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Abstract

During recent decades, human impact on lake ecosystems has increased due to intensification of agri-
culture, irrigation, water consumption, and electrical purposes. Particularly strong changes have been observed
in shallow lakes, which are more sensitive to environmental changes and characterized by unfavourable mor-
phometric parameters. The majority of transformations within a lake associated with changes in water level,
progressing degradation, or plant succession leading to lake disappearance take place within the littoral zone.
The aim of this study was to examine how human pressure, such as water level reduction, affect the surface
and water volume of lakes, and estimate the rate and the extent of water loss from lakes during 1940-2008,
and predict their potential changes over the next years. The importance of integrating vertical and horizontal
considerations in the management of shallow lakes was illustrated. The study was carried out in the freshwa-
ter, postglacial lakes Niepruszewskie and Tomickie, located in the central-western agricultural region of
Poland. The research comprised analyses of the lakes’ morphometry base on topographic maps, aerial photos,
GPS measurements, and data from bathymetric plans and morphometric cards. The study has shown that the
observed transformations in the examined lakes are multidirectional and the entire process varies in changing
trophic and hydrological conditions. The increase of water retention in the water body increased the lake area,
but at the same time accelerated the sedimentation process of organic matter and gradual lake shallowing at
the accompanying expansion of the littoral zone area. During almost 70 years, the area of Lake
Niepruszewskie shrank by 9%. The shallowing rate, which is not directly visible, was about three times as fast
as the contraction of the area itself. In the case of the second of the examined lakes, shallowing and over-
growing processes follow the same course, which will lead to the disappearance of the lake within less than
56 years. The area of Lake Tomickie decreased almost twofold during almost 70 years. Our study shows that

analysis of the lake surface alone is insufficient to assess directions of lake development and shrinking.
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Introduction

From different types of water bodies, lake ecosystems
are among the most sensitive to environmental changes.
Long water retention time, domination of sedimentation
and accumulation processes over erosion, and the large
contact area of the lake with the surrounding catchment all
distinguish lakes from river ecosystems [1, 2]. These fea-
tures have a significant impact on water quality and quanti-
ty in reservoirs and influence biological processes that
occur in water bodies at different trophic levels [3, 4].

During recent decades, human impact on lake ecosys-
tems has increased due to intensification of agriculture, irri-
gation, and electricity purposes, as well as a result of climate
change [5] and landscape alteration [6]. These factors affect
water quality and quantity in ecosystems and the function-
ing of water bodies around the world. Changes observed in
lake ecosystems occur due to natural reasons and human
pressure. During the past half century, water bodies have
been strongly affected by human pressure caused by the
acceleration of water eutrophication or acidification [7-10].
In Western and Central Europe, this problem was observed
during the 1980s and appropriate action was been undertak-
en [11]. In Poland (Europe) from 1954 to 2006, a total of
2,215 lakes (i.e. 23.82% of all lakes), disappeared [16]. This
process is especially pronounced in the agricultural
Wielkopolska region (15.21% from 1920 to 1975), where
the process of lake disappearance is much faster than in
other regions of Poland where human pressure is much
lower, such as the Pomeranian or Mazurian Lake Districts
(9.69% and 9.98% for the same period, respectively).

Human impact on lake ecosystems, despite undertaking
numerous activities, is still high [7, 12]. In Europe, the
Water Framework Directive (WFD) places a strong empha-
sis on water quality improvement to achieve good ecologi-
cal status of water [11]. Particularly, the biggest changes
have been in agricultural areas where, due to non-point pol-
lution sources, it is difficult to reduce nutrient input into
water [2, 7, 12]. Moreover, the application of WFD and
Nitrate Directive [13] has been realized during recent years,
thus achieving the aim is difficult during a short time, com-
pared to the long time of human pressure on the ecosystem.
Many lakes have rich nutrient deposits found primarily in
sediments or littoral vegetation.

Particularly strong changes are observed in shallow
lakes, which are more sensitive to environmental changes
and characterized by unfavourable morphometric parameters
such as low depth, considerable shoreline length, competi-
tion for surface area, short retention time, and often big catch-
ment areas compared to the lake surface [14, 15]. Often this
situation creates good conditions for the lake turning into a
sedimentation tank for migrating matter. The majority of
transformations within a lake are associated with changes in
water retention, progressing water degradation or plant suc-
cession leading to lake disappearance [4, 9].

Shrinkage of lakes is usually identified with the decline
of their area [16-18]. However, this dimension is not the
only one which indicates lake disappearance. A lake, as a
three-dimensional object, is necessary to be analyzed in all

directions, therefore it is also important to consider depth

changes as components of this process [19]. In many stud-

ies, lake decline is analyzed in horizontal approaches on the
basis of morphometric maps or aerial photos, orthopho-

tomaps, remote senensing, or GIS methods [16, 20, 21].

These tools limit the possibility to analyze sufficiently the

direction of lake changes and to estimate the prediction rate

of disappearance of the lake. On the other hand, bathymet-
ric plans for this kind of comparison are rare. Bathymetric
maps have become available in recent decades, which
means that due to the lack of such tools earlier made it dif-
ficult directly to perform this kind of comparison.

The aim of our study was:

1) to assess the effects of human pressure, such as water
level reduction and increase of nutrient availability, on
the surface and water volume of lakes

2) to illustrate the importance of integrating vertical and
horizontal considerations in the management of shallow
lakes

3) to estimate the rate and the extent of water loss from
Niepruszewskie and Tomickie lakes during 1940-2008,
and predict their approximate time of disappearance.

Material and Methods
Study Site

The studied lakes, Niepruszewskie (52°22.700' N,
16°37.200' E) and Tomickie (52°19.200'N, 16°38.400' E), are
located in the central-western agricultural region of Poland
(Wielkopolska Region). Both studied lakes are situated in the
Samica Steszewska River Basin and function as major sub-
basins of the river basin area. The lakes are interconnected
via the Samica Steszewska River with other 5 lakes.

These lakes belongs to the central part of the Poznan
Lake District [22], filling the northern part of Niepruszewo-
Strykowo tunnel valley that was formed as a result of sub-
glacial erosion during the Early Leszno Phase [23].
According to Gogolek [23], until the beginning of the
Holocene, the tunnel valley of lakes Niepruszewskie and
Tomickie were filled with dead ice.

Lake Niepruszewskie is the first in a system of lakes
interconnected by the Samica Steszewska River. This is a
freshwater, postglacial lake, highly elongated in N-S direc-
tion. The water level was regulated at its outlet by a weir for
irrigation purposes, from 1974 to 2002 with average ampli-
tude of 0.8 m. During this period, the lake surface area var-
ied between 260 ha, with a minimum water level of 76.50 m
a.s.l., to 281 ha, with a maximum water level of 77.25 m a.s.L.
Since 2003, water level has been reduced by 0.60 m during
winter and by 0.40 m in summer. At the present time, the
highest water levels still occur during early spring, mostly
due to management of fisheries and after winter snow melt.

Lake Tomickie is the second in the line of lakes con-
nected by the Samica Steszewska River and is located 4 km
to the south of Lake Niepruszewskie. This is also a fresh-
water postglacial lake, elongated in N-SE directions. Water
level in this lake had never been regulated, although the
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Fig. 1. Changes of the surface area of a) Lake Niepruszewskie
and b) Lake Tomickie during 1940-2008.
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regulation of water retention in Lake Niepruszewskie influ-
enced water discharge of the Samica Steszewska River [25]
and, automatically, affected the amount of water supplied to
Lake Tomickie.

The lake, situated in the buffer zone of Wielkopolski
National Park and Trzcielinskie Bagno reserve, is in the
lake direct catchment area. This natural reserve was estab-
lished to protect wetland, particularly nesting site wetlands
and water birds and covers 38.14 ha of the buffer zone of
the lake.

Water quality is characterized by high concentrations of
phosphate and intensive algae bloom in both lakes [26].
Between the 1960s and 1990s, the catchment of the Samica
Steszewska River was heavily polluted and the water quali-
ty of the studied lakes was strongly affected by this period.
Since the end of the 1990s, the point wastewater sources
were eliminated in the catchments and measurements were
taken to reduce nitrate water pollution from agricultural
sources [12]. A slight improvement of water quality was
observed, but water quality is still classified as very eutroph-
ic [12, 26]. In 2005, chlorophyll a concentrations measured
in Lake Niepruszewskie was 90 pg-dm?. In 2008, a signifi-
cant decrease of algae bloom was observed and chlorophyll
a concentrations accounted for 28.35 pg-dm®. In Lake
Tomickie, high chlorophyll a concentrations were still mea-
sured during recent years (from 33.5 to 67.01pg-dm?) [26].

Material and Methods

Surface shoreline area length of both lakes were deter-
mined by interpretation of aerial photos, ortho- and topo-
graphic maps, and on the basis of the materials presented in
Table 1.

In 2008, surface and shoreline length of the studied
lakes were measured in the field using GPS 12 Garmin
Magellan. The measurements were made at the beginning
of June at the average annual water level. All data were
transformed to MapInfo Professional Program version 9.0
(license Poznan University of Life Sciences), and then lake
surfaces were calculated.

All cartographic materials (orthophotomaps, aerial pho-
tography) were purchased in the Main Geodetic and
Cartographic Documentation Centre in Warsaw, topograph-
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Table 1. Sources used for surface and shoreline length calculations of the both lakes.

Type of maps Scale Year
Lake Niepruszewskie
Topographic map of Buk commune 1:25,000 1940
Black-white aerial photography 1:13,000 1976
Topographic map of Dopiewo commune 1:25,000 1977
Topographic map of Dopiewo commune 1:25,000 1983
Topographic map of Dopiewo commune 1:25,000 1998
Ortophotomaps (pixel 0.5 m) 1:26,000 2007
Lake Tomickie
Topographic map of Stgszew commune 1:25,000 1940
Topographic map of Stgszew commune 1:25,000 1977
Topographic map of Stgszew commune 1:10,000 1983
Black-white aerial photography 1:25,000 1986
Color aerial photography 1:26,000 1996
Topographic map of Stgszew commune 1:10,000 1998
Ortophotomaps (pixel 0.5 m) 1:26,000 2007

ic maps in the Voivodeship Geodetic and Cartographic
Documentation Centre in Poznan, the topographic maps
from 1940 were obtained from the Cartographic Archives
of Adam Mickiewicz University.

Bathymetric maps of both lakes were carried out in June
2008 using an echo sounder Garmin Fishfinder 100. The
measurements were performed from a pontoon using a GPS-
coupled echo sounder (and a lead line to corroborate its read-
ings). The depths of about 340 positions in Lake
Niepruszewskie and 272 in Lake Tomickie were determined.

Based on the performed measurements, the following
parameters describing lakes were analyzed: lake area (km?),
shoreline length (L), maximum lake length (L,,,,), volume
(V), maximum and mean width (B, B,,., respectively),
maximum and mean depth (D,,,,,, D,.,, respectively), relative
depth (D,,), elongation index (A), shore development (L,
L), index of lake exposure (Wo), and compactness index
(Wz) [15, 17, 27].

The maximum length of Lake Niepruszewskie was
determined as the maximum distance on the lake surface
between two points on the shoreline, measured along the
longest axis. To estimate the maximum length of Lake
Tomickie, the shortest polygonal line connecting the two
most distant points was designated [17]. The capacity of the
lake volume was calculated as a sum of partial volumes cor-
responding to the area between the subsequent isobaths.
Each volume was determined as truncated pyramids with
bases delineated by two adjacent isobaths [15, 17, 27].

For comparive purposes, bathymetric maps and mor-
phometric cards of Niepruszewskie and Tomickie Lakes
from 1961 [28, 29] and 2008 were used. The first set of data
came from the Institute of Inland Fisheries in Olsztyn and

was collected in 1961 (Figs. 2, 3). For reference purposes,
the volume and area of the lakes from IIF were assumed as
100%. It was assumed that, in both cases, the mapping was
carried out at roughly mean water level.

To created a spatial image of shallowing, from each
bathymetric plan around 20 latitudinal cross-sections of
the bottom were made, starting from the western shore,
and overlaid upon one another. This allowed the determi-
nation of the degree of shallowing, both in terms of the
thickness of accumulated sediments and their spatial
extent. Thus values were put inside the shoreline contour,
which provided a basis for plotting isolines (isopachyte)
showing changes in the bottom morphology. This method
allowed us to bypass a small number of isobaths and deter-
mine depth changes of lakes more precisely. To calculate
the changes of water volume and shallowing rate, plani-
metric measurements of the areas between determined
isopachytes were taken.

The average increase of sediments also was calculated
as a ratio between relative depth from 1961 and 2008. Next,
shallowing rate was obtained by dividing the relative depth
ratio by the number of analyzed years.

Results

Morphometry

Examination of the morphometric cards, topographic
maps, and field measurements showed that surface area of
Lake Niepruszewskie during almost 70 years decreased by
25.7 ha (Table 2, Fig. 1a). In the period from 1940-77, the
lake shrank by 9% (5.3 ha). The biggest changes were noted
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Table 2. Changes of the surface area and shoreline of lakes Niepruszewskie and Tomickie during 1940-2008.
Year 1940 1961 1977 1983 1998 2008
Source Topographic | Morhometric cart | Topographic Topographic Topographic GPS
map (IIF 1961a, b) map map map measurements
Lake Niepruszewskie
Altitude (m a.s.l) 77.8 75.8 76.3 75.8 76.0 76.34
Surface area (ha) 247.9 2423 227.5 2423 243.5 253.2
Shoreline (km) 11.1 11.1 11.0 11.3 113 11.4
Lake Tomickie
Altitude (m a.s.l) 69.0 69.0 69.9 66.9 674 67.42
Surface area (ha) 62.0 472 39.2 36.0 40.7 38.7
Shore line (km) 4.22 3.55 3.19 3.1 3.52 3.340
Table 3. Changes of the morphometric parameters of the studied lakes in 1961 and 2008.
Lake Niepruszewskie Lake Tomickie
Year 1961 2008 1961 2008
Source Morhometric cart GPS Morhometric cart GPS
(IIF 1961a) measurements (ITF 1961b) measurements
Length (m) 4,900 4,920 1,450 1,340
Maximum width (B,,,,,) (m) 700 700 450 380
Mean width (B,,,) (m) 495 500 326 289
Elongation index () (-) 7.0 9.55 32 35
Shore Development Index Ly, (-) 2.01 2.07 1.46 1.5
Shore Development Index Ly, (-) 46 438 75 86
Volume (thousands m?) 7578.3 7301.6 786.7 429.5
Maximum depth (Z,,,,) (m) 5.2 4.8 2.7 1.7
Mean depth (Z,,,,,) (m) 3.13 2.93 1.7 1.1
Relative depth (Z,) (m) 0.0033 0.0030 0.0039 0.0027
Depth Index (-) 0.60 0.64 0.62 0.65
Lake Exposure Index (Wo) (-) 78.16 80.26 27.77 34.87
Compactness Index (Wz) (-) 0.0313 0.0304 0.017 0.011

during 1940-77, when surface area decreases were
observed. Since 1977, an opposite trend occurred. The sur-
face area increased by 10% to 253.2 ha. The biggest
changes occurred in the northern part of the lake (Fig. 2b,
3b). The length of the lake increased by 20 m (Table 3),
although maximum width and development of the shoreline
Ly, did not change significantly. Mean width of the lake
increased by 5 m in comparison with the data from 1961,
and the development of shoreline L;, was enhanced by
4.8% (Table 3).

Significant changes were observed in Lake Tomickie,
whose area decreased almost twofold during the studied

period (Table 3, Fig. 1b). The smallest area was observed in
1983 — 36.0 ha, which was 41.9% smaller as compared to
1940. With the reduction of the surface area, water level
decreased by 1.58 m from 1940 to 2008. During the late
1970s, the increase of water level was 0.9 m higher then
was observed 9 years earlier (69.0 m a.s.l.,, and 69.9 ma.s.1.,
in 1940 and 1977, respectively) and then, during the fol-
lowing years, it sharply decreased by 3 m (67.42 m a.s.l. in
2008). Actual surface area of Lake Tomickie is 38.7 ha at
average annual water level of 67.42 m a.s.l. (Table 2). The
most significant changes were determined in the northern
and southern parts of the lake (Figs. 2b, 3b), i.e. at the
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inflow and outflow of the river, and in the western part, near
villages.

Changes of Lake Tomickie surface reflect changes of
morphometric parameters, i.e. width and length. Maximum
length decreased by 110 m and width by 70 m, which gives
a higher shore development index (Table 3). The shoreline
of the lake declined by 900 m during the analyzed period
(Table 3). The shortest line was recorded in 1983, and it was
nearly 26% longer than the length of the lake 43 years ear-
lier. The actual length of shoreline has moved into the lake
in comparison with 1961. The maximal and relative length
of the lake reduced by 110 m and 37 m, respectively, and
maximal width by 70 m. Other parameters such as elonga-
tion index A, and shoreline development L;, and L, also
decreased significantly (Table 3). Between 1961 to 2008, a
matter of 47 years, Lake Tomickie dwindled by about 23.3
ha, which gives a rate of 0.3 ha per year, which will lead to
the disappearance of the lake within less than 113 years if
current conditions persist.

Bathymetry

Analyses of bathymetric plans from 1961 and 2008
showed reduction of the capacity of both studied lakes
(Table 4, 5, Figs. 2, 3). Maximum and relative depths of
Lake Niepruszewskie were reduced by 0.4 m and 0.1 m,
respectively. During a period of 47 years, the capacity of the
lake decreased by 4% (276.7 thous. m’). The reduction of

b)

0.0 0.0 0.5

the water capacity was strongest in the upper part of the lake,
between isobaths 0-2.5 m. This layer decreased by
4,542.900 m’ (60%). Nevertheless, increased water capacity
was determined between isobaths below 2.5 m. Enhanced
water capacity was around 64%, i.e. 4,815.400 m’. During
47 years, the volume of Lake Niepruszewskie decreased by
4%, which gives a rate of 0.08% per year, which will lead
to the disappearance of the lake within 1,230 years.

However, these differences were estimated on the basis
of the bathymetric plans determined on annual water level.
In fact, this level was reduced by 0.9 m. The capacity of
Lake Tomickie shrank almost by 357,200 m’. Maximum
and relative depth of Lake Niepruszewskie were reduced by
1.0 m and 0.6 m, respectively. The biggest changes in water
volume were noted below isobaths 1.0 m, which decreased
by 30% (232,400 m’) (Table 5). During 47 years, the volume
of Lake Tomickie decreased by 83.17%, which gives a rate
of 7.8% per year, which will lead to the disappearance of the
lake within less than 56 years.

Shallowing Rate

The fastest process of lake shallowing were observed
along the longitudinal axis in both lakes. This process was
very significant in both cases because shallowing achieved
more than 0.8 m (Figs. 2c, 3¢). Maximum sediment increas-
es were observed in the zone where, in the beginning of the
1960s, isobaths of the greatest depths were situated.

c)

1.0 km 0.0

Fig. 2. Bathymetric plan of Lake Niepruszewskie from a) 1961 [15], b) 2008 and shallowing of Lake Niepruszewskie c) between 1961

and 2008.
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Table 4. Bathymetric card of Lake Niepruszewskie from 1961 and 2008.

Isobath surface Surface area between isobaths Volume between isobaths
Izobaths (m)
(ha) (ha) (%) (thous. m’) (%)
Niepruszewskie Lake Year 1961 [28]
0.0 0-1 2423 15.4 6.4 2,345.6 30.9
1.0 1-2.5 226.9 274 11.3 3,193.0 42.1
2.5 2.5-5.0 199.5 192.4 79.4 2,035.0 26.9
5.0 >5.0 7.1 7.1 29 47 0.1
Niepruszewskie Lake Year 2008 (GPS measurements)
0.0 0.0-1.0 253.2 315 12.4 157.5 22
1.0 1.0-2.5 221.7 479 19.0 838.2 11.5
2.5 2535 173.8 71.2 28.1 2,136.0 293
3.5 3.5-4.0 102.6 47.24 18.7 1,771.5 243
4 4.0-4.5 55.36 43.51 17.2 1,849.2 253
45 >4.5 11.85 11.85 4.7 549.2 7.5

Table 5. Bathymetric card of Lake Tomickie from 1961 and 2008.

Isobath surface Surface area between isobaths Volume between isobaths
Izobaths (m)
(ha) (ha) (%) (thous. m’) (%)
Tomickie Lake Year 1961 [29]
0.0 0.0-1.0 472 7 14.8 436.6 55.5
1.0 1.0-2.5 40.2 309 65.5 343.9 43.7
2.5 >2.5 9.3 9.3 19.7 6.2 0.8
Tomickie Lake Year 2008 (GPS measurements)
0.0 0.0-1.0 75.8 8.8 227 311.8 72.6
1.0 1.0-1.5 29.9 27.2 70.3 99.7 232
L5 >1.5 2.7 2.7 7.0 18.0 4.2

The average increase of sediments, calculated as the ratio
between relative depth from 1961 and 2008, was for Lake
Niepruszewskie at 2.3 cm per year, and for Lake Tomickie
at 3.07 cm per year. Shallowing rate, obtained by compari-
son of the bathymetric maps, for first lake in the series was
30 cm and for the second one 39 cm during 1961-2008,
which gives 0.6 cm per year and 0.8 cm per year for each
lake, respectively. This process in Lake Tomickie was 1.3
times faster than in Lake Niepruszewskie.

Discussion

The performed investigations revealed that lake shal-
lowing may be faster than the reduction of water areas. In
addition, observation of the lake surface alone may be mis-
leading and result in misinterpretation of the lake disap-

pearance or enlargement. The performed investigations
indicated that the area of Lake Niepruszewskie increased in
comparison with earlier years, albeit at a simultaneous
decrease of lake volume. In the case of Lake Tomickie,
these processes are quite complex and accompanied by
intensive processes of lake shallowing. Therefore, analyses
of aerial and satellite pictures fail to reflect the true rate of
shrinkage of water areas, particularly in view of the fact that
these processes can take place with varying intensity and in
different directions. According to Munyaneza et al. [21], the
combination of a technique of estimating water levels by
combining information from satellite images may provide
accurate analyses of lake development.

There is no doubt that both the intensity and direction of
occurring transformations are affected by the type of the
analyzed water area [18, 30]. On the one hand, shallow lakes
are believed to be more susceptible to continentalization
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processes due to increased availability of the surface to rush
vegetation and reduced ability for nutrient compound reduc-
tion, as well as to accelerated eutrophication processes in
which succession of the emergent vegetation occurs rapidly
[31, 32]. However, as indicated by the performed investiga-
tions, in increased organic matter sedimentation the shal-
lowing of the body may occur intensively [33]. The process
was found to occur in polimictic Lake Tomickie, in which
both processes are intense. In the case of glacial lakes, in
particular those situated in mountain areas, analysis of the
lake surface is insufficient [34]. This is caused by consider-
able quantities of drifted material, especially during inten-
sive rainfall, snow thaws, or falling avalanches. Usually, iso-
lation of these water bodies favours the oligotrophic charac-
ter of such waters and indicates that these reservoirs are not
subjected to shallowing processes and, additionally, they are

a)

(g\ TN 0__100_200_300 m

TN 0 _100_200_ 300 m

e L T

100 200 300 m

Fig. 3. Bathymetric plan of Lake Tomickie from a) 1961 [16],
b) 2008 and shallowing of Lake Tomickie, c) between 1961 and
2008.

not observed to be taken over by plants. Therefore, surface
analysis of such water bodies not only fails to reflect the
process of lake reduction but also makes impossible the
assessment of its retention capabilities. The assessment of
the lifespan of lakes and the direction of processes taking
place in them can only be reliably estimated by analyzing
changes in lake capacity.

A ratio between surface area and volume retention of
the studied lakes increased, during almost 70 years, from
0.03 (for both lakes) to 0.08 and 0.09, respectively.
Calculated ratios indicate direction of lake changes and can
be a useful tool for lake disappearance.

Changes taking place in the lakes can occur with differ-
ent intensity, which is the result of natural and anthropogenic
factors. The performed investigations revealed that the area
increase of Lake Niepruszewskie was caused by damming
of the lake. Increased water levels, on average, by 0.5 m
resulted in the increase of the area of the reservoir by 10%.
However, the analysis of the volume of Lake
Niepruszewskie showed its decline by 4% and reduction of
average annual level by 0.9 m. Taking into consideration
changes in the water level, the degree of shallowing amount-
ed to 0.8 m. As confirmed by numerous studies [35, 36],
water level regulation exerts a significant impact on changes
in lake area and capacity. In addition, it also affects river
flows down the water body and, consequently, influences
the supply of the remaining water areas situated along the
river flow. In the majority of the analyzed cases, damming is
associated with increased retention of a given water body.
However, as indicated by many investigations, retention of
a water body, in the result of silting and sedimentation, can
decrease significantly and lose its function. Such a mecha-
nism is observed in the case of artificial dam reservoirs [35,
36], whereas in the case of natural lakes in which the water
table is regulated, there is still insufficient evidence.

The greatest area changes were observed in the case of
Lake Tomickie, where the gradual process of its overgrowth
is observed. In the period from 1940 to 2008, the area of the
lake decreased by 37.6% in comparison with 1940. This
shows that the lake shrinking process is more intense than
indicated by the average level of the total area decrease for
the Wielkopolska-Kujawy Lake District, which amounted to
15.21% over a period of more than a half century [16]. A
rapid current rate of lake area decrease in the above-men-
tioned region is also confirmed by investigations conducted
by Nowacka and Ptak [37]. Another factor indicating
unfavourable changes taking place in Lake Tomickie is its
shallowing, which amounts to, on average, 0.8 cm a year.
This is more than three times faster than the rate recorded for
polimictic Lake Jamno [17], exposed to strong anthropo-
pressure. The principal cause of the shallowing of Lake
Tomickie was the increase of the organic matter volume that
had accumulated in bottom sediments resulting in intensive
water blooming as well as high productivity of this water
body. This resulted from, among other factors, considerable
supplies of biogenic compounds to this water body as well
as high degradation sensitivity caused, primarily, by such
parameters as: Schindler coefficient and the utilization of the
catchment characterized by high proportions of arable land
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(60.8% in the lake direct catchment basin). Despite high lev-
els of water contamination with nitrates, the lake is not
included on the list of areas vulnerable to agricultural cont-
amination, especially in view of the fact that it receives sig-
nificant quantities of contaminants brought in with the
waters of the Samica Steszewska River from Lake
Niepruszewskie and the agricultural area of the catchment.
This is confirmed by numerous publications concerning the
area of the Samica Steszewska River catchment [25, 26, 38].
Moreover, elevated nitrate concentrations were recorded
during the spring period, evidently confirming the agricul-
tural origin of water contamination. On the other hand, Lake
Niepruszewskie and its catchment were included in the
nitrate vulnerable zones (NVZ) due to high levels of water
eutrophication [12]. This poses a considerable hazard to the
water quality of Lake Tomickie, which is situated below and
to the protected area of “Trzcielinskie Bagno,” which lies
within the range of influence of the lake waters.

The process of succession of Lake Tomickie could have
been accelerated by land improvement work as evidenced
by numerous melioration ditches found around this water
body. It is clear from literature [16, 17] that changes in lake
areas due to intensive land improvement works were
observed, particularly in the 19" century. The smallest area
of Lake Tomickie so far was recorded during damming of
waters in Lake Niepruszewskie, when the outflow of waters
from that lake was considerably reduced. Despite the current
reduction of water lifting, the water area in Lake Tomickie
continues to decline. It can be presumed that the current state
of this lake may be attributed to the complexity of overlap-
ping events, including low precipitation in the entire catch-
ment basin situated in the centre of Wielkopolska region
characterized by the lowest mean-annual precipitation of
550 mm [39]. This leads to periodical drying of the Samica
Steszewska River, as well as other sources of water supply.
Moreover, household sewage discharges also contributed to
the acceleration of the eutrophication rate of this water body
[25], leading to its disappearance. Regulation of the Samica
Steszewska River further below the lake, which took place
in the 1970s, increased the water outflow from this body and
dramatically lowered the water level. Our results revealed
that if no actions are undertaken to stop degradation of Lake
Tomickie, it will disappear within the period of about 56
years. The obtained results also indicate that it is necessary
to undertake immediate and radical actions aimed at
improving water quality and limiting the impact of further
water eutrophication.

Conclusions

The study has shown that the observed transformations
in the examined polimictic lakes are multidirectional and
the entire process varies in changing trophic and hydrolog-
ical conditions. The increase of water retention in the water
body increased the lake area, but at the same time acceler-
ated the sedimentation process of organic matter and grad-
ual lake shallowing. In the case of the second of the exam-
ined lakes, shallowing and overgrowing processes follow

the same course, which will lead to the disappearance of the
lake within less than 56 years.

The performed investigations also showed that the
analysis of the lake surface alone is insufficient to assess
directions of development or overgrowing (changes) of
these lakes. The combination of evaluation methods, for
example remote sensing and GIS technologies with lake
bathymetric measurements, make it possible to determine
exactly the direction of changes occurring in water bodies.
This knowledge will allow managers to elaborate the most
effective methods of improvement of water ecological con-
dition thanks to the application of appropriate restoration
methods of water bodies or other actions in the area of the
catchment basin.
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