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Abstract: Over the centuries, extensive changes have occurred in the functioning of the hydrosphere.
In the case of Poland, the hydrographic network has been significantly transformed, and many of
its elements have ceased to exist. The aim of this study was to investigate renaturalised lakes and
to determine their original volume, which is a fundamental parameter in the context of stabilising
water relationships. Based on archival cartographic materials, the locations of 15 such lakes were
determined, with their volume totaling 11.7 million m3. This indicates a significant potential for
renaturalised lakes in the context of increasing water resources. In the long term, the methodology
adopted in this work may complement water-management efforts aimed at increasing retention and
offering new ecosystem services. Such an approach is less invasive to the natural environment and
more economically justified compared to new investments in artificial hydrotechnical infrastructure.
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1. Introduction

The environment surrounding humans is subject to continuous transformation. This
general statement covers a number of detailed processes referring to particular spheres.
Changes in the natural and anthropogenic character are evident in reference to the hy-
drosphere. The human role is of particular importance here, due to the centuries-long
interference in the hydrographic network for the purpose of using water for our own
needs [1-4]. Water circulation is being modified by people on a previously unencountered
scale, and at an exceptional rate [5]. Water management is generally implemented in two
basic directions—water drainage or water retention. Examples from various regions around
the globe show that the scale of transformation of elements of the hydrographic network
is highly variable, and closely dependent on human activity. An increase in water uptake
due to an increase in population size and intensified agricultural activity was the primary
reason for the water deficit in Iran [6]. In the case of the Lotter Beeke catchment, which
was intensively drained over decades, a simulation of an increase in groundwater level
up to 35 cm was conducted, suggesting a future decrease in the need for irrigation, and
minimisation of conflicts related to water use [7].

Intensive and unregulated anthropogenic activities result in the disturbance of the
natural physicochemical parameters of water bodies and a reduction in biodiversity [8]. In
reference to one of the elements of the hydrosphere (wetlands), Long et al. [9] pointed out
that the incorporation of a relevant historical perspective into management and protection
is important for an understanding of the ways in which the effects of ecological disasters
can be mitigated. The amount of freshwater stored in rivers, wetlands, and lakes, as well
as the changes in these levels, are vital elements of the water cycle. They are also of key
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importance in the management of water resources [10]. In the case of Poland, considerable
changes in the components of the water balance, and particularly retention volume and
time, occurred in the 18th and 19th century [11]. Maciak et al. [12] emphasise that the
drying of larger areas only began to intensify in the second half and at the end of the 19th
century, contributing to an increase in agricultural production.

The approach to water is currently essentially different to that of a hundred years ago.
Water is increasingly becoming a deficit resource, to the point where there are conflicts over
water access in different regions of the world [13,14]. Therefore, various activities aimed
at ensuring sufficient water resources have been implemented. The most spectacular are
works related to technical measures. The construction of numerous dam reservoirs has
allowed for optimal water management. The general purposefulness and usefulness of
retention reservoirs is undisputable, although their size and location are controversial [15].
Therefore, the current state of knowledge of natural elements of the environment that
have been lost as a result of human activity should be expanded as much as possible.
Renaturisation of components of the natural environment takes different forms and scales.
According to Zerbe [16], the possibilities for rebuilding of ecosystems concern broadly
defined technical measures as well as inaction (passive rebuilding). The growing deficit
of water resources requires a long-term prevention programme including renaturisation
of elements of the hydrosphere [17]. Water deficit has a negative effect on the natural
environment, and creates barriers for development in all sectors of the national economy.
Due to the above, all initiatives aimed at an increase in water resources, in terms of quantity,
are extremely valuable, and should be treated as a priority in Poland [18].

These postulates correspond with the focus of this article, which aims to determine, for
a long-term perspective, the primary water resources of renaturised Polish lakes that had
previously dried out. The determination of the volume of restored lakes is a new approach,
compared to earlier analyses where the study subject was only the determination of the
place of restoration and surface area of such elements of the hydrosphere [19].

2. Materials and Methods
2.1. Study Area

This paper presents an analysis of the original volumes of 15 lakes that dried out in
the 19th century through to the mid-20th century. Of the analysed lakes, 13 are located in
north-east Poland, and the remaining 2 are in the north-west part of the country (Figure 1).

2.2. Materials

This study was based on German historical agronomic, geognostic-agronomic, and
topographic maps from the late 19th century (1890-1897) and the first half of the 20th
century (1902-1952). The maps were developed at a scale of 1:25,000. Historical topographic
maps (Messtischblatt) were prepared in the Miiffling polyhedral projection (“Prussian
polyhedral projection”). The initial meridian for the coordinate system was the Ferro
meridian (difference towards Greenwich of 17°40). In 1927, the Gauss—Kriiger projection
was introduced. It applied the Bessel ellipsoid from 1841. The historical maps were obtained
in the raster form in a *.jpg format. With their degree of detail and full carto-metricity, they
have repeatedly provided the basis for retrospective research [20-24]. In the case of lakes,
they were used to determine changes in surface area and volume. An analysis of over one
hundred and sixty lakes in western Poland showed that over a period of 100 years, there
was a reduction in their surface area of more than 11% [25]. The morphometry of two coastal
lakes (Jamno and Bukowo) in the south of the Baltic Sea underwent significant changes
in the years 1909-2012. Their surface area decreased by 7.7 and 13.6%, respectively, and
their volume was smaller by 5.9 and 17.5%, respectively [26]. Similar studies concerning six
lakes in the Wielkopolska-Kujawy lake district showed a decline in the surface area (12.2%)
and volume (13.9%). This situation was caused by both natural (overgrowing, shallowing)
and anthropogenic factors (changes in water levels) [27]. The historical maps document the
effects of drainage works. In some cases, however, the documentation presented the state



Resources 2023, 12, 137

30f13

of a lake before drainage. An example of such a process is Lake Czarne (Figure 2a), which
completely disappeared as a result of the conduction of melioration works by means of
ditches (Figure 2b). After ceasing conservation work on the ditches, water returned to the
analysed area (Figure 2c).

+ Renaturised lake e 2499 m asl
Weichselian glaciation ™
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Figure 1. Location of the analysed lakes (numbering in accordance with Table 1).

1911 1936

Figure 2. Lake Czarne: before (a) and after (b) the conduction of melioration work, and the current
state of the lake (after renaturisation) (c) [28,29]. Adapted with permission from ref. [28]. (2023, Dean
Faculty of Geographic and Geological Sciences, Adam Mickiewicz).

The analysis also employed modern topographic maps at a scale of 1:10,000. The
first edition of the modern topographic maps was from the period 1973-1986. The maps
were prepared in a local coordinate system, Polska-1965 (PL-1965). The PL-1965 coordinate
system divides the territory of Poland into five independent projection zones. The analysed
lakes were in zones II (EPSG:2172) and I1I (EPSG:2173), where Roussilhe quasi-stereographic
projection was applied for the Krasowski ellipsoid. The most recent materials were or-
thophotomaps in colour (RGB) and black and white (B/W). The orthophotomaps were from
the period from 1997 to 2022. Their spatial resolution was usually 0.25 and 0.5 m, although
for Lakes Patryckie, Trackie, and Bogdariskie, orthophotomaps had a spatial resolution of
0.1 m. The obtained orthophotomaps were developed in the coordinate system Polska-1992
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(PL-1992), which is uniform for the entire territory of Poland. The 1992 system (EPSG:2180)
employs the Gauss—Kriiger projection for the GRS-80 ellipsoid. This study also involved the
development of a digital terrain model based on data from aerial laser scanning. The DEM
was developed based on data obtained for the period from 2011 to 2018. The spatial resolu-
tion of the model was 1.0 m. The DEMs were in the coordinate system PL-1992. The histori-
cal maps were obtained from the Cartographic Archive of WNGiG UAM as digitised raster
files *jpg through the Mapster service (http://igrek.amzp.pl/, accessed on 1 August 2023).
Modern topographic maps were read in ArcGIS 10.7 software using the wms service (https:
/ /mapy.geoportal.gov.pl/wss/service/img/guest/ TOPO/MapServer/ WMSServer, ac-
cessed on 2 August 2023). Orthophotomaps and DEMs were downloaded through the
Geoportal service in the form of *.tif and *.grid files.

2.3. Methods

Because most of the obtained cartographic data, particularly the modern data, were
processed in the local coordinate system PL-1992, the first stage of registration of the
historical maps was in that coordinate system. Particular stages of the research procedure
are presented in Figure 3.

Data acquisition

Historical data Contemporary data

- geognostic-agronomic maps - topographical maps

- agronomic maps - orthophotomap

- topographical maps - digital elevation model

Georeferencing

Geodatabase development

Pre-drainage state
Mapping the historic lake surface water extent
Mapping the lake peat extent

Post-drainage state

Mapping the lake surface water extent

Mapping of lake drainage ditches

Mapping contours in the extent of the lake bowl

Post-restoration state
Mapping the contemporary lake surface water extent

Post-restoration lake morphometry

Development of lake bowl DEM
Integration of the lake bowl DEM with DEM
Calculation of surface area, mean depth and volume

Figure 3. Research procedure.

The procedure of registration of maps in the coordinate system employed coordinates
of the original cartographic grid. The registration in the coordinate system employed
first-order polynomial transformation (affine transformation). Each map registered in the
coordinate system was verified in terms of the root-mean-square-error value (RMSE) in
ArcMAP 10.7.1. At the second stage, based on historical topographic maps presenting
the initial situation, i.e., before the establishment of a system of draining ditches, manual
vectorisation of the spatial range of the lake and limnic peats was performed (Figure 4a).
Using the subsequent edition of archival topographic maps presenting the state after
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the implementation of draining ditches, the spatial range of the water table in the lake
was vectorised (Figure 4b). Moreover, vectorisation of contour lines within the area of
occurrence of the lake and limnic peats was conducted, ending with the contour line
designating the edge of the basin (Figure 4c). The contour lines were ascribed ordinates
with consideration of the fact that their interval in topographic maps is 1.25 m. The resulting
material provided the basis for the development of 3D models of lake basins using the
Topo to Raster function. Based on 3D models of lake basins, the potential water-retention
volume was calculated. Finally, the produced 3D models of lake basins (Figure 5a) were
integrated with the modern digital terrain model developed in 2012 and based on data
from aerial laser scanning LIDAR (Figure 5b). This required comparison of the heights of
pickets presented in archival topographic maps with the heights in the digital terrain model.
As a result, the height shift was determined between archival topographic maps and the
modern digital terrain model. This permitted conversion of ordinates of the lake bottom
from archival maps to ordinates obtained from the DEM. The resulting integrated terrain
model (Figure 5c) allowed for simulation of the spatial range of the lake within the area
of the basin at different water table ordinates, which was necessary for the determination
of the optimal water level in the lake with simultaneous limitation of the effect on the
adjacent land.

Lénl;e depth
<25m

/0 02 0.4kmb

- L ]

Figure 4. Diagram of the determination of the range and bathymetry of dried-out lakes: range of
the lake before melioration (a), range of the lake after melioration (b), and bathymetric plan of Lake
Raks (c); Adapted with permission from ref. [28]. (2023, Dean Faculty of Geographic and Geological
Sciences, Adam Mickiewicz).

Figure 5. 3D digital model of the lake basin (a), modern digital terrain model (b), and integrated
digital terrain and lake basin model (c); source: own study based on [29].
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The described situation presents the potential water volume that it is possible to retain
without conducting any additional earthworks within the basin previously occupied by
the dried-out lake.

3. Results and Discussion

The calculation results referring to the basic morphometric parameters of lakes from
archival maps are presented in Table 1.

Table 1. Initial morphometric parameters of the lakes subject to renaturisation.

Area Volume Depth
No Lake 3 Mean
(ha) (mln m>)

(m)
1 Bartniki 130.0 1.7 1.3
2 Patryckie 101.0 1.7 1.6
3 Trackie 69.0 1.3 1.8
4 Bartoty Wielkie 63.0 1.2 1.9
5 Setal Wielkie 475 0.9 1.9
6 Piecki 46.9 0.53 1.1
7 Bogdanskie 46.8 0.62 1.3
8 Oterki 44.0 0.93 2.1
9 Ustronie 329 0.37 1.1
10 Raks 31.5 0.6 1.9
11 Czarne 28.5 0.38 14
12 Nowe Widki 22.6 0.4 1.7
13 Juchy 24.5 0.35 1.4
14 Mieszczanskie 16.0 0.35 1.8
15 Setal Mate 134 0.35 2.6

According to the above table, complete drying out concerned lakes with a variable
surface area within a broad range from 16 to 130 ha. Importantly, all the lakes showed
low mean depth, averaging 1.7 m (maximum up to 2.6 m) for the analysed lakes. The
latter value is of key importance for conducting technically effective melioration with
additional consideration of the economic aspect. Draining ditches were implemented as a
deep ditch draining water from the lake, followed by an expansion of the network of canals
for ensuring appropriate humidity conditions (Figure 6). In this case, the total length of
the drainage system was 8800 m. The draining network usually showed an asymmetrical
distribution adjusted to the local conditions.

Concave landforms, which include lake basins, undergo processes that aim at their lev-
eling. Lakes are characterised by a high capacity for the deposition of both autochthonous
(originating within the lake) and allochthonous (originating outside the lake) material [30].
The pace and spatial distribution of this process vary, and key parameters include the depth
of the lake, hydraulic contact with other elements of the hydrographic network, climatic
conditions, and the size and character of the watershed’s use. It should be emphasised that
the above data concern the state adopted in this article as original (by mid-20th century
at the latest), and the lakes restored in the later period were subject to natural processes
accompanying the functioning of their ecosystems, such as sediment deposition or plant
succession. In the former case, the role of tributaries is of importance. Together with a
decrease in the energy of water reaching the lake, they deposit part of material transported
from the upper sections of a given catchment. In the case of the analysed lakes, this is
evident in Lake Bogdariskie, where a delta developed in the mouth section of the Kiermas
Channel (Figure 7). The process of overgrowing of lakes is a common phenomenon, acceler-
ated by human activity and a greater supply of nitrogen and phosphorus compounds [31].
The scale and rate of overgrowing is, moreover, dependent on the lakes” morphometry,
where small depths (particularly in the shore zone) accelerate the expansion of macro-
phytes. This is evident, among others, in the case of Lake Mieszczanskie (Figure 8), where
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no fragment of the shore is in direct contact with water. Based on the figure, the water
surface is 4.2 ha.

Figure 6. Ditch draining Lake Piecki (red colour) and a network of ditches and melioration canals
(blue colour); Adapted with permission from ref. [28]. (Copyright year:2023, Dean Faculty of Geo-
graphic and Geological Sciences, Adam Mickiewicz).
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Figure 7. Bathymetric plan of Lake Bogdariskie (a) and river delta (red color) in the central part
of Lake Bogdarniskie (b) [28,29]. Adapted with permission from ref. [28]. (2023, Dean Faculty of
Geographic and Geological Sciences, Adam Mickiewicz).
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Figure 8. Bathymetric plan of Lake Mieszczanskie (a) and overgrown shoreline (red color) of Lake
Mieszczanskie (b) [28,29]. Adapted with permission from ref. [28]. (2023, Dean Faculty of Geographic
and Geological Sciences, Adam Mickiewicz).

Moreover, within the former lake basin, after almost 100 years of melioration work,
the transformations that have occurred have also resulted from mineralisation of drained
peat deposited in the valley, and this should be considered during renaturisation of such
lakes. The range of the water table can differ from that in historical maps. Moreover, it will
depend on the hydrological situation, as exemplified by Lake Raks, which dynamically
changed its spatial range over a period of 25 years (Figure 9). The water surface area varied
from 2.0 to 13.3 ha.

This study showed that the original volume of the analysed lakes totalled approxi-
mately 12 million m3. This information is important in the search for solutions for slowing
water drainage from the territory of Poland. The approach applied in this paper, based
on archival materials, not only allows for the identification of lakes that have existed pre-
viously, but also provides data on the potential volume of accumulated water. Therefore,
the methodology determining potential water resources constitutes the initial base for
further, more detailed hydrotechnical, administrative, and legal tasks in the context of lake
renaturisation.

Figure 9. Spatial range of Lake Raks in the period 1997-2022; source: own study based on [29].

One of the important effects of the renaturisation of the discussed lakes is the new
possibilities for their economic use. Due to economic and sociological conditions changing
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over recent decades, it has become common to withdraw agriculture from some previously
meliorated areas [32]. Economic benefits of the agricultural use of areas of previously dried
lakes have been replaced by a broad range of ecosystem services potentially offered by
these elements of the hydrosphere. For example, Lake Trackie, on the outskirts of the city
of Olsztyn (population of 170 thousand), is a place of recreation for its inhabitants (water
sports, angling, bathing).

Undertaking detailed activities for the stabilisation of water relationships requires
initial knowledge of the state of the environment before evident human interference. A
good source of information for this type of analysis is cartographic materials. As in the
presented paper, this type of methodology has already been applied in other studies. This
points to the high potential of this type of data source. Gradual shrinking of Lake Legia as
a result of construction of hydrotechnical infrastructure caused overgrowing of the entire
area with reed. Based on the DEM and topographic and historical maps, a model was
developed for the estimation of the surface area and depth of the lake after ecological
reclamation of the wetlands [33]. Information from historical maps can contribute to the
restoration of ponds in areas where water retention in the landscape needs to increase [34].
Historical and modern maps provided the basis for the determination of the transformation
of ponds in the Severn Vale catchment (Great Britain). The results point to a loss of as much
as 57.7% (in the period 1900-2019), while also constituting a valuable point of reference for
their restoration [35]. Discontinuation of the use of meadows results in lack of conservation
of ditches, contributing to changes in the hydration of the surrounding areas [36]. This
is also justified in reference to dried-out lakes that undergo gradual renaturisation after
ceasing conservation work on ditches. Due to plant succession in drainage ditches, and
the sedimentation process, outflow slows down and/or ceases, resulting in the appearance
of a water surface within the range of the historical lake basin. Such a situation is well
represented by dried Lake Moraskie, where water was restored after several decades [37].
In order to enhance the effect of the natural process, the drainage canals are buried, or
small infrastructure obstructing water flow is built on them. Among the analysed cases, the
enhancement of certain natural processes is exemplified by Lake Bartoty Wielkie, where a
weir allowing for water-level regulation was installed at the outflow from the lake.

The concept of this study, and its results, point to an increase in water resources that
corresponds to a broader idea of renaturisation and recultivation of water ecosystems.
Restoration of water retention of Lake Wenying Datong, lost due to washing out of the
impermeable layers in the lake’s bottom, permitted a substantial decrease in losses of water
volume [38]. Lake East Juyan was reconstructed owing to an increased flow of streams
flowing into the lake as a result of an ecological project where water was redirected [39].
Despite high costs of river recultivation in regions poor in water, it can be economically
viable due to the social demand for rivers [40]. The need of reconstruction is based on the
assessment of value, which is aimed at the maintenance of the natural capital for the present
and future generations [41]. This is particularly important in the context of water resources,
i.e., both their quality and quantity. It is expected that by the end of the century, worldwide,
the number of people experiencing water deficit will have increased by millions [42].

It is, therefore, important to appropriately conduct water management through an
increase in retention offering the possibility of controlling water circulation in the seasons
when there is excess or there are deficits. The issues of slowing down outflow are currently
treated as priority by authorities in charge of water resources in Poland, where increasing
(particularly seasonal) water deficits are observed. It is estimated that the real retention
capacity in Poland, resulting from topographic, demographic, and economic conditions,
amounts to 15% of the average annual runoff. In 2020, a 6.5% national retention was
achieved, and this is progressively increasing [43]. An increase in retention is being
implemented in various ways, including: landscape retention, forest retention, retention
in post-mining pits, microretention in urban areas, channel retention in rivers, reservoir
retention, and lake retention. The construction of dams often raises certain controversies
resulting from the creation of completely new conditions, beyond the context of water
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circulation. These cover changes in flow rate, temperature, and fish migration [44-46], as
well as all other components largely dependent on water. Attention should also be paid to
the social aspect; populations are sometimes displaced from the place where a new reservoir
will be established [47]. In reference to natural lakes, due to their high water-retention
capacity, they have a stabilising effect by mitigating the course of extreme processes such
as floods or droughts [48]. Analysis of water-resource restoration and flood protection for
the Note¢ River indicated the possibility of reducing the flood wave by 30% [49]. Therefore,
one of the basic directions in the development of lake catchments is by damming, i.e., the
improvement of the water-retention capacity [50]. In reference to the Struga Dormowska
catchment, the same authors determined that damming of the water in the seven lakes
from 0.2 to 0.3 m in natural water-level oscillations allows a gain of about 0.4 mIn m> water
in the usable retention layer. This allows for smoothing of discharges in the river in the
range of 6 to 21% in the wet and dry years, respectively. In the case of lakes, next to the
expansion of hydrotechnical infrastructure, an important direction of activities aimed at
meeting the water needs of users in a given catchment can be their renaturisation—in this
case defined as the restoration of water resources.

The restoration of interrelated man-nature systems requires integration of many disci-
plines of science, technology, engineering, and management [51]. Due to the complexity of
elements affecting the hydrological cycle, potential reconstruction of water relationships
does not have a universal character. This was confirmed by Tussupova et al., [52] in their
strategy for renaturisation of dried-out lakes (Lake Urmia and the Aral Sea). Based on this
strategy, there is no common solution for these types of problems, and the best adjustment
depends on local conditions. At the end of the restoration process, environmental flows
are required to maintain the lake in the environment, taking into account the occurrence
of droughts in the region [53]. The intensity of human activity, and consequently, the
occurring changes, can make it impossible to return to the previous undisturbed state [54].
Nonetheless, in the case of the hydrosphere, attempts should be taken to restore its natural
features, seeking new possibilities to increase access to water, which is essential in the
context of the observed climate changes. It should also be emphasised that, according to
the adopted climate change scenarios, the area analysed in this article will be characterised
by distinct changes in the features and processes occurring in its lakes.

4. Conclusions

Lakes are an important element of the environment. They fulfil various functions
in reference to both natural conditions and human activity. In the case of Poland, they
have often been subject to hydrotechnical regulations that, in extreme situations, led to
their complete disappearance. This paper presents the assessment of the original water
resources of lakes restored as a result of the ceasing of drainage work. It was determined
that, in the past, the volume of the analysed lakes had reached 11 million m3. This suggests
great potential for the restoration of water resources in Poland. The applied methodology
employed archival cartographic materials. Calculations of the volume of renaturised
lakes provide information important in the context of stabilisation of water relationships.
This approach deserves further attention, particularly in reference to water management
focusing on the expansion of elements contributing to slowing down water outflow from
the territory of the country. The search for new possibilities for retaining water should be
directed at the restoration of the lost elements of the hydrosphere. These activities are of
key importance in the context of current and future climate change.
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