowskie, whose surface area decreased by only 4.4% and whose
volume decreased by only 4%. It should be emphasised that the recorded changes primarily
concerned the northern and southern parts of the lake, where in the first designation,
development of an island was recorded (with a surface area of 918.0 m?), whereas in the map
from the early 20th century, the zone was only occupied by a belt of rush vegetation. The
southern part covers a shallow bay isolated with a narrow isthmus, subject to considerable
shallowing over the last hundred years, as confirmed by a 5 m isobath shift towards
the middle of the lake. Moreover, the conducted field research suggests that the section
connecting the main part of the lake with the bay is subject to intensive overgrowing and
shallowing processes, and its current depth is approximately 0.9 m. Due to this, it can be
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assumed that, from a short-term perspective, this part will become completely separated

from the main lake basin (Figure 3).

Table 1. Changes in the basic morphometric parameters of the lakes in the period 1916-2020.

Lak Area (ha) Volume (mln m?) Mean Depth (m) Altitude m a.s.l.
ake
1916 2020 1916 2020 1916 2020 1916 2020
Buszewskie 79.1 73.6 391 3.54 49 4.8 94.1 93
Lubosinskie Wielkie 77.9 47.0 2.53 1.12 3.2 24 93.9 93
Lubosinskie Mate * 21.2 0.46 2.2
Zajaczkowskie 455 43.5 4.80 4.61 10.5 11.3 72.6 73
Wielkie 379 284 0.34 0.28 0.9 1.0 67.3 68
Mormin 12.4 8.9 0.24 0.17 19 19 no data
Total/average 2527 2221 11.82 10.18 4.3 3.9
* Entirety as Lake Lubosiriskie.
1916
(b)
1916 2020

(e)
1916 2020
0 200m

Figure 3. Changes in the bathymetry of the analysed lakes in the years 1916-2020: (a) Lake
Buszewskie, (b) Lake Mormin, (c) Lake Lubosinskie, (d) Lake Wielkie, and (e) Lake Zajaczkowskie.
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Intensive overgrowing processes also concerned Lake Wielkie, which are favourable
for the vegetation succession of small depth—mostly below 1.5 m (80%). Vegetation
succession covered the entire length of the shoreline, consequently reducing the surface
area by 25% in comparison to the state from the beginning of the previous century. A
particularly intensive overgrowing process occurred in the western and northern parts of
the lake, contributing to enlarging the peninsula and a considerable reduction in the size
of the bay (Figure 3). The intensive process of disappearance of the lake was confirmed
by a cartographic study from the early 19th century (Figure 4). Although the presented
map fragment is not cartometric, notice that the outline of Lake Wielkie is considerably
larger, with an elongated southern bay, already separated in the later period. Interestingly,
substantial diminishment of the lake was recorded, along with an increase in the water
level in comparison to the starting point from the early 20th century. This is related to the
obstructed outflow of the Ostroroga River feeding the lake, limited by the overgrowing
and shallowing of the bay in the northern part of the lake.
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Figure 4. Analysed lakes at the beginning of the 19th century (map fragment: Gilly Spezialkarte von
Suedpreussen, 1803).

A decrease in the water level was a key factor causing changes in Lakes Buszewskie
and Lubosinskie (in the latter case later during the division into two independent lakes).
The lakes are of flow-through character, connected by a system of ditches [24]. According to
earlier research from the area, in terms of transformations of water relations, it was subject
to melioration, among other things, resulting in a network of ditches and melioration
canals, drainage of large areas, and a decrease in the level of shallow groundwaters [25].
An example of such activities is the dense network of ditches approximately 1.5 km below
Lake Lubosiriskie Male, draining water into Lubosiriski Canal. As a consequence of these
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works, the water level in the aforementioned lakes was considerably reduced, resulting
in a reduction in their surface area, in the case of Lake Buszewskie by 7% and in Lake
Lubosiniskie by 12.5%, and division into two independent lakes (Figure 3).

4. Discussion

The study results point to an evident transformation of the analysed lakes, corre-
sponding with the broad research trend. The surface area of lakes has been declining at a
global scale [26-29], and the rate and scale of such transformations is determined by the
local factors and properties of particular lakes. Based on a similar methodology supported
by historical cartographic materials [30-33], a similar direction of changes in the surface
area of lakes has also been determined in the case of other regions of Poland. The scale
of the process has been variable, depending on the volume of the analysed data set and
morphometric properties of the lakes. In reference to research employing cartometric
archival maps (i.e., from the mid-19th century onwards), it can be stated that such an
approach has no limitations, and the studies are of reference value to the modern scope of
data. Limitations occur in the case of using maps older than the temporal scope specified
above [34].

Referring the obtained study results to other scarce papers addressing changes in
bathymetry over a period of more than a hundred years confirms the earlier findings [35,36],
pointing to the progressing reduction of water resources with a rate dependent on local
conditions. One of the key properties of lakes distinguishing them from other elements of
the hydrosphere is the high capacity for water retention, whose volume depends on the size
of the lake basin. The volume of lakes is not permanent and is subject to changes—usually
a decrease, considering their natural course of evolution leading to their disappearance
as concave landforms. The rate of the process is largely variable, determining the size of
lakes and the effect of natural and anthropogenic factors in the catchment. The supply of
nutrients is important in this context. According to Gradke [37], high amounts supplied
in the 20th century accelerated the overgrowing process. The amount of accumulated
water resources in the lake affects the rate of water circulation in the catchment. This is of
key importance for shaping environmental (biodiversity) as well as economic conditions
(agricultural irrigation, industrial purposes, transport, etc.). Using historical bathymet-
ric maps and conducting modern sounding of lakes has permitted the determination of
changes in the amount of water accumulated in lakes. Such a comparison does not only
show the direction and scale of the transformation, but also the applicative character. Water
deficits, increasingly frequent due to the evidently observed climate change, require activ-
ities permitting the mitigation of such situations. Due to this, projects are implemented
aimed at increasing the water resources in Poland through the expansion of objects ac-
cumulating water. The highest increase in scope has been obtained through damming
natural lakes and the construction of retention reservoirs [38]. The construction of artificial
lakes is not always positively received by society, and the appearance of a new object in
the environment substantially changes its functioning, not only in the vicinity of the lake,
but throughout the catchment. Due to the cascade responses of many components of the
environment, the effects of such decisions are difficult to predict in the context of their
further functioning. Therefore, next to invasive hydrotechnical infrastructure, other solu-
tions should be considered, including works aimed at the reconstruction of the lost water
resources. The melioration of wetlands and a decrease in the water level of rivers and lakes
have been determined by obtaining new agricultural areas. According to Kaniecki [39],
these activities have caused large-scale effects evident in an increase in the rate of water
circulation in Wielkopolska and a decrease in the level of groundwaters. As a result, over
a relatively short period of time, the newly obtained arable land became excessively dry,
and the maintenance of appropriate soil class properties required additional costs. It
should be emphasised that in the period analysed in the paper, the agrarian culture was
subject to a radical change—primarily through an increase in the intensity of production
to surface area. Due to such an approach, the perception of water changed. In the past,
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it limited the expansion of agricultural land; today, its deficits in particular vegetation
phases of plants can affect production yields. As a result of various hydrotechnical works,
the water level of many lakes has reduced [40,41] and, in extreme situations, completely
drained [42,43]. In the context of civilisation changes, many melioration works previously
undertaken, originally aimed at the optimal use of the environmental resources for eco-
nomic purposes, can be currently considered inappropriate or undesirable for the current
state. This has been confirmed by refilling previously dried lakes with water [44], caused
by the abandonment of relevant measures regulating hydrological relations, among others,
due to their cost inefficiency. Therefore, one of the optimal solutions in the context of
an increase in water resources is lake renaturisation, which aims to restore their water
retention capacity. Such an approach corresponds with the research undertaken in this
paper, assessing the magnitude of changes in water resources over the last hundred years,
i.e., both the progressing natural processes of lake evolution and successively intensifying
human pressure. The postulate concerning the reclamation and expansion of the retention
function of lakes transformed as a result of human activity has been reported before in
reference to north-eastern Poland [45], where the first activities related to the restoration
of lakes to their original state have already commenced. Next to water resources, other
benefits of lake renaturisation can be illustrated based on the example of Lake Ardung.
From the long-term perspective, the lake will become less prone to degradation, the shore
zone with high primary production serving as a biofilter for pollutants supplied from the
catchment will increase, and soil moisture will improve, among other things [46].

The effects of climate change have been increasingly commonly observed in recent
years. The close relationships of the atmosphere and hydrosphere point to a considerable
transformation of the latter. This concerns, for example, thermal and ice conditions and
water level fluctuations [47-50]. Climate conditions overlap with human activity, addi-
tionally intensifying their impact [51]. In this context, access to water is becoming of key
importance in many regions of the world, and its amount may continue to decrease due to
the forecasted further climate warming.

5. Conclusions

The conducted analysis of the water resources of selected lakes in Central Europe
showed their evident decline over the last hundred years, varying in particular cases
from 4% to 37%. This situation has resulted from their natural evolution (shallowing and
overgrowing) and human activity (hydrotechnical works). In the context of environmental
transformations (natural and artificial), it is important to provide conditions for an increase
in water resources through new technical solutions aimed at an increase in retention, but
also through the reconstruction of many elements of the hydrosphere that have become
redundant at different stages of civilisation development or have restricted such develop-
ment (according to the contemporary assumptions). The current and future situation faced
by humanity appears completely different, and its further optimal functioning depends
on access to water. The study results revealed the magnitude of the lost water resources
and encourage undertaking broader research aimed at the development of a framework
for their renaturisation.
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