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Abstract: The proper characteristics of the catchment area of dammed reservoirs is of great importance
when managing their capacity in the context of enabling proper functioning, including retention of the
planned amount of water and counteracting the effects of drought. Therefore, detailed analyses covered
mountain reservoirs with varying degrees of capacity changes: Goczatkowice on the Vistula, Roznéw
on the Dunajec and Tresna on the Sota, thanks to which reasons for the differences in these changes
were determined. For this purpose, data on the volume of the suspended load was used. Diversity in
its transport is mainly caused by the presence of damming structures. Correlation of morphological
and hydraulic indicators was carried out, preceded by the identification and characteristics of all
transverse and longitudinal structures located in catchments upstream of individual reservoirs.
Analysis of the geological structure, as well as the structure of land use in the basins of the reservoirs,
was also performed. The obtained results allowed for the preparation of recommendations for further
work, allowing, among other things, an increase in water retention. The key factors for maintaining
the capacity of retention reservoirs were defined, which may be useful in national plans or programs
in the field of counteracting the effects of drought or flood protection.

Keywords: retention reservoirs; reservoir capacity; volume management; hydraulic structures;
drought; catchment area

1. Introduction

Water reservoirs are the basis of modern water management and an integral part of
the global hydraulic infrastructure [1]. The exploitation of existing reservoirs and their
sustainable management is a challenge, resulting primarily from the growing demand for
water, the observed effects of climate change, and the reduction of their capacity due to the
accumulation of sediments in them [2,3]. In addition, reservoir management is a complex
process that requires reconciling various, often opposing, functions, that hinder operational
activities [4,5]. Worldwide, reservoir water supplies approximately 30-40% of irrigated land,
provides 20% of the world’s electricity production through hydroelectric turbines installed
on barrages, and serves many other purposes, including flood protection, counteracting
the effects of drought, recreation and creating conditions for inland navigation [6]. At the
same time, the use of individual facilities and the fulfilment of the above functions are
associated with the need to maintain proper damming levels. Sustainable water resources
of reservoirs depend on the preservation of valuable retention capacity. For this reason,
sediment management is a key task in the operation of reservoirs [7].

Accumulation of sediments in the reservoir reduces its capacity, hinders its operation,
and may accelerate the rate of wear of the hydraulic infrastructure located on the barrage,
which reduces the efficiency of the performance of specific functions and may result in
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higher maintenance costs [8]. In this respect, an important factor is to maintain the conti-
nuity of sediment transport in the river downstream of a given impoundment. Therefore,
when designing retention reservoirs, appropriate solutions related to small hydropower
plants, ecology, fisheries, flood protection, river morphology, tourism, etc., are used [9].
Proper diagnosis of reservoir desludging needs and planning of this process, together
with subsequent management, is important for maintaining appropriate parameters of
individual reservoirs, as well as retention in a given area [10].

The average degree of filling reservoirs with sediment in Europe is 0.73% of the initial
capacity each year, which is mainly influenced by fluvial processes occurring in facilities
located in the dry and sparsely vegetated southern part of the continent. Lower capacity
loss values are recorded only in North America (0.68%), comparable in Central (0.74%) and
South America (0.75%), and higher in other regions: Asia (0.79%), Africa (0.85%), Australia
and Oceania (0.94%), and the Middle East (1.02%) [11]. For comparison, the average annual
silting rate of 47 large water reservoirs in Poland, which is crucial for water management,
amounts to 0.2% of the loss of their initial capacity [10]. Annual economic losses due to
the loss of 1% of the water retention capacity of reservoirs range from USD 6 to USD 10
billion [12]. Therefore, sediment management should be obligatorily taken into account
when designing new hydraulic structures for river training, as well as applying to the
existing ones. The principles of sediment management should also be included in strategic
or planning documents at a national level [11].

The main reasons for the decrease in the capacity of retention reservoirs include: the
geological structure of the catchment, relief, climatic conditions, vegetation, hydrological
conditions and anthropogenic elements, such as the size of the reservoir, hydraulic struc-
tures for riverbed training, and land development in the catchment area [13]. Land use
and land cover are considered to be the most important factors influencing the amount of
surface runoff and related erosion processes. The main drivers of sediment supply in many
areas are natural (e.g., geology, topography and climate) and anthropogenic (e.g., changes
in land use and management practices), especially in mountain and foothill areas [14]. The
topographic features of the reservoir itself (riparian width, slope, and elevation) and the
associated ecosystem may also be important [15]. Taking into account these factors during
the stage of planning the construction of a barrage is extremely important, because deci-
sions on the location of a given reservoir determine its future performance to a great extent,
i.e., the effectiveness of fulfilling the functions for which it was created. So far, to a great
extent, individual objects have been located mainly on the basis of engineering, economic
and often also political analyses. To ensure sustainable development, location decisions
should take into account the wider spatial and temporal context [4]. It is also essential
to prepare more detailed water management programs and plans, which the European
Union states are obliged to do under the Water Framework Directive [16]. Drought is also
an important issue [17]. In response to this, the Drought Effects Counteracting Plan was
developed and implemented in Poland. The document’s purpose is to indicate the most
important directions of action to help prevent a water crisis [18]. Flood, next to drought,
is one of the most severe and dangerous natural phenomena. In order to increase safety,
periodic flood risk management plans are developed [19] in accordance with the provisions
of the Flood Directive [20] and the Water Law Act [21].

The motivation to conduct research is, therefore, to determine the appropriate con-
ditions in the catchment, provision and maintenance, which will consequently enable
the appropriate use of dam reservoirs. Therefore, the main objective of the conducted
research is to assess the factors influencing the changes in the capacity of artificial retention
reservoirs located on rivers. This paper focuses on the analysis of conditions affecting
the diversification of sediment transport, affecting changes in the capacity of retention
reservoirs. Three mountain reservoirs (with catchments) located on the Outer Western
Carpathians, in the southern part of Poland, were selected as the subject of the study:
Goczatkowice on the Vistula River, Roznéw on the Dunajec River and Tresna on the Sota
River. Taking into account the results of previous studies, it should be stated that they are
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characterised by a different degree and average annual rate of capacity loss (respectively,
0.027 million m3, 0.02% of the initial capacity, 0.923 million m?3, 0.40% and 0.172 million
m3, 0.17 %) [10]. In the analysis of the reasons for changes in the capacity of the indicated
reservoirs, the natural factor, i.e., the geological structure, was taken into account, as well as
very important aspects related to human activity, from which the following choice has been
made: hydraulic structures (all structures located on the main rivers and its tributaries, as
well as longitudinal reinforcement of the banks have been taken into account) and the land
use structure. This made it possible to indicate the most important natural impacts and
anthropogenic pressures, which translate into the volume of suspended load supplied to
reservoirs and its accumulation. The results of the analyses made it possible to formulate
recommendations for the management of sediments within the existing reservoirs and the
construction of new facilities, thanks to which the volume of retained water resources will
increase. The results can be used to prepare plans or programs in the field of counteracting
the effects of drought or flood protection.

2. Materials and Methods
2.1. Study Area

Out of 47 retention reservoirs located in the Baltic Sea catchment, which are of key
importance for water management in Poland, three objects located on the Outer Western
Carpathians have been selected for analyses (together with their catchments): Goczatkow-
ice on the Vistula, Roznéw on the Dunajec and Tresna on the Sofa (Figure 1). When making
the selection, particular attention was paid to the varied rate and size of their capacity
reduction in relation to the original parameters, as well as the geologically and geomorpho-
logically similar nature of the catchment area and the functions performed. In addition,
when delimiting the study area, an important factor was the location of the indicated
reservoirs and their catchments in areas at risk of hydrological drought. The characterised
fragment of the Goczatkowice reservoir catchment is mostly at high risk of hydrological
drought. In the catchment area of the Tresna reservoir, there is a comparable share of
both categories (high and moderate drought risk), with a small percentage of areas at an
extreme drought risk. On the other hand, the catchment area of the Roznéw reservoir
is characterised by the worst parameters, where, in its upper part, there are areas at an
extreme risk of hydrological drought, and in the lower part, only areas at a high risk of
drought (Figure 1) [18]. Large differences in relief and absolute height in mountain areas
result in uneven spatial distribution of precipitation, which results in diversification of the
volume of river resources. Large slopes and low permeability of the subsoil are conducive
to rapid outflow of the water to the valleys, where there are also often no convenient
retention conditions [18].

Changes in climatic parameters, i.e.,temperature and rainfall, depend on the height
above sea level. Precipitation in the Carpathians is lower than in the mountains of Western
Europe and, depending on the exposure of the ranges and altitude above sea level, annual
sums range from 800 to 1200 mm, while in valleys they do not reach 600 mm; they reach the
highest values in the Tatra Mountains (up to 1800 mm) [22]. The largest sums of precipitation
are usually recorded in the summer months, culminating in June and July. Most often,
precipitation in summer is convective in nature, which can be very efficient for supplying
surface and underground water resources [23].
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Figure 1. Location of the analysed reservoirs in Poland (A) against the river network (B), the main
river basins and first-order watersheds (C) and main cities (D). The basic parameters of the reservoirs
listed on the map are given in Table 1. The background of the map are areas at the following risk of
hydrological drought: weak (E), moderate (F), high (G) and extreme (H) [18]. Reservoirs: Goczatkowice,
Roznéw, Tresna.

The total area of the analysed reservoirs at the maximum damming level is 58 km?,
while their total capacity is 409.77 million m? (Table 1). Taking both parameters into account,
the largest object is the Goczatkowice reservoir, which has the capacity to store approxi-
mately 74% more water than the smallest Tresna reservoir, while occupying more than three
times more land (32 km?). In terms of capacity, the Roznéw reservoir is slightly inferior
to the Goczatkowice reservoir, but its catchment area is over 10 times larger (4900 km?
compared to 430 km?). The Roznéw reservoir has no flood reserve (normal damming level
corresponds to the maximum damming level), and for Goczatkowice and Tresna, they
are at a similar level (43.2 million m® and 38.8 million m?, respectively). An important
parameter from the point of view of the processes taking place within the reservoirs is the
rate of water exchange. In this aspect, the Roznéw reservoir is the most favourable, where
this period is on average 31 days, and in the case of Goczatkowice and Tresna 80 days and
90 days, respectively (Table 1).

The reservoirs in question are multifunctional facilities, and the main purpose of their
construction was flood protection. In addition, Tresna and Roznéw are also used for the
purposes of hydropower and recreation [24]. On the other hand, the basic tasks of the
Goczatkowice reservoir also include water supply to a part of the Metropolis GZM [25].
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Table 1. Basic parameters of the analysed retention reservoirs.

Capacity Hydraulic
i Time
NDL [M m3] MaxDL [M m3] [days—1]

Reservoir Area at
MaxDL [km?]

D Reservoir River Commissioning Basin Area [km?2]

-

Goczatkowice Wista 1955 430 32 118.10 161.30 80
Roznow Dunajec 1942 4900 16 155.77 155.77 31
3 Tresna Sota 1967 1100 10 53.90 92.70 90

N

Explanations: MaxDL—the Maximum Damming Level, NDL—the Normal Damming Level. Source: own study
based on [24,25].

The presented reservoirs are located on the upper Vistula, and their right tributaries,
the Sota and the Dunajec, which are located in the Vistula basin (Figure 1), covering a total
area of 194,424 km?—the 6th position in terms of area among all European river basins
flowing into the sea [26]. The rivers on which the reservoirs were built have their sources in
the Carpathians: the Dunajec in the Western Tatras, the Sofa in the Zywiec Beskids, and the
Vistula in the Silesian Beskids. The Dunajec flows through the territory of two countries
(Poland and Slovakia), while the other rivers are located only in Poland. It is also interesting
that the Sota and the Vistula differ from the Dunajec in their hydrological regime. It is
assumed that, in their case, we are dealing with a nival-pluvial regime, characterised by
two clear culminations of floods during the spring thaw (March—April) and summer rainfall
(June-July), translating into higher flows in the period from March to July compared to the
average annual values. On the other hand, on the Dunajec river, a pluvial-nival regime
was identified, resulting from spring thaw floods recorded since March, which come later
than in the case of the Sota and Vistula rivers, resulting in a merger with the summer flood
caused by heavy rainfall. Therefore, the period of increased flow lasts a very long time
(April-July), and the maximum values are relatively even and last from May to July [27].
At the same time, the average annual flows (SS5Q) for observations carried out for over
40 years, in water gauge profiles located upstream of the analysed reservoirs, are as follows:
66 m3 /s on the Dunajec (Nowy Sacz station), 15.9 m3/s on the Sota (Zywiec) and 6.21 m3/s
on the Vistula (Skoczéw) [28]. However, during a flood wave, the inflow to the Tresna
reservoir, for example, may exceed 1000 m?3/s. This is often the result of intense rainfall,
during which the flooding in the Sota catchment in 2021 could reach up to 143 mm per
day [29].

2.2. Data

The complexity of the considered issue, i.e., determining the causes of changes in
the capacity of selected retention reservoirs: Goczatkowice on the Vistula, Roznéw on the
Dunajec and Tresna on the Sota, required the use of numerous data sources and a number
of research methods. The selection of objects was made on the basis of the authors’” previous
research on the volume of water stored in dam reservoirs. The calculated changes in the
capacity of selected objects, along with the determined rate of fluvial processes, were also
used as the basic element for further analyses.

For the purposes of the analysis of anthropogenic pressures and natural impacts
occurring within the studied objects, the characteristics of selected parameters of their
catchments, as well as hydraulic structures upstream of them, were presented, along with
the identification of transverse and longitudinal infrastructure on the main river and its
tributaries, using the digital Database of Topographic Objects [30], and, in the case of the
Dunajec, also data from the national geoportal of Slovakia [31]. Data obtained from the
State Water Holding Polish Waters: Regional Water Management Authority in Gliwice [25]
and Regional Water Management Authority in Krakow [24], were used to determine the
current parameters of retention reservoirs. In order to illustrate the impact of the studied
reservoirs on the transport of suspended load, a query was carried out in the hydrological
yearbooks of surface water, the Vistula river basin and Przymorze rivers east of the Vistula
from the years 1979 [32], 1981 [32] and 1983 [32]. The geological characteristics of the study
area were based on the Detailed Geological Map of Poland in 1:50,000 [33], and the database
developed by the Institute of Geodesy and Cartography [34] was used to determine the
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structure of land use in the area of the considered catchments. Collecting the presented
materials made it possible to start spatial analysis carried out in the GIS software (QGIS
3.18, MapInfo Pro 2019), enabling the determination of the cause of the differences in the
changes in the capacity of the analysed reservoirs. In order to fully illustrate the obtained
results, an assessment of individual factors was carried out to determine the correlations of
individual morphological and hydrological parameters of the catchment. In addition, the
results obtained in the field of existing hydraulic structures were compiled using GIS spatial
analysis in designated grids of basic fields in the shape of hexagons. For this purpose, three
ranges were defined for parameters in the studied catchments: the weakest parameters,
average parameters, the best parameters; and the method of natural breaks was used.

At the same time, the availability of data was also one of the elements related to the
delimitation of the research area. Previous experience shows that for some large reservoirs
in Poland there is no information about the initial capacity. Moreover, for some objects, it is
impossible to identify the initial parameters, i.e., to distinguish the normal damming level
from the maximum damming level. It is also important to be able to check the reliability
of data for the purposes of conducting individual analyses (e.g., on the basis of current
bathymetric measurements or issued water management instructions), which was done in
the case of the reservoirs taken into account.

3. Results
3.1. Capacity Changes

The results of the authors’ previous research indicate that 47 water reservoirs in Poland,
key for flood protection and counteracting the effects of drought, in the period from their
commissioning to 2021, lost a total of almost 200 million m® of water retention capacity
(i.e., 5.2% of the initial capacity at maximum damming level). In 27 of them, a decrease in
retention capacity was noted, in 7 it increased, and in 13 no changes were observed. The
largest percentage of lost volume is characteristic of the Czchow reservoir (37.3%), while
in the case of a unit value, Wtoctawek stands out, which lost the most: over 79 million m>
(approximately 15% of its capacity). Its average annual bed-load accumulation is 1.549
million m3, which means that on average, each year the size of the object decreases by
0.29% compared to the initial dimensions [10].

A large loss of capacity, in relation to the value recorded at the time of commissioning,
is characteristic of the Roznéw reservoir. The conducted research showed that it lost almost
73 million m3, i.e., nearly 32% of its volume (Table 2). The values recorded for the other
reservoirs are much lower; in the Tresna reservoir the retention capacity decreased by
9.3 million m?, and in the case of Goczatkowice by 1.8 million m? (9.1 and 1.1% of the initial
parameters, respectively) (Table 2). The average annual capacity loss also varies between
individual facilities: Roznéw loses an average of 0.923 million m® (0.40% of the initial
value), Tresna 0.172 million m? (0.17%) and Goczatkowice 0.027 million m® (0.02%) each
year (Table 2).

Table 2. Size and rate of capacity loss of the analysed reservoirs.

Average Annual Rate of  Time to Loss from Initial

ID Reservoir River Capacity Changes Capacity Loss Capacity [Years]
M m? % M m® % 50% 80%
1 Goczatkowice =~ Wista —1.80 -1.1 0.027 0.02 2924 4679
2 Roznéw Dunajec —72.93 -31.9 0.0923 0.40 45 72
3 Tresna Sota -9.30 -9.1 0.172 0.17 242 387

Source: own study based on [10].

If the rate of fluvial processes, including primarily sediment transport, remained the
same, the Roznéw reservoir would lose 50% of its initial capacity by 2066, and 80% still
in the 21st century (i.e., in 2093). For the Tresna reservoir, the same indicators would be
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achieved in 242 and 387 years. On the other hand, the rate of capacity reduction within the
Goczatkowice reservoir is so low that it should be classified as long-lived (Table 2).

In this aspect, it is also worth assessing the volume of sediment transported to the
analysed reservoirs, showing the diversity in its transport, caused by the occurrence of
damming, i.e., the accumulation of sediments within the reservoir and, consequently, their
frequent deficit downstream of it. Research on the sediment transport in the Carpathian
rivers made it possible to determine that the main type of suspended load supplied to the
dam reservoirs in the Vistula basin is the suspended mineral load, while the share of bed
load sediment is small and is gaining importance in lowland rivers [35]. Therefore, tur-
bidity data from gauging stations located upstream and downstream of the reservoirs, in
the immediate vicinity of the barrage, were taken into account (Figure 2). For the gaug-
ing stations located upstream of the reservoirs, information from three different years is
presented: 1979, 1981 and 1983. However, downstream of them, complete data in the
indicated time period are available only for the Vistula, while on Sota in 1981 and Dunajec
in 1983, measurements were discontinued at stations enabling the assessment of the degree
of retention of fluvial material in the analysed reservoirs.

Legend

I Reservoirs
) Research area
— Main rivers
Smaller rivers
O Sediment transport measurement profile
Main watersheds:
1 first-order
third-order 4 -
urth-order L N

Figure 2. Location of the analysed reservoirs and measuring points for sediment transport against the
background of the hydrographic network and main catchments. Elaboration based on data from [36].

The examined volume of sediment transported to the reservoirs varies in individual
years, likely resulting from the number and volume of floods. The increase in the transport
of fluvial material in 1983 is particularly clear, based on data from the gauging stations in
Nowy Sacz on the Dunajec and Zywiec on the Sota (Table 3). Another similarity between
the two rivers is visible in the retention of suspended load by the Roznéw and Tresna
reservoirs, which accumulate them in almost 90%. In the case of the Sota, the obtained
results confirm the observations carried out so far, and in the case of Roznéw, it should be
noted that as a result of its commissioning, the Dunajec river introduces, on average, two
times less clastic material into the Vistula [13]. Thus, the accumulation of sediment within
reservoirs causes significant changes in its transport downstream of water barrages, but
then, along the course of the river, the transport of suspended material increases, which
is confirmed by proven data from the gauging station on the Dunajec River in Zabno (the
catchment area is 6755 km?), where in 1979 231,000 t of suspended load was transported [32].
The results for the Vistula River and the Goczatkowice reservoir located on it are slightly
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different. In this case, no reduction of fluvial material was identified within the reservoir,
which is potentially related to the use of transverse development of the riverbed upstream
of it and the presence of the Wista Czarne reservoir in the upper part of the catchment
area, and may also result from the large distance between the considered gauging stations
of Skoczéw and Goczatkowice (reconstruction of sediment transport downstream of the
Goczatkowice barrage).

Table 3. The volume of sediment delivered to the analysed reservoirs, and the degree of its accumula-
tion.

Measurement Point Sediment Transport in Given Years [t]
Reservoir Gauging Location vs. Basin Area Average Value
Station Reservoir [km?] 1979 1981 1983 1979-1983
Skoczow Upstream 297 2950 2880 1730 2520
Goczatkowice Goczatkowice Downstream 738 7430 15,300 10,600 11,110
Difference 441 4480 (+152%) 12,420 (+431%) 8870 (+513%) 8590
Nowy Sacz Upstream 4342 117,000 140,000 332,000 19,633
Roznéw Roznéw Downstream 4866 12200 21,200 no data 16,700
. —104,800 —118,800 _
Difference 524 (—90%) (—85%) - 111,800
Zywiec Upstream 785 10,600 26,300 211,000 82,633
Tresna Oswiecim Downstream 1386 1100 no data no data 1100
Difference 601 —9500 (—90%) - - —9500

Source: own study based on [32].

3.2. Geological Conditions

In terms of physiogeography, all the rivers considered have their sources in the
mesoregions of the Carpathians: the Dunajec in the Western Tatras, the Sofa in the Zywiec
Beskids, and the Vistula in the Silesian Beskids. The Dunajec also flows through the Beskids,
and the Roznéw reservoir itself is located in the Carpathian Foothills. On the border of the
Beskids and the Carpathian Foothills, there is the Tresna reservoir on the Sota. The Vistula,
flowing out of the Beskids, flows in part through the Carpathian Foothills, while the
Goczatkowice reservoir is entirely located in the area of the Subcarpathian Basins (the
Flysch Carpathians).

Taking into account the geological structure, the analysed catchments are located
mainly in the zone of orogen and Alpine sinkholes (Figure 3). In the case of the catchment
area of the Roznéw reservoir, the proper unit is the Cenozoic folding, the Alpine orogeny
(Figure 3). Most of the catchment area of the Tresna reservoir is also located on it, which is
partly located within the sedimentary cover in the area of Cenozoic folds (Figure 3). The
catchment area of the Goczatkowice Reservoir is located within the indicated sedimentation
cover for the largest part, in the initial course of the Vistula, and it is associated with the
Alpine orogeny and distinguished from the other two analysed areas by the presence of the
Palaeozoic West European Platform (Figure 3).

The location of individual reservoirs, as well as the geological conditions of the
catchment, translate into the type and size of the sediment supplied. The lithological
conditions in the Vistula basin mean that the load is transported in the studied sections of
the Dunajec, the Sota and the Vistula rivers, upstream of the analysed reservoirs, mainly
in a suspended form [35]. The conducted research made it possible to determine the
differentiation between individual units.
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Legend
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0 10 20 km

1.2 third-order

H

Figure 3. Location of the analysed reservoirs against the background of geological units [33,37].

The sources of the Vistula, and its initial course on a long section, are associated with
the occurrence of sandstones, claystones, marls and conglomerates. Further on, the river
valley is covered with sands, gravels, alluvial soils as well as peats and silts. Then, in the
catchment, there are mainly relatively small, alternating areas with sandstones, clay stones,
marls and conglomerates, as well as sandy loess and loess-like dusts. On the other hand,
in the immediate vicinity of the Goczatkowice reservoir, there are also sands, gravels and
river silts [33].

The fragment of the Sota catchment, which is lithologically related to the Tresna
reservoir, is dominated by sandstones with thin-bedded mudstones and claystones, as well
as sandstones, shales, conglomerates, marls, minor claystones and mudstones. As in the
case of the Vistula, there are fragments of sandstones, claystones, marls and conglomerates,
as well as sands, gravels, alluvial soils, peats and silts characteristic of all the rivers studied.
To a small extent, in the direct catchment area of the Tresna reservoir, the following two
formations are also present, i.e., sands, gravels and river silts, as well as sandy loess and
loess-like dusts [33].

On the other hand, the Dunajec catchment, much larger in terms of area than those
described above, is built of rocks characteristic of the Tatra massif in the upper course of
the river:

Sands, gravels and rock debris of heap cones and kame terraces in the Carpathians,
Gneisses, migmatites, amphibolites and granites of the Tatra Mountains,
Sandstones, shales, limestones, dolomites and marls of the Tatra Mountains,
Limestones, sandstones, shales, radiolarites and marls of the Tatra Mountains,
Shales, mudstones and sandstones of the Podhale flysch [33,37].

Upstream of the Czorsztyn Niedzica reservoir, there are sands, gravels and river silts,
as well as sands, gravels, alluvial soils, peats and silts, which are also observed in the
catchment area downstream of this barrage. On the other hand, in the fragment of the
catchment located in the vicinity of the Roznéw reservoir, sandstones with thin-bedded
mudstones and claystones, as well as sandstones, shales, conglomerates, marls, minor
claystones and mudstones, are leading in terms of lithology. Sandstones, mudstones and
claystones, i.e., sediments from the same group, are also observed [33,37].
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3.3. Hydraulic Structures

In the basins of the reservoirs Goczatkowice, Roznow and Tresna, we observe numer-
ous hydraulic structures (transverse and longitudinal) (Figure 4) built in order to protect
against flooding, but also to reduce the amount of suspended load transported to them by
the Vistula, the Dunajec and the Sola, respectively, along with their tributaries. The existing
transverse structures are located in the riverbeds and the longitudinal structures mainly
strengthen their banks.

Il Reservoirs

) Research area Hydraulic structures:

— Main rivers ® transverse - Goczatkowice watershed

— Smaller rivers ® transverse - Rozndw watershed

Main watersheds: © transverse - Tresna watershed A

I first-order longitudinal, flood embankments, etc. y

1. third-order ‘ 0 10 20 km
{_I fourth-order | |

Figure 4. Hydraulic structures of the catchment basin of the reservoirs Goczatkowice, Roznéw and
Tresna. Elaboration based on data from [30,31].

The analyses carried out allowed for the conclusion that in the catchment area of the
Vistula, up to the Goczatkowice reservoir, there are 351 transverse structures, of which
over a third are located on the Vistula itself (126) (Figure 4). Very dense development (0.82
transverse structures per 1 km? of the catchment area and 0.82 per 1 km of watercourses
located in it (Table 4)) threshold corrections, steps and single weirs were designed to
stabilise the riverbed and limit the movement of the sediment, significantly reducing the
transport of the sediment. The largest structure in the upper part of the catchment is the
frontal dam of the Wista Czarne reservoir, with a total area of 0.41 km? and a capacity of
4.044 million m? (at the maximum damming level) [25]. It is worth noting that during the
nearly 30 years of operation, it lost approximately 10% of its initial capacity [10]. There
is a high concentration of transverse hydraulic structures on the tributaries of the Vistula,
especially the Brennica, but also on the Biata Wiselka, Btadnica, Dobka, Kopydlo and
Malinka streams (Figure 4). In addition, along the entire length of the Vistula and its main
tributaries, there are retaining walls limiting the supply of material from bank erosion
(Figure 4).
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Table 4. Occurrence of transverse hydraulic structures on watercourses in the catchment basin of the
reservoirs Goczatkowice, Roznéw and Tresna.

Transverse Density Index of the Hydraulic Structures

Number of Transverse Converted Into:
ID Reservoir River Structures in the River ,
. 1 km? of the Catchment 1 km of Watercourses in
Corridor
Area the Catchment
1 Goczatkowice Wista 351 0.82 0.82
2 Roznow Dunajec 1758 0.36 0.55
3 Tresna Sota 512 0.47 0.59

Source: own study based on data from [30,31,38].

In the catchment area of the Tresna reservoir, 512 transverse hydraulic structures were
found (Figure 4), which include various types of weirs, thresholds, steps and debris barriers.
There are 0.47 objects of this type per 1 km? of the catchment area, and the indicator is
0.59 per 1 km of watercourses (Table 4). The specific location of individual objects is also
visible, as there are only three weirs and one regulating barrage in the analysed section of
the Sota (Figure 4). In addition, unlike the catchment area of the Goczatkowice and Roznéw
reservoirs, there is no additional large retention reservoir upstream. In turn, as many as 71%
of hydraulic structures were built on the direct tributaries of the Tresna reservoir and the
Koszarawa river flowing into the Sota near the beginning of damming (Figure 4). Therefore,
in the catchment area upstream of the Tresna reservoir, individual transverse structures are
very rare and constitute only 29% of the total. At the same time, longitudinal hydraulic
structures occur sporadically throughout the catchment area (Figure 4).

In the catchment area of the Roznéw reservoir there are 1758 hydraulic structures
crossing the riverbeds: 1664 on the Polish side and only 94 in the Slovak part of the catchment
(Figure 4). Such a large quantitative diversification, in comparison to the catchments of the
Goczatkowice and Tresna reservoirs, results primarily from it having the largest catchment
area amongst those analysed by far. However, this does not translate into the density of
transverse development, which is the lowest among the analysed reservoirs, amounting
to 0.36 per 1 km? of the catchment area (Table 4). As in the Sola catchment, we note
various types of weirs, thresholds, steps and debris dams. A large retention reservoir
on the Dunajec river, i.e., Czorsztyn Niedzica, was built in this catchment. Its area is
12.3 km?, and the capacity at the maximum damming level reaches 238.553 million m [24].
It is part of a reservoir complex which also includes the Sromowce Wyzne equalising
reservoir. This facility enables the operation of the Niedzica hydropower plant in the
peak and pumped-storage mode. Therefore, the analysed area should be divided into
two parts: upstream of the Czorsztyn Niedzica reservoir, where there are 416 regulatory
structures, and downstream of it, up to the Roznéw reservoir with other structures. It
is in the latter location that a much greater density of transverse hydraulic structures is
visible, particularly on the larger tributaries (e.g., Czarna Woda, Kamienica, Stomka and
Smolnik) (Figure 4). A small number of structures can also be observed on the Poprad river,
which is the largest tributary within the analysed catchment. On the other hand, on the
Dunajec itself, there are relatively few hydraulic structures: only 98, including the above
mentioned Czorsztyn Niedzica reservoir (Figure 4). In the catchment area, there is also a
linear infrastructure in the form of retaining walls, observed mainly in the vicinity of larger
urbanised areas (in particular, the area of Nowy Sacz).

3.4. Land Use

Sedimentation processes in retention reservoirs occur most intensively in river valleys
under the influence of anthropopressure [35]. That is why it is so important to determine
the structure of land use in the basins of reservoirs in order to determine the human impact
on the transport of suspended load and the related capacity loss.

When analysing the catchment area of the studied reservoirs, it was found that the
catchment area of the Goczatkowice reservoir is the most urbanised area, where the urban
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fabric occupies 13% of the area (Table 5). For the Tresna and Roznéw reservoirs, the areas
of such use account for 8.5% and 4.9% of the catchment area, respectively (Table 5). From
built-up areas, surface runoff can be faster and more concentrated, thus delivering larger
amounts of the sediment to watercourses. When considering land related to agriculture,
the highest percentage of such use occurs in the catchment area of the Roznéw reservoir
at 41.4%. For Goczalkowice, the value is slightly lower at37.1%, and for Tresna it is 28.3%
(Table 5). However, arable land, which is important for the supply of suspended load,
constitutes the majority of the catchment area of the Goczatkowice reservoir (Figure 5).
The largest share in the area of all the analysed catchments are forests (Figure 5), typical of
most mountain slopes in the Carpathians in Poland (except for the upper parts of the Tatra
Mountains). In the catchment area of the Tresna reservoir, forest areas constitute more than
half of the area (as much as 50.5%), in the catchment area of the Roznéw reservoir 45.6%,
and the least in the catchment area of the Goczatkowice reservoir, at38.1% (Table 5). Forests
reduce the rate of sediment delivery to rivers [35], and additionally, increased forest cover
has a positive effect on water retention [38]. In the catchment area of the Tresna reservoir,
an additional 10.7% is covered by scrub and/or herbaceous vegetation associations, which
means that the total share of forest and semi natural areas in the total area is 61.2% (Table 5).
In addition, in the catchment area of the Goczatkowice reservoir, a much higher share of
areas covered with water, is visible (Figure 5), which is primarily due to the large area of
the reservoir itself, but also, to a lesser extent, the presence of the Wisla Czarne reservoir
and breeding ponds on the Vistula. For comparison, in the catchment area of the Roznéw
reservoir, the areas covered by water take up only 0.8%, despite the presence of the complex
of Czorsztyn Niedzica and Sromowce Wyzne reservoirs, which results from the large area
of the entire analysed area. On the other hand, the share of other forms of land use is at a
similar level in all the considered catchments, as exemplified by artificial, non-agricultural,
vegetated areas (within the range of 0.2-0.3%) or inland wetlands (0.0-0.4%). In addition,
they constitute a small percentage of the total analysed land (Figure 5).

B Reservoirs

Land use types:

] Research area 1.1 W24

—— Main rivers 12 EN31

—— Smaller rivers 13 EN32

Main watersheds: 14 3.3

X first-order 21 4.1 P\ e

227 third-order 22 mEs1 0 10 20km
i_._.ifourth-order 23 L B

Figure 5. Land use structure of the catchment area of the Goczatkowice, Roznéw and Tresna reser-
voirs.Elaboration based on data from [34]. CLC Classification: 1.1 = urban fabric, 1.2 = industrial, com-
mercial and transport units, 1.3 = mine, dump and construction sites, 1.4 = artificial, non-agricultural
vegetated areas, 2.1 = arable land, 2.2 = permanent crops, 2.3 = pastures, 2.4 = heterogeneous agricul-
tural areas, 3.1 = forests, 3.2 = scrub and/or herbaceous vegetation associations, 3.3 = open spaces
with little or no vegetation, 4.1 = inland wetlands, 5.1 = inland waters.
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Table 5. Land use structure in the catchment basins of the Goczatkowice, Roznéw and Tresna

reservoirs.
Share of CLC Land Use Groups in the Catchment Area [%]
ID Reservoir
1.1 1.2 1.3 14 21 2.2 2.3 2.4 3.1 3.2 3.3 41 5.1
1 Goczatkowice 13.0 0.7 0.0 0.3 21.1 0.0 3.3 12.7 38.1 2.9 0.0 04 7.5
2 Roznow 49 0.4 0.1 0.3 17.0 0.5 124 11.5 45.6 43 1.9 0.2 0.8
3 Tresna 8.5 0.8 0.0 0.2 12.7 0.0 10.4 5.2 50.5 10.7 0.0 0.0 0.9

Source: own study based on data from [34]. CLC Classification: 1.1 = urban fabric, 1.2 = industrial, commercial
and transport units, 1.3 = mine, dump and construction sites, 1.4 = artificial, non-agricultural vegetated areas,
2.1 = arable land, 2.2 = permanent crops, 2.3 = pastures, 2.4 = heterogeneous agricultural areas, 3.1 = forests, 3.2
= scrub and/or herbaceous vegetation associations, 3.3 = open spaces with little or no vegetation, 4.1 = inland
wetlands, 5.1 = inland waters.

3.5. Correlation of Indicators

Summing up the conducted analysis of anthropogenic pressures and natural impacts
on the reservoirs Goczatkowice, Tresna and Roznow, a list of individual tested elements
was used: capacity changes, geological conditions, hydraulic structures and land use. Based
on the collected and developed data, a two-stage assessment of the factors affecting the
reduction of the retention capacity of the indicated reservoirs was carried out, identifying
potentially the most important reasons for this condition. On this basis, the initial action
was to prepare a matrix with scores for the components taken into account, and the second
part was to carry out a spatial analysis in terms of key elements.

In the first stage, all of these factors were individually assessed, on the basis of which
a score was assigned to each of them according to the following criteria:

e  Three points: the tested parameter was considered the most favourable among those
taken into account,

e Two points: the tested parameter was considered average among those taken into
account,

e  One point: the tested parameter was considered the weakest among those taken into
account.

Then, a collective summary of the obtained results was made, in which the reservoir
with the highest number of points assigned was selected as having the best conditions
in the catchment area. As a result of the assessment, the catchment of the Goczatkowice
reservoir (10 points) was determined to be the most favourable for the functioning of the
dam reservoir, which scored much better compared to the catchments of the Tresna (eight
points) and Roznow reservoirs (seven points) (Table 6). The best result is mainly due to a
slight loss of capacity in relation to the initial capacity, the geological structure and the dense
network of hydraulic structures on the Vistula and its tributaries, limiting the transport of
bed load. Thus, the indicated elements were considered as potentially the main reason for
the differences of the changes in water retention capacity in the analysed water reservoirs.
However, special attention in this regard is required for hydraulic structures, within which
a large variation is visible (Figure 4) and, in the opinion of the authors, is the main factor
influencing the results of the research. A surprising conclusion regarding the impact of land
use on silting of reservoirs is the fact that the least forested and most urbanised catchment
area of the Goczatkowice reservoir is characterised by the most favourable parameters
(Figure 5). This shows that in the case of examining the reasons for the loss of capacity in
existing reservoirs and at the design stage of new ones, all of the above-mentioned factors
should be treated collectively.
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Table 6. Matrix of anthropogenic pressures and natural impacts on retention reservoirs Goczatkowice,
Roznéw and Tresna.

. . Capacity Geological Hydraulic
ID Reservoir River Changes Conditions Structures Land Use Total
1 Goczatkowice Wista 3 3 3 1 10
2 Roznow Dunajec 1 2 2 2 7
3 Tresna Sota 2 2 1 3 8

Scoring: 3 = the best parameters, 2 = average parameters, 1 = the weakest parameters.

The obtained results are consistent with the calculated change in the capacity of the
considered reservoirs (Table 2), but the difference in scores between the Tresna and Roznéw
reservoirs is clearly smaller than the results of the loss of water storage capacity.

The confirmation of the above opinion is the result map from the GIS spatial analyses
for individual factors (hydraulic structures), which were intersected and entered into the
grid of basic fields. By analogy with the above methodology, appropriate ranks were
assigned to the tested element, which were defined in terms of its impact on sediment
transport to reservoirs (Table 7).

Table 7. Ranks of the analysed factor (hydraulic structures) in terms of limiting the transport of
sediment to the reservoir.

Hydraulic Structures Parameter Classification The Determined Value of the

Analysed Factor
Transverse Best parameters 3
Longitudinal Average parameters 2
None Weakest parameters 1

The hexagon verification showed significant differences in the hydrotechnical develop-
ment of the studied catchments. Thus, it confirms the previously mentioned arrangements
showing this element as critical for maintaining the capacity of the retention reservoirs
in question, for their significant functions in water management, including counteracting
the effects of drought. The catchment area of the Goczatkowice reservoir stands out pos-
itively, where areas occupy as much as 31.8% with the best parameters (with transverse
buildings), 28.6% with medium parameters (with longitudinal structures), and 39.6% with
poor parameters (without buildings) (Figure 6). The distribution of all classes is similar.
Still, most importantly, over 60% of the area is covered by at least one hydrotechnical
structure that positively impacts sediment transport. Within the catchment area of the
Tresna reservoir, the share of places with the following parameters was calculated: 20.6%
the best, 16.4% average, and 63.0% the worst (Figure 6). Therefore, we have a reverse
situation than in the case of the Goczatkowice reservoir catchment, and almost two thirds of
the surveyed area did not use any hydrotechnical structures. However, the catchment area
of the Roznoéw reservoir is by far the worst in this respect. Only 15.2% of the site is covered
with transverse buildings (best conditions) and 7.8% with longitudinal facilities (average
conditions) (Figure 6). As a result, on 77.1%, no hydrotechnical structures limit the supply
of sediment to the Roznéw reservoir, affecting the loss of its capacity. This result is worse by
14.1 percentage points than the catchment area of the Tresna reservoir, and as much as 37.5
percentage points (almost twice) than the catchment area of the Goczatkowice reservoir.
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Figure 6. Correlation of the factor hydraulic structures affecting the change in the capacity of
retention reservoirs. Own study based on data from [30-32]. Basin of the reservoirs: 1. Goczatkowice,
2. Roznow, 3. Tresna.

4. Discussion

Water reservoirs can be used to counteract the effects of drought, but they are also
designed to achieve many other goals, such as flood protection, irrigation, municipal and
industrial water supply, hydropower, water quality management, and recreation. Therefore,
management of a multi-purpose reservoir is a complex process due to the potential conflict
of interest between these objectives [39]. Particularly large reservoirs reduce the frequency
of hydrological droughts, shortening their duration and severity by storing water during
floods and releasing it during the dry season [40]. Acting in this way, we increase water
resources and reduce surface runoff in favour of ground runoff. Thus, during droughts,
water reservoirs play an important role in regulating flows to meet the established water
needs [41]. Therefore, increasing the potential conditions for water retention, i.e., the
systemic ability to accumulate water resources and keep them for a longer time in the biotic
and abiotic environment, is the optimal action to adapt to the effects of climate change and
to mitigate these changes [42]. The climatic scenarios for Poland show that an intensification
of extreme hydrological and meteorological phenomena, including long-term periods of
drought, should be expected [43].

The ongoing and forecast changes in meteorological and climatic conditions will
potentially affect the performance of the above-mentioned functions by retention reservoirs.
The processes taking place in the catchment, related to the supply of sediment to reservoirs
and its accumulation, may also contribute to limiting the possibility of their implementation,
affecting the loss of capacity of reservoirs located in southern Poland: Goczatkowice on the
Vistula, Roznéw on the Dunajec and Tresna on the Sota.

There is no doubt that geological conditions are an important factor for the design of a
given reservoir and its correct location, particularly affecting its stability during the period
of use. The geological structure of the catchment basins of the analysed reservoirs does not
differ enough to be the most important reason for the loss of reservoir capacity. Therefore,
the conducted research shows that human activity is the basic factor of the observed
changes. Anthropogenic impacts on the natural environment are noticeable in the transport
of suspended load (constituting the main clastic material moved by the Carpathian rivers),
showing that it is retained in the Roznéw and Tresna reservoirs. As a result of human
activity, initially increased and then decreased soil erosion in catchments and watercourse
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beds is noticeable, as well as increasing land development and urbanisation of individual
areas, but also building hydraulic structures in catchments and river beds [26].

Land use, including, above all, the presence of forests in the catchment, is presented
by many researchers as the basic element determining the limitation of sediment supply
of water reservoirs, affecting their retention capacity. In forested areas, less sediment is
displaced as a result of surface runoff than in areas used for agricultural purposes, and thus,
the effective use of reservoirs located in the lower parts of the Outer Western Carpathians is
much shorter than facilities built in higher parts, including the upper forested sections of the
Beskids [35]. Interestingly, in places of forest felling (with a high density of used dirt roads),
similar results with the neighbouring agricultural areas may be recorded, and the most
rapid changes occur as a result of the progressing urbanisation of the catchment [13]. The
obtained information shows that some human activities, carried out in the analysed area
since the mid-20th century, resulted in positive changes, including, above all, afforestation
of areas no longer used for agriculture and the creation of orchards and plantations of
fruit bushes. Their result is a significant decrease in sediment transport in rivers [26]. In
addition, land use (both the entire catchment area and the areas directly adjacent to the
reservoir) is an important causative factor also affecting the quality of water in dammed
reservoirs [44].

The obtained results show hydraulic structures in the catchment area upstream of the
reservoir are a very important factor in the transport of sediment, both on the section of
the river where the barrage is located, and on the tributaries. Densely located dams on
the Vistula and its tributaries upstream of the Goczatkowice reservoir cause a significant
reduction in the transport of suspended load. As a result, the average annual rate of
capacity loss is 0.027 million m3, which is 1.1% of the initial capacity [10]. In the catchments
of the Roznéw and Tresna reservoirs, there is a lower density of transverse and longitudinal
developments in river, stream beds and floodplains, which results in a much larger volume
of clastic material entering the reservoirs.

As indicated by Kondolf et al. [4] and Randle et al. [3], basic methods of sediment
management assume three categories of approaches that focus on balancing sediment
outflows and inflows to stabilise reservoir capacity:

1.  Reduce sediment yield entering the reservoir (watershed management practices).

2. Route sediments through or around the reservoir to minimise sediment deposition
within the reservoir (sediment pass-through or bypassing).

3. Remove sediments already deposited in the reservoir (drawdown flushing or dredging).

In connection to the data obtained for the studied reservoirs in Poland, in order to
extend the service life of dam reservoirs, i.e., the possibility of retaining a certain amount
of water for the purpose of performing the functions for which they were designed, the
use of hydraulic structures should be considered, as exemplified by the effective operation
of structures found in the catchment area of the Goczatkowice reservoir. They effectively
reduce the transport of suspended load, therefore every effort should be made to maintain
them properly. The recommended course of action is also the development of hydraulic
structures in the catchment area of the R6znéw and Tresna reservoirs, i.e., on the Dunajec
and Sota rivers, along with their tributaries, respectively. This will result in a reduction
of sediment supplied to both objects, which is consequently largely accumulated within
them, according to the presented results. When implementing this proposal, it should be
remembered that due to the location of a transverse structure on the watercourse, located in
the bottom of the river, the transport of mineral and organic matter is disturbed. Therefore,
it is necessary to take measures simultaneously to limit the interference of these types
of hydraulic structures in the river ecosystem, as well as to provide for compensatory
measures [45]. At the same time, it is suggested to take a broader approach to the proposal
of using technical measures in basins of reservoirs by drawing up a strategic or planning
document, comprehensively discussing the issue of sediment management in river basins.
In addition, when analysing the location conditions of a potential new retention reservoir,
it would be necessary to combine the analyses at the pre-design and design stages, by
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proposing appropriate hydraulic structures in the catchment area, which would constitute
a comprehensive investment measure affecting the operational efficiency of a given facility.
An essential element in these considerations, despite the lack of clear indications in the
present study, is also land use. The experience of other researchers speaks for the need to ad-
dress this issue. For example, the silting rate of the Porabka reservoir on the Sota decreased
more than 20 times after filling the analysed Tresna reservoir [13], which took over the
main supply of suspended load and further reduced its transport to a minimum. Therefore,
the construction of new, deep reservoirs could be one of the elements of preparation for the
assumed climate changes and the risk of hydrological drought.

The above recommendations are proposed to be implemented in the context of counter-
acting the effects of drought. In this regard, it is advisable to maintain the initial parameters
of retention reservoirs, i.e., to maintain the designed capacity, as far as possible. It is
important for the performance of specific functions by a given facility related to water
management and the implementation of economic and social tasks, as well as for the needs
of subsequent shortages in dry periods and increasing the value of flows on sections of
rivers located downstream of barrages. Such action is also desirable due to the observed
delays in the reaction of the hydrological conditions in the catchment to the current meteo-
rological situation, e.g., the occurrence of normal (multi-year average) rainfall may not lead
to adequate flows in rivers [46]. In addition, the technical measures of the catchment basins
of individual reservoirs presented in the article could slow down the outflow of meltwater
and rainwater, and maintain appropriate water conditions (soil moisture) necessary for
agriculture and forestry in the long term to increase the retention capacity. However, this
must be combined with continuous monitoring and forecasting the periods of occurrence
of hydrological drought, their range and intensity (scale of the observed situation).

It should also be remembered that this type of research in reservoir catchments, apart
from the indicated positive aspects, is also characterised by various limitations. The critical
element is the already stated availability of data and their reliability. The authors” most
significant challenge was data unification between the Polish and Slovak sides. This mainly
concerned database attributes. The databases of individual countries differ, and it would be
a good practice to prepare supra-regional materials (in this case, for the European Union).
It was also planned to publish a lithological map, but the terminology and graphic design
used were different, making it impossible to publish it in a qualitative form. In studying
river processes, the volume of sediment delivered to the reservoirs and the degree of its
accumulation is also essential. In Poland, the hydrological service carried out the last
measurements in the 1980s. Since then, no work has been carried out in this area, which
means that it is necessary to rely on possibly outdated and unreliable data when analysing
sediment transport.

5. Conclusions

The current practice of continuously filling the studied reservoirs with sediment is un-
sustainable. These reservoirs have no capacity to retain sediment indefinitely, and without
proper management, sedimentation will eventually deprive them of their original functions.

Achieving sustainable use of domestic water resources requires better data collection
from monitoring the capacity of reservoirs and the supply of sediments from catchments,
changes in the operation of damming structures, and modification of the law regulating
the use of the environment.

In the era of climate change, the construction and maintenance of multifunctional
reservoirs are the basis for water retention in order to protect against hydrological drought.
Therefore, in terms of the existing reservoirs in Poland, it is necessary to maintain adequate
water storage capacity. Based on the analysed causes of changes in the capacity of dam
reservoirs in Poland (Goczatkowice on the Vistula, Roznéw on the Dunajec and Tresna on
the Sota), it was shown that the solution that effectively reduces the transport of suspended
sediment and is worth implementing in other areas is the use of appropriate hydraulic
structures in the catchments of the reservoirs.
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The analysis of land use forms of the studied catchments did not clearly indicate the
importance of this factor for the reservoirs in question. This does not mean, however,
that this aspect has no impact on fluvial processes, but it emphasises the need to check
land cover changes in a broader time perspective, including the verification of land use in
various periods of operation for a given reservoir. It also shows that a catchment is a set of
communicating vessels and all conditions should be considered comprehensively.

The development of GIS tools for conducting spatial analyses and hydraulic modelling
is necessary to expand the scope of research into the causes of changes in the capacity of
retention reservoirs. As our research has shown, the use of basic hexagonal grids, with the
classification of their parameters using natural breaks, enabled us to determine both the
degree of anthropogenic pressure on various elements and natural elements within the
selected catchments.
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