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Abstract: Reservoirs are formed through the artificial damming of a river valley. Reservoirs, among
others, capture polluted load transported by the tributaries in the form of suspended and dissolved
sediments and substances. Therefore, reservoirs are treated in the European Union (EU) as “artificial”
or “heavily modified” surface water bodies. The reservoirs’ pollutant load depends to a large extent
on the degree of anthropogenic impact in the respective river catchment area. The purpose of this
paper is to assess the mutual relation between the catchment area and the reservoirs. In particular,
we focus on the effects of certain land use/land cover on reservoirs” water quality. For this study;,
we selected twenty Polish reservoirs for an in-depth analysis using 2018 CORINE Land Cover data.
This analysis allowed the identification of the main triggering factors in terms of water quality of the
respective reservoirs. Moreover, our assessment clearly shows that water quality of the analysed
dam reservoirs is directly affected by the composition of land use/land cover, both of the entire total
reservoir catchment areas and the directly into the reservoir draining sub-catchment areas.

Keywords: CORINE Land Cover (CLC) data; land use; Water Framework Directive; ecological status;
dam reservoirs; water quality

1. Introduction

The reservoirs are formed when a river valley is artificially blocked by a dam [1]. So far in
Poland, 101 reservoirs have been built with a storage capacity of over 10° m3 [2,3]. Their total capacity
constitutes only about 5-6% of the total annual discharge to the Baltic Sea [4]. According to the Water
Framework Directive (WFD, Directive 2000/60/EC), dam reservoirs are treated as heavily modified
water bodies, and thus, until 2021 they are required to reach at least a good ecological status.

Even though reservoirs are considered to be heavily modified river sections, they are not behaving
very similarly to rivers. Rivers are regarded as open ecosystems, that are in a certain state of dynamic
equilibrium [5,6]. According to the river continuum concept (RCC) introduced by Vannote et al. [7],
a disturbance of this equilibrium undoubtedly influences the general hydrological conditions of river
systems and hence, change the physical, chemical, and biological processes determining the quality of
the water in the reservoir and thus, also in the river sections downstream of the dam [8-11].

However, dam reservoirs, despite being man-made structures, have developed rich ecosystems
with a high diversity of living organisms [12-15]. Additionally, the functioning of reservoirs significantly
modifies flows of energy and matter into the World Oceans due to a significantly reduced transport
of all kinds of load in the river sections downstream of the dam. Less transport downstream of the
dam is directly connected with reservoir accumulation [4,16-20]. Most of the bed load remains in the
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reservoir whereas suspended load and wash load is only partly retained. The effectiveness of dam
reservoirs in trapping sediments is in some cases significant, amounting to 70-90% of the reservoir’s
storage capacity [21]. It is assumed that worldwide, about 30-40% of matter transported as suspended
load does not reach seas, oceans, or some big lakes. Instead the sediments are trapped in man-made
dam reservoirs, at least for the period of existence of these infrastructures [22].

In terms of the sediments washed into and transported by the river systems, land use plays a key
role. Problems with water quality are generally associated with improper land use in the catchment
area and human industrial and agricultural activities as well as with the urbanization of the area [23].
Land use is one of the variables related to human activity that is heavily affecting water quality. Other
important factors include (i) the morphometry of the reservoirs, (ii) precipitation characteristics, (iii)
climate change effects, (iv) aquatic connection [24], and (v) in the case of dam reservoirs, the rate of
water exchange in the reservoir. The quality of river, reservoir, or lake water has deteriorated in many
countries over the last decades, mainly due to changes in land use in the catchment areas [25-27].
Agricultural, forest, urban, and industrial areas significantly affect surface water quality [23,25,28-31].

Advanced and continuously improved GIS (Geographic Information System) techniques in
combination with CORINE Land Cover (CLC) data and water quality information allow a quick and
very reliable assessment of reservoir water resources.

The main purpose of the present study is thus to verify whether CLC data are useful in objectively
identifying and assessing the impact on water quality in reservoirs.

2. Materials and Methods

Twenty dam reservoirs located in different regions of Poland and performing different functions
at the same time (e.g., flood protection, power engineering, water supply, tourism, and recreation,
aiding water transport and fish harvesting) were selected for this study (Figure 1). In addition,
the completeness and comparability of water quality data for the dam reservoirs was an important
selection criterion. 13 reservoirs are located in the Vistula river basin and 7 in the Oder river basin.
The reservoirs fall into the following sub-provinces: Western Carpathians with Subcarpathians
(reservoirs: Goczaltkowice, Tresna, Porabka, Dobczyce, Czorsztyn, Roznéw, Klimkowka, Besko, Solina),
Polish Highlands (reservoirs: Rybnik and Koziowa Goéra), Czech Massif (reservoirs: Pilchowice,
Bukowka, Mietkéw, Nysa), and Central European Lowland (reservoirs: Turawa, Sulejow, Jeziorsko,
Zegrze, Wloctawek). The main selection criterion for the reservoirs was the availability of water quality
information. Thus, in our research, we included only 20 reservoirs coming along with homogeneous
monitoring time series and monitoring locations.

Land cover data for Poland was obtained from the CORINE Land Cover (CLC) 2018 database.
The CLC 2018 project was implemented as part of the European Earth monitoring program—Copernicus
Land Monitoring. These data are the result of the interpretation of images taken by the Sentinel-2
and Landsat-8 satellites from 2017, applying a uniform methodology for all of Europe. 44 types of
land use were identified in Europe, of which, 31 exist in Poland. Land cover analyses were carried
out in a GIS environment for both the entire river catchments draining into the reservoir (total area)
and for the specific catchment area, which is the area around the reservoir directly draining into the
reservoir lake (specific or sub-catchment area). Calculations of the land cover area of individual land
use classes (CLC classes for levels 1, 2, and 3) were conducted based on the related CORINE database.
The obtained data were then subjected to mathematical and statistical analyses.

Spearman’s statistics were applied to assess the relationship between individual CLC types
and the water quality in the study reservoirs. We chose Spearman’s statistic because analysis of the
distribution (e.g., Shapiro-Wilk test) showed that the variables have a non-normal distribution (p < 0.05)
(probably due to the small number of sets). The relationship between water quality and selected
total catchment and sub-catchment parameters was performed using a non-parametric Spearman
correlation. We statistically assessed the land use in each catchment area (total and sub catchment) as



Remote Sens. 2020, 12, 979 3 of 28

well as the amount of average total nitrogen (TN), average total phosphorus (TP), and the variability of
R (max—min) for TN and TP.

1. Klimkéwka
2. Czorsztyn
3. Roznéw
4. Dobczyce
5. Solina
6. Besko
7. Zegrze
8. Sulejow
9. Jeziorsko
10. Wioctawek
11. Mietkdw
12. Bukéwka
13. Pilchowice
14. Goczatkowice
15. Kozlowa Géra
16. Rybnik
17. Tresna
18. Porabka
19. Turawa
20. Nysa

[]Catchment of reservoir
— Rivers
— Border of state

Figure 1. Map of the river network with the location of study sites in Poland.

In turn, we utilized an open source GIS software to build matrixes of relationships between
individual types of land use for specific ranges of TN and TP content. For this purpose, thematic maps
were compiled based on CLC data. Natural breaks were used, which create intervals according to
an algorithm that uses the average of each interval to more evenly distribute the data in intervals.
Individual values are assigned to individual ranges in such a way that the average for each range differs
as little as possible from each value in a given range. Thanks to this, all ranges are well represented by
their averages, and the data values in each range differ as little as possible [32].

In this way, CLC data in the total catchments and in the sub-catchments were analysed to determine
the impact of each CLC on water quality of the reservoirs.

The water quality characteristics of the reservoirs were determined based on data from the State
Environmental Monitoring (SEM) program. The selected reservoirs are subject to diagnostic and
operational monitoring. The monitoring is carried out in four-year cycles. The current one was
implemented as part of the third cycle of water management lasting from 2016 to 2021. The purpose
of monitoring by the State Inspectorate for Environmental Protection is to provide knowledge about
the status of the reservoir water resources in order to take action where necessary to improve the
water status and to protect water resources against pollution. The test results obtained, based on the
monitoring, allow for a classification of different water quality characteristics in terms of the ecological
as well as the chemical status.

In agricultural areas, excessive fertilization is often the main contributor to the load of nitrates and
phosphorous in water bodies, whereas phosphorous causes eutrophication of the freshwater ecosystems
due to its eutrophying effect [33]. Waters drained from agricultural land have a 2-4.5 times higher
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content of total nitrogen (N) compared with waters of seminatural areas [34]. Eutrophication is regarded
as one of the most serious threats to surface water quality. The effect of eutrophication processes is
limiting the potential use of water for drinking water supply, economic activity, and recreation [35].
Nitrogen is considered as a biogen causing sea and ocean blooms, and phosphorus—inland water
blooms [36]. The N:P ratio determines which element limits the development of phytoplankton. If N:P
<10 then the development of algae and cyanobacteria is limited by nitrogen, when it is 10-20, there is a
total limitation by both elements, if N:P > 20, the limiting element is phosphorus [36,37]. According to
IInicki [38], the optimal N:P ratio for algae development is 7.

3. Hydrological Characteristics of the Study Reservoirs

The study reservoirs cover different scales in terms of catchment area. The Wtoctawek reservoir
has the largest catchment area (Table 1), covering 171,468.65 km?2, of which, 145,900.00 km? are located
in Poland (Figure 1). All reservoir catchment areas in the Vistula basin are sited in the Wloctawek
reservoir catchment area. The Koztowa Gora reservoir has the smallest catchment area in the Vistula
river basin, with 193.95 km?2. In the Oder basin, on the other hand, the largest catchment area is that of
the Jeziorsko reservoir, with 9006.95 km? (Table 1). Among the analysed reservoirs in the Oder river
basin, the Bukéwka reservoir has the smallest catchment area, of only 57.54 km?. Table 1 gives an
overview on the catchment areas of the study reservoirs.

Table 1. Basic characteristics of the analysed reservoirs.

Reservoir River Name Main River Basin Main Catchment Sub-Catchment
Name Area (km?) Area (km?)

Besko Wistok Vistula 207.1 11.24
Bukéwka Bobr Oder 57.54 8.16
Czorsztyn Dunajec Vistula 1126.28 30.55
Dobczyce Raba Vistula 765.58 36.77
Goczatkowice Vistula Vistula 523.47 67.83
Jeziorsko Warta Oder 9006.95 76.96
Klimkoéwka Ropa Vistula 214.8 16.89
Koztowa Goéra Brynica Vistula 193.95 24.60
Mietkow Bystrzyca Oder 716.58 18.50
Nysa Nysa Ktodzka Oder 3264.95 46.48
Pilchowice Bobr Oder 1207.28 11.70
Porabka Sota Vistula 1091.77 11.70
Roznéw Dunajec Vistula 4855.54 47.00
Rybnik Ruda Oder 240.59 13.16
Solina San Vistula 1191.14 89.66
Sulejow Pilica Vistula 4933.14 114.02
Tresna Sota Vistula 1036.56 24.45
Turawa Mata Panew Oder 1419.12 52.40
Wioclawek Vistula Vistula 171,468.65 208.19
Zegrze Narew Vistula 68,973.57 238.86

In terms of the specific reservoir surface area, the largest reservoir is the Wioctawek reservoir,
with an area of 75 km? at the full supply level, and a capacity of 370,000,000m>. The smallest of the
analysed reservoirs are the Besko reservoir with an area of 1.31 km? and a capacity of 14,180,000 m® as
well as the Bukéwka reservoir with an area of 1.99 km? and a capacity of 16,790,000 m>.

The 20 analysed reservoirs have various functions. In general, the function of a reservoir is related,
among others, to hydrographic conditions as well as water and energy demands. The reservoirs of
this study usually have a flood control function, except for the Zegrze and Wloctawek reservoirs.
The Jeziorsko reservoir has the largest flood reserve, of about 81,300,000 m3. The Solina reservoir
has a slightly smaller flood reserve of ca. 80,000,000 m?3. The main function of the Roznéw, Turawa,
Wiloclawek, and Zegrze reservoirs is hydro energy production. The Rybnik reservoir serves for
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cooling purposes of the power generators of the Rybnik coal power plant. Dam reservoirs are also
an important source for water supply of the population. This is the main function of the following
reservoirs: Dobczyce, Goczatkowice, Klimkowka, Porabka, and Tresna. Dam reservoirs can also
perform the function of inland water transport. This is the case for Mietkow, Nysa, Porabka, Tresna,
and Wiloctawek reservoirs. Dam reservoirs also play an important role in satisfying touristic and
recreational needs, enriching landscape values. Most of the analysed reservoirs have a recreational
function. Other functions of reservoirs include collecting water for various purposes, which are: fish
farming and maintenance of biological flows or irrigation.

Elements that differentiate dam reservoirs from lakes depend, among others, on the rate of water
exchange. The faster the water flows through the reservoir, the less it differs from the supplying river in
terms of composition. The slower the flow, the greater the variation. A longer retention time promotes
the sedimentation of organic and mineral suspended load. On the basis of the rate of water exchange,
the reservoirs can be divided into: (i) reolimnic reservoirs with a water retention period shorter than
20 days, (ii) transitory reservoirs with a retention period of 20 to 40 days, and (iii) limnic reservoirs with
the retention period of over 40 days—the latter reservoirs are more similar to lakes. This classification
was developed for a systematic monitoring and assessment of the ecological potential of dam reservoirs
in Poland [39].

The Wloctawek reservoir shows the shortest retention time of only 4.5 days followed by the Zegrze
reservoir with 8.2 days. These reservoirs are classified as reolimnic. The longest exchange period is
registered for Koztowa Gora reservoir, where the exchange time is up to 307 days. Limnic reservoirs
include the following dam reservoirs: Solina, Czorsztyn, Jeziorsko, Goczatkowice, Dobczyce, Nysa,
Turawa, Tresna, Mietkow, Klimkéwka, Rybnik, Koztowa Gora, Bukéwka, and Besko. The average
water retention time in the analysed limnic reservoirs is 138.13 days. Transitional reservoirs in the
presented list are: Roznow, Sulejow, Pilchowice, and Porabka, with an average retention time of 32 days.
Table 2 illustrates the main reservoir functions, morphometric parameters, and retention times.

Water pollution is mainly triggered by point and non-point sources. The load of pollutants in
reservoirs depends mainly on the degree of human pressure in the supplying catchment. Today;,
rivers in Poland are still heavily loaded with sewage and agricultural pollution [40]. In the case
of wastewater, toxic substances such as heavy metals, polycyclic aromatic hydrocarbons (PAHs),
and oil or oil derivatives may be discharged into the water. Surface runoff from agricultural areas
introduces substances derived from fertilisation (organic and mineral) and from plant protection
products (herbicides and pesticides). Both point and non-point pollution sources introduce mainly
biogenic substances (phosphorus and nitrogen). The process of eutrophication caused by human
activity is called cultural eutrophication [41].
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Table 2. Basic parameters and indicators of the analysed reservoirs.

6 of 28

Reservoir Total Storage Flood Storage Full Supply Level Surface Area of Reservoir ~ Water Exchange/Retention Main Purpose *
Capacity (m3) Capacity (m3) (FSL) (m) at FLS (km?) Time Day P
Besko 14,180,000 4,430,000 29.00 1.31 60 FES E
Bukowka 16,790,000 3.870,000 22.00 1.99 194 ES
Koztowa Géra 17,582,000 5,190,000 7.00 6.04 307 ER
Rybnik 23,400,000 1,380,000 1.30 4,635 76 E,ER
Porabka 27,190,000 4,580,000 21.20 3.35 22 S,E,N,R
Klimkdéwka 42,590,000 6,45,000-8,000,000 37.70 3.06 148 S,E,ER
Pilchowice 50,000,000 17,000,000-26,000,000 46.70 2.40 37 FER,S
Mietkow 71,850,000 15,050,000 15.30 9.05 128 N,ER
Sulejow 84,330,000 9,220,000 11.25 23.80 38 FES ER
Zegrze 89,960,000 none 7.02 33.00 8,2 E,R,S, W
Tresna 96,110,000 31,010,000-39,450,000 25.40 9.64 90 S,EN,R
Turawa 106,180,000 13,680,000 13.60 20.80 115 E,R,WR
Nysa 123,440,000 43,790,000-72,550,000 13.30 20.77 59 EN,S,E
Dobczyce 141,740,000 25,740,000 31.00 9.64 146 S,FEE
Roznéw 159,290,000 0-50,000,000 31.50 16.00 31 E, FR
Goczatkowice 161,250,000 43,180,000 14.00 32.00 80 S,EW
Jeziorsko 202,800,000 81,300,000 11.50 36.65 56 FE W
Czorsztyn 231,900,000 63,000,000 54.50 12.26 116 FE R
Wioctawek 370,000,000 none 12.70 75.00 45 E,N, R W
Solina 472,400,000 80.00 60.00 22.00 299 FE R

* F—flood control, R—recreation, S—water supply, W—water storage, E—hydroelectric power generation, N—navigation.
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4. Results

4.1. Land Use

Urban areas reduce interception, surface retention, infiltration, and transpiration, and at the same
time cause an increase in surface runoff and accelerated drainage through the road and rainwater
drainage system [42]. In rural areas with water supply systems but no sewage systems, sewage is
discharged to wastewater holding tanks or septic tanks. If these tanks are leaking, they provoke the
pollution of surface and ground water.

The Rybnik reservoir catchment has the largest share of artificial surfaces among the total reservoir
catchments analysed (Figure 2, Table 3). In the sub-catchment of the Rybnik reservoir, this share is
36.1% (Figure 3), including the portion of urban fabric (1.1) of 20.8% and industrial areas (1.2) of 12.1%.
This is due to the specific function of this reservoir serving for cooling purposes of the close by Rybnik
power plant. The Tresna sub-catchment reservoir catchment basin has the second largest share of
artificial surfaces (Table 3). The lowest portion of artificial surfaces is found in the total catchments of
the following reservoirs: Besko, Klimkéwka, and Solina. In their sub-catchments, the share of artificial
surfaces increases (Table 3).

Mietkow

[l 1.1.1 Continuous urban fabric
Klimkéwka [ 1.1.2 Discontinuous urban fabric
[ 1.2.1 Industrial or commercial units
Il 1.2.2 Road and rail networks and associated land
I 1.3.1 Mineral extraction sites
Il 1.3.2 Dump sites
[11.4.1 Green urban areas
[11.4.2 Sport and leisure facilities
[CJ2.1.1 Non-irrigated arable land
[]2.3.1 Pastures
[[7)2.4.2 Complex cultivation patterns
|:,2.4.3 Land principally occupied by agriculture, with
significant areas of natural vegetation
[ 3.1.1 Broad-leaved forest
I 3.1.2 Coniferous forest
I 3.1.3 Mixed forest
[ 3.2.4 Transitional woodland-shrub
[J4.1.1 Inland marshes
[5.1.2 Water bodies

[Iotal reservoir catchment e —

I~ JResenvoir sub-catchments

Figure 2. Selected examples of the spatial distribution of land use types in the total reservoir catchments
based on CORINE Land Cover 2018.
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Table 3. Percentages of particular land use types according to the CORINE classification.

Reservoir 1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4 3.1 3.2 3.3 4.1 5.1

Besko total catchment 0.7 0.0 0.0 0.0 9.7 0.0 16.4 2.7 69.1 0.8 0.0 0.0 0.6
Besko sub-catchment 5.7 0.0 0.0 0.0 494 0.0 9.9 10.1 8.2 5.8 0.0 0.0 11.0
Bukowka total catchment 5.5 0.0 0.0 0.0 23.1 0.0 15.1 74 44.2 24 0.0 0.0 2.2
Bukowka sub-catchment 3.3 0.0 0.0 0.0 43.2 0.0 14.7 8.0 14.2 0.8 0.0 0.0 15.7
Czorsztyn total catchment 7.1 0.1 0.0 0.3 14.1 0.0 224 7.1 321 11.3 3.8 0.6 1.0
Czorsztyn sub-catchment 2.1 0.1 0.0 0.0 23.5 0.0 8.7 7.3 249 0.0 0.0 0.0 33.4
Dobczyce total catchment 6.7 0.2 0.2 0.0 19.6 0.0 8.4 15.8 47.1 0.7 0.0 0.0 1.3
Dobczyce sub-catchment 9.7 0.1 0.0 0.0 17.8 0.0 0.7 27.6 14.6 2.6 0.0 0.0 27.0
Goczatkowice total catchment 13.0 0.7 0.0 0.3 21.1 0.0 3.3 12.7 38.1 2.9 0.0 04 75
Goczatkowice sub-catchment 10.2 1.0 0.0 0.0 29.3 0.0 1.2 3.1 13.3 0.5 0.0 2.7 38.6
Jeziorsko total catchment 6.2 0.7 1.1 0.1 40.4 0.1 11.2 8.5 28.5 24 0.0 0.1 0.7
Jeziorsko sub-catchment 3.1 0.0 0.0 0.7 35.1 0.0 2.6 43 1.6 0.1 0.0 5.5 471
Klimkéwka total catchment 0.9 0.0 0.0 0.0 3.2 0.0 20.8 5.2 68.3 0.4 0.0 0.0 1.3
Klimkéwka sub-catchment 2.0 0.0 0.0 0.0 0.0 0.0 94 119 58.6 4.2 0.0 0.0 13.9
Koztowa Gora total catchment 52 4.6 0.9 04 23.0 13.1 0.0 2.7 46.2 14 0.0 0.0 2.5
Koztowa Goéra sub-catchment 9.3 1.9 0.0 0.0 27.1 0.0 20.7 0.6 244 0.0 0.0 0.0 16.0
Mietkéw total catchment 8.4 0.8 0.2 0.8 51.3 0.0 3.1 6.3 26.9 0.8 0.0 0.0 1.3
Mietkow sub-catchment 3.1 0.5 0.0 0.0 45.8 0.0 0.0 2.9 2.5 0.0 0.0 0.0 452
Nysa total catchment 4.8 0.3 0.2 0.3 35.7 0.0 9.3 79 36.8 3.3 0.0 0.1 1.2
Nysa sub-catchment 6.1 1.5 0.9 0.0 45.0 0.0 7.1 1.0 4.6 0.0 0.0 1.6 32.1
Pilchowice total catchment 9.2 0.3 0.3 0.7 23.5 129 0.0 77 40.0 4.5 0.2 0.0 0.6
Pilchowice sub-catchment 2.2 0.0 0.0 0.0 39.6 0.0 0.0 74 38.1 0.7 0.0 0.0 12.0
Porabka total catchment 8.0 0.7 0.0 0.2 11.7 0.0 9.7 9.1 49.7 9.8 0.0 0.0 1.2
Porabka sub-catchment 13.2 0.0 0.0 1.8 0.0 0.0 49 9.6 434 0.0 0.0 0.0 27.1
Roznéw total catchment 49 04 0.1 0.3 17.0 0.5 124 115 45.6 4.3 1.9 0.2 0.8
Roznéw sub-catchment 3.6 0.0 0.0 0.0 15.2 34 14 20.2 28.9 0.0 0.0 0.0 27.2
Rybnik total catchment 18.2 44 0.1 12 18.1 0.0 0.0 74 46.6 0.7 0.0 0.0 3.3
Rybnik sub-catchment 20.8 12.1 0.0 3.2 6.4 0.0 77 2.5 115 0.0 0.0 0.0 35.7
Solina total catchment 0.7 0.0 0.0 0.2 1.1 0.0 9.5 2.2 80.0 41 0.0 0.0 2.1
Solina sub-catchment 1.1 0.0 0.0 2.9 6.4 0.0 2.8 24 62.4 04 0.0 0.0 21.6
Sulejéw total catchment 42 0.1 0.0 0.1 35.9 0.0 11.3 7.1 36.8 3.3 0.0 0.2 0.9
Sulejéw sub-catchment 4.2 0.0 0.3 0.3 19.3 0.0 2.3 7.0 45.6 2.1 0.3 1.9 16.8
Tresna total catchment 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

Tresna sub-catchment 21.1 8.6 0.0 0.0 114 0.0 3.0 9.1 10.1 0.0 0.0 0.0 36.8
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Table 3. Cont.

9 of 28

Reservoir 1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4 3.1 3.2 3.3 4.1 5.1

Turawa total catchment 49 0.8 0.1 0.2 23.5 0.0 5.1 3.8 58.9 1.1 0.0 0.1 15
Turawa sub-catchment 2.6 0.0 0.0 2.7 8.7 0.0 8.0 14 43.0 1.7 0.0 0.5 31.4
Wrhoctawek total catchment 5.6 0.6 0.2 0.2 39.6 1.1 109 8.3 29.8 2.1 0.1 0.4 1.2
Wrhoctawek sub-catchment 4.6 0.6 0.0 0.2 24.1 0.0 5.4 7.8 26.1 2.3 0.5 0.0 28.5
Zegrze total catchment 3.5 0.3 0.1 0.1 39.1 0.1 15.4 6.5 30.4 1.7 0.0 1.1 1.6
Zegrze sub-catchment 6.3 0.6 0.2 2.2 28.6 0.0 6.8 12.3 30.4 0.9 0.0 0.0 11.6
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Goczatkowice Mietkow

[ 1.1.2 Discontinuous urban fabric

[ 1.2.1 Industrial or commercial units

I 1.2.2 Road and rail networks and associated land
Klimkowka []1.4.2 Sport and leisure facilities

[]2.1.1 Non-irrigated arable land

[12.3.1 Pastures

[[]2.4.2 Complex cultivation patterns

I:!2.4.3 Land principally occupied by agriculture, with
significant areas of natural vegetation

[ 3.1.1 Broad-leaved forest

[l 3.1.2 Coniferous forest

[ 3.1.3 Mixed forest

[ 3.2.4 Transitional woodland-shrub
[]4.1.1 Inland marshes

[[115.1.2 Water bodies

7 Reservoir sub-catchment

Figure 3. Selected examples of the spatial distribution of land use types in the reservoir sub-catchments
based on CORINE Land Cover 2018.

The analysed reservoirs very often also perform a recreational function. Generally, the areas
covered by the CORINE class “1.4.2 Urban sport and leisure facilities” are located in the immediate
vicinity of the reservoirs. The following reservoirs have the highest shares of these areas in the
following sub-catchments: Rybnik (3.2%), Solina (2.9%), Turawa (2.7%), Zegrze (2.2%), and Porabka
(1.8%). These areas also exert a significant impact on the quality of reservoir waters. For example,
the functioning of centres providing services related to recreation and catering outlets, causes an
increase in vehicle traffic and thus, the possibility of pollutions related to, for example, petroleum
substances (Table 3).

Agricultural activities may cause pollution of ground and surface waters with nitrogen and
phosphorus compounds. This is due to the use of excessive fertilization [43]. High concentrations
of nitrogen compounds pose a threat to human and animal health, and in the case of surface waters
(lakes, seas, and rivers), they may cause eutrophication, leading to a disturbed biological balance in the
aquatic environment [34,44]. Intensive agricultural measures cause, among others, surface erosion
in exposed areas, including facilitated washing and transportation of eroded material. The share of
arable land in total catchments is high. The inflow of waters enriched with biogens due to surface
runoff from agricultural areas increase the sediments in the reservoir, inducing phytoplankton blooms.

The highest portion of agricultural areas in the total catchment area was identified in the catchment
basins of Zegrze, Mietkéw (Figure 4), Jeziorsko, Wtoctawek, Sulejow, and Nysa (Table 3). The lowest
portion of agricultural land was found in the total catchment area of the Solina reservoir (Table 3).
In the sub-catchments of the study reservoirs, the highest amount of agricultural land occurs in the
reservoirs of Besko and Bukéwka, up to more than 60%, whereas the lowest area was found in the
sub-catchments of the following reservoirs: Solina, Porabka, Rybnik, and Turawa (Figure 4, Table 3).
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Figure 4. Percentages of particular land use types according to the CORINE classification in the
catchments of the analysed reservoirs: (a) total catchment, (b) sub-catchment.

Concerning the input of sediments and pollutants from agricultural land, the type of crops grown
and the related cropping techniques also play a crucial role for the reservoir water quality. The type of
agricultural land can be identified using the CLC CORINE database. In both total catchments, pasture
(2.3.1) has a larger extent than arable land (2.1), permanent crops (2.2.), and heterogeneous agricultural
areas (2.4). The situation is different in the reservoir sub-catchments. In most of these catchments,
arable land predominates (2.1), except for the sub-catchments of Klimkowka and Porabka reservoirs,
where this land use type was not found. Pastures (2.3) and heterogeneous agricultural areas (2.4)
dominate in the catchments of the latter two reservoirs.

Forest and seminatural areas cover the largest percentage of the surface area in the total catchments
of the following reservoirs: Solina, Besko Klimkéwka, Tresna, and Turawa (Table 3), even more than
60%. In sub-catchments, the largest share of forests was identified for Solina and Klimkdéwka reservoirs
(Figure 4). The smallest share of this land use type was found in the sub-catchments of Jeziorsko,
Mietkow, and Nysa reservoirs (Figure 4). Generally, forests (3.1) dominate over the seminatural areas
in all the analysed catchments (Table 3).
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Finally, wetlands (4) represent a very small percentage of the area. The Zegrze reservoir has the
largest percentage of inland wetlands with 1.1% of the total catchment area. However, in the other
catchments, wetlands do not exceed 0.6%. There were no wetlands in the catchment areas of the 11
reservoirs. In sub-catchments, inland wetlands (4.1) occur only in the following reservoirs: Sulejow,
Jeziorsko, Goczatkowice (Figures 2 and 3), and Nysa. They are located mostly on the inflow to the
reservoirs (Figure 4, Table 3).

The water stored in the wetlands is naturally purified—some of the nutrients contained in the
water are accumulated in peats. Wetlands and deposits of biogenic sediments are natural reservoirs of
organic carbon, which is thus not entering the atmosphere. Therefore, they have a mitigating effect on
the “greenhouse effect” and on climate change in general. However, again, damaged wetlands stop
storing carbon and become sources of greenhouse gas emissions.

The portion of inland waters (5.1) in total catchments ranges from 0.6% (the Pilchowice and
Besko reservoirs) to 7.5% (the Goczatkowice reservoir). In sub-catchments, the share of these areas
increases significantly. The Jeziorsko catchment has the largest share of inland waters (5.1), almost half.
The lowest share of these areas in the total area of the sub-catchment is found in the basins of the Besko
and Zegrze reservoirs (Figure 4, Table 3).

4.2. Water Quality in Main Dam Reservoirs

The threshold value for TN for water quality class I in dam reservoirs is <5.0 mg N/L. Average
concentrations of TN in the analysed reservoirs thus may be classified as class I water quality. The lowest
values are found in reservoirs located in the Carpathians and in waters of the Wloctawek reservoir.
The lowest average values are 0.67 mg N/L for Wioclawek and 0.68 mg N/L for Solina. The highest
average value of TN is recorded for the Turawa reservoir—2.98 mg N/L. This reservoir also had the
highest maximum TN value—6.04 mg N/L, and the greatest variability of this parameter was also
recorded for this reservoir (Figure 5).
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Figure 5. Total nitrogen distribution in analysed reservoirs.

The threshold value for TP for water quality class I is <0.20 mg/L. The water of all analysed
reservoirs does not exceed this value. Average concentrations of TP reflect distinctive differences.
In Carpathian reservoirs, average concentrations are more than six times lower than in reservoirs
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with the highest concentrations, such as Debe, Rybnik, and Turawa, with values above 0.180 mg P/L.
The maximum value of TP of 0.51 mg P/L was recorded for the Turawa reservoir. The largest variability
of TP is also observed in this reservoir (Figure 6).
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Figure 6. Total phosphorus distribution in analysed reservoirs.

In most of the analysed reservoirs, average concentration of nitrate nitrogen did not exceed 1.0 mg
N-NOs/L. Only in Debe, Mietkéw, Pilchowice, Koztowa Gora, Nysa, and Turawa reservoirs did the
average concentrations of nitrate nitrogen exceed 1.0 mg N-NOj/L. The maximum value of nitrate
nitrogen was recorded for the Porabka reservoir, with 7.10 N-NOs/L. The greatest variability of nitrate
nitrogen was also found in this reservoir (Figure 7).
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Figure 7. Distribution of nitrate nitrogen N-NOj in analysed reservoirs.

The highest average concentration of phosphates is found in the Rybnik reservoir, where this value
is amounting to 0.247 mg P-POy/L. The threshold value for water quality class II is <0.130 P-PO,/L.
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The main impact in the reservoir catchment is industry and municipal economy. The lowest average
concentration of phosphates is found in the Wtoctawek reservoir, with 0.03 mg P-PO,/L, which is
similar to the values recorded for the Solina reservoir of 0.05 mg P-PO,/L. In most of the analysed
reservoirs, average phosphate concentrations do not exceed the threshold value for quality class I with
<0.065 mg P-POy/L. Reservoirs with average concentrations reflecting water quality class II for dam
reservoirs include Debe, Sulejow, Jeziorsko, Mietkéw, and Nysa. Exceeding values for water quality
class Il was found only in the Rybnik reservoir with 0.247 mg P-PO,4/L and in the Pilchowice reservoir
with 0.197 mg P-POy/L, respectively. The Kozlowa Gora reservoir has the highest maximum value of
0.61 P-POy4/L (Figure 8).
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Figure 8. Distribution of phosphates in analysed reservoirs.

The analysed reservoirs are mainly characterised by a N:P ratio >20, which means that the
factor limiting phytoplankton development is phosphorus, and nitrogen supply will not cause
further cell growth. In seven reservoirs (Jeziorsko, Nysa, Porabka, Rybnik, Turawa, Wloctawek,
Zegrze) the N:P ratio is in the range of 10-20, i.e., both elements are responsible for excessive
phytoplankton development.

4.3. Ecological Status

The ecological status of water is based on the assessment of biological parameters such as the
indexes of phytoplankton (IFPL), macrophytes (MIR), phytobenthos (IO), benthic macroinvertebrates
(MMI), and ichthyofauna as well as of supporting hydromorphological and physico-chemical
parameters. The ecological status is normally assessed for artificial or heavily modified water
bodies. The evaluation is made on the basis of the classified biological, physicochemical,
and hydromorphological elements. The ecological status is assessed as maximum, good, moderate,
poor, or bad according to the Water Framework Directive [45] and the Polish Journal of Law, 2019 [46].

Twelve of the tested reservoirs have a good ecological status. These include: Klimkowka,
Czorsztyn, Roznéw, Dobczyce, Solina, Besko, Jeziorsko, Bukéwka, Goczatkowice, and the Sota Cascade
dam reservoirs: Tresna and Porabka. The reservoirs: Zegrze, Sulejoéw, Wloctawek, Mietkow, Pilchowice,
Koztowa Goéra, Rybnik, Turawa, and Nysa have a moderate ecological status.

The classification of the chemical status was based on the results of tested priority substances.
Eight reservoirs have a good chemical status: Klimkéwka, Czorsztyn, Roznéw, Dobczyce, Solina,
Besko, Wioctawek, and Nysa. The other reservoirs have a bad chemical status. In most reservoirs,
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a bad chemical status was due to exceeded concentrations of polycyclic aromatic hydrocarbons (PAH):
Benzo(g,h,i)perylen, Indeno(1,2,3-cd)piren.

Generally, the ecological status classification indicates a good status for reservoirs located in the
Carpathians: Klimkéwka, Czorsztyn, Roznéw, Solina, Besko, and Dobczyce. All other reservoirs have
a bad ecological status of water resources.

4.4. Relationships between Land Use and Water Quality

The relationship between water quality and selected total catchment parameters was found to
have a statistically significant negative correlation between the use of forest and semi-natural areas (3)
and TP as well as TP variability (R). This means that a larger percentage of forest and semi-natural
areas within the entire catchment area reduces the concentration of TP and TP variability (R) in the
reservoir itself. No statistically significant correlation was observed between TN content and land
use (classes 1-5) (Table 4). Interesting results were obtained for the TP variability (R) and TN (R) in
the sub-catchments. Statistical analysis showed a significant positive correlation between artificial
surfaces (1) and TP variability (R). A significant positive correlation was found for sub-catchments
regarding artificial surfaces (1) and TN variability (R). Therefore, the increase in the area of artificial
surfaces (1) in the catchments causes greater variability of TP and TN in the reservoir (Table 5).

Table 4. Spearman correlation coefficient values for total catchments describing the relation between
parameters of reservoir water quality and the type of CORINE Land Cover.

Water Quality Artificial Agricultural Forest and .
Parameters Surfaces Areas Semi-Natural Areas Wetlands Water Bodies
TP 0.36412 0.36110 -0.57218 * 0.42127 0.19224
TN 0.37759 0.18052 —0.24295 -0.01969 0.06995
TP (R) 0.36104 0.37082 -0.47762 * 0.35522 0.27529
N (R) 0.38210 0.24671 —-0.27755 -0.02130 0.09703

* statistically significant at p < 0.05. TP—Total phosphorus, TN—Total nitrogen, TP (R)—variability Total phosphorus,
TN (R)—variability Total nitrogen.

Table 5. Spearman correlation coefficient values for sub-catchments describing the relation between
parameters of reservoir water quality and the type of CORINE Land Cover.

Water Quality Artificial Agricultural Forest and .
Parameters Surfaces Areas Semi-Natural Areas Wetlands ~ Water Bodies
TP 0.30833 -0.06182 0.01282 0.21599 0.09046
TN 0.31215 0.03761 —0.19030 0.25900 0.14742
TP (R) 0.50320 * —0.02256 —0.13689 0.38157 0.29033
TN (R) 0.48214 * 0.16698 -0.36029 0.25900 0.22715

* statistically significant at p < 0.055. TP—Total phosphorus, TN—Total nitrogen, TP (R)—variability Total
phosphorus, TN (R)—variability Total nitrogen

5. Discussion

Land use itself does not affect water quality. However, human activities on land use changes
could influence the types and degree of pollution. Therefore, measuring the proportions of certain
land use types in a watershed might enable us to characterise and predict water quality [23].
The use of agricultural, urban (anthropogenic), and forest lands has a significant impact on water
quality [27,29,30,47]. Most studies reveal that forest, natural ecosystem, and grassland areas have a
positive impact on surface water quality [27,48,49], whereas agricultural and artificial surfaces tend
to deteriorate this quality [29,50-53]. Agricultural use mainly causes an increase in water pollution
with nitrogen compounds, and urban areas cause an increase in water pollution with phosphorus
compounds [27,54,55]. Jiao Ding et al. [28] presented different conclusions, stating that agricultural
land use did not have a significant impact on water quality, and instead forest and urban land use had
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a significant impact on water quality. Moreover, Cheng Peixuan et al. [32] states the positive impact of
agricultural use on water. However, it has also been found that the impact of agriculture on water
quality can be masked by the impact of urban land use. In addition, the impact of agricultural land use
on water quality depends on agricultural management practices [28].

Forest areas in sub-catchments of reservoirs can affect the increase in pollution with phosphorus
and nitrogen compounds, and thus cause eutrophication of reservoir waters. Ayhan Usta et al. [30]
shows a significant impact of deciduous forests on the increase in the content of nitrogen compounds.
Decomposition of litterfall as well as excess nitrogen in soil increase the amount of nitrogen in
water causing eutrophication, which is important in the case of a dam reservoir being a source of
drinking water [30]. Soluble P is the most important form exported from grasslands and forestry.
Grasslands lose most P in soluble form due to their dense vegetative cover which precludes particulate
losses [56]. However, generally, forest land use essentially acts as a nutrient/nitrogen retention zone for
plants [28]. Generally, if point sources of pollution are absent, water quality is potentially the best in
reservoirs characterised by a large water depth, a huge water volume, and a small total catchment
area. Consequently, a different and normally lower quality of water is found in shallow reservoirs
with scarce water resources, and large catchment areas, that are used for agriculture, and have a dense
settlement network.

Total nitrogen (TN) and total phosphorus (TP) are indexes characterising biogenic conditions.
High values of biogenic substances in reservoirs, particularly phosphorus, lead to their eutrophication,
often triggering algal bloom. Poland-wide, the main factor causing nitrogen and phosphorus pollution
from dispersed sources is agriculture, producing 79.24% of nitrogen load and 96.7% of phosphorus load.

In the case of the analysed reservoirs, it is noted that the Rybnik reservoir has the highest average
concentrations of PO43 and the high contents of TP, since artificial surfaces in the total catchment area
constitute 23.9% and in the sub-catchment 36.1% of the area (Tables 6 and 7).

High average concentrations of PO,> and TP also characterise the water of the Pilchowice
reservoir, where the share of artificial surfaces in the total catchment is 10.4% (Table 8). In the case of
this reservoir, the share of TN and N-NOs" is greater, which is influenced by agricultural areas in total
and sub-catchments occupying over 40% of the area (Tables 9 and 10).

A clear impact of agricultural land on high values of TN concentration can be observed for the
Zegrze and Mietkow reservoirs, where the average TN values exceed 2.5 mg/L. The water of both
reservoirs is characterised by similar average concentrations of N-NOj™ (1.87 and 1.77 mg/L). The share
of agricultural land in total catchments of these reservoirs exceeds 60%, and in sub-catchments it is
close to 48% (Tables 10 and 11).

The average concentration of TN exceeding 2.0 mg/l is found in the water of the Sulejow
reservoir—the share of agricultural land in the total catchment of this reservoir is 54% and in
the sub-catchment—29%. The water of this reservoir is characterised by low concentrations of
N-NO3—0.67 mg/l. In this case, nitrogen is supplied from agricultural areas from the catchment
draining into the reservoir. Agricultural areas in the sub-catchment and total catchment of the Nysa
reservoir have the same portions—53%. An elevated average TN value of 1.84 mg/L can be observed in
the water of this reservoir. Also, in this reservoir, increased concentrations of TP are found—0.140 mg/1,
which may similarly result from the almost 9% share of artificial surfaces in the sub-catchment (Tables 6
and 8). The concentration of TN in the water of these reservoirs is characterised by high variability,
which results from the periodic inflow of larger amounts of nutrients during the fertilization of arable
land, whereas lower values correspond to the growing season.
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Table 6. Matrix of relationships between the main types of sub-catchment area use and total nitrogen (TN) content in reservoir waters.
Artificial Artificial Artificial Artificial Artificial = Agricultural Agricultural Agricultural Agricultural Agricultural Agricultural
TN mg N/L Surfaces Surfaces Surfaces Surfaces Surfaces Areas Areas Areas Areas Areas areas
0.0-5.0% 5.1-10% 10.1-20% 20.1-30.0% >30.1% 10.0-20.0%  20.1-30.0%  30.1-40.0%  40.1-50.0%  50.1-60.0% >60.0%
0.50-1.00 Solina .
R<10 Crorsztyn Besko Solina Czorsztyn Besko
Oi? 0;1(())0 Wioctawek Porabka Porabka Wioctawek
101150 Loznow
e Klimkéwka Klimkéwka Roznéw Bukéwka
R<1.0 .
Bukowka
1.01-1.50 Goczatkowice Goczatkowice
R>1.0
1.01-1.50
R>20 Dobczyce Tresna Tresna Dobczyce
1.51-2.0
R<1
1.51-2.0
R>1 Nysa Nysa
1.51-2.0 . Koztowa Jeziorsko
R>2 Jeziorsko Gora Koztowa
Gora
2.01-2.50
R>1
2.01-2.50 - . . -
R<19 Sulejow Rybnik Rybnik Sulejéw
2.01-2.50
R>20
2.51-3.00
R<1.0
2.51-3.00 . . . .
R<20 Pilchowice Pilchowice
- Z Mietkd
2.51-3.00 Mietkow egrze Turawa erkow
R>20 Turawa

Zegrze
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Table 7. Matrix of relationships between the main types of sub-catchment land use and total phosphorus (TP) content in reservoir waters.

Forest and Forest and Forest and Forest and Forest and Forest and
TP mg P/L Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Wetlands Wetlands Wetlands Wetlands Wetlands
g Areas Areas Areas Areas Areas Areas 0.0-0.5% 0.6-1.0% 1.1-2.0% 2.1-5.0% >5.0%
0.0-10.0% 10.1-20.0% 20.1-30.0% 30.1-40.0% 40.1-60.0% >60.0%
0.01-0.02 . Solina
R < 0.010 Besko Solina Besko
0.01-0.02 L Klimkowka
Dob
R>0.011 obezyce Klimkéwka Dobczyce
0.021-0.03 L .
R < 0.020 Bukoéwka Bukoéwka
Czorsztyn
0.021-0.03 Jeziorsko Czorsztyn Roznoéw Tresna Roznéw Jeziorsko
R > 0.021
Tresna
0.031-0.04
R <0.020
Mietkow
0.031-0.04 C . Koztowa Koztowa .
R > 0.021 Mietkow Goczatkowice Géra Porabka Céra Goczatkowice
Porabka
0.041-0.05
R < 0.020
0.041-0.05
R >0.021
0.051-0.09
R < 0.020
0.051-0.09 . . Sulejow Pilchowice Sulejow
Nysa ]
R > 0.021 y Pilchowice Turawa Turawa Nysa
>0.091
R <0.109
>0.091 Rybnik Wioctawek Zegr w1ze§r‘ZNe K
R > 0.110 ybni octawe egrze octawe

Rybnik
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Table 8. Matrix of relationships between the main types of total catchment area use and total nitrogen (TN) content in reservoir waters.

19 of 28

Forest and Forest and Forest and Forest and Forest and Forest and
TN mg N/L Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Wetlands Wetlands Wetlands Wetlands Wetlands
8 Areas Areas Areas Areas Areas Areas 0.0-0.5% 0.6-1.0% 1.1-2.0% 2.1-5.0% >5.0%
0.0-10.0% 10.1-20.0% 20.1-30.0% 30.1-40.0% 40.1-60.0% >60.0%
0.50-1.00 Czorsztyn . Solina
R<1.0 Bukowka Solina Bukoéwka Czorsztyn
0.50-1.00 Wioctawek Besko Besko
R>1.0
Porabk
1.01-1.50 Porabka .y oraba
R<10 Rond Klimkowka Roznow
: oznow Klimkéwka
1.01-1.50 Goczatkowice Goczatkowice
R>1.0
1.01-1.50
R>20 Dobczyce Dobczyce
1.51-2.0
R<1
1.51-2.0
R>1 Nysa Nysa
151-2.0 . Koztowa Jeziorsko
Jeziorsko . Koztowa
R>2 Gora .
Gora
2.01-2.50
R>1
2.01-2.50 . .
R<19 Rybnik Rybnik
2.01-2.50 . .
R>20 Sulejow Sulejow
2.51-3.00
R<1.0
2.51-3.00 . . . .
R<20 Pilchowice Pilchowice
2:51-3.00 Mietkow Zegrze Turawa Tresna Mietkow Zegrze

R>20
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Table 9. Matrix of relationships between the main types of total catchment area use and total phosphorus (TP) content in reservoir waters.

20 of 28

Forest and Forest and Forest and Forest and Forest and Forest and
TP mg P/L Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Wetlands Wetlands Wetlands Wetlands Wetlands
Areas Areas Areas Areas Areas 0.0-0.5% 0.6-1.0% 1.1-2.0% 2.1-5.0% >5.0%
10.1-20.0% 20.1-30.0% 30.1-40.0% 40.1-60.0% >60.0%
0.01-0.02 Solina Solina
R < 0.010 Besko Besko
?{' O>1 OOO(l)i Dobczyce Klimkéwka Klél(r)r];lzg;vclza
%Oil(; 8205’ Bukéwka Bukowka
0.021-0.03 . Czorsztyn Jeziorsko  Czorsztyn
R >0.021 Jeziorsko Roznéw Tresna Tresna Roznow
0.031-0.04
R < 0.020
G towi Mietkow
0.031-0.04 Mietkéw oczatkowice Goczatkowice
R > 0.021 Koztowa Koztowa
Gora Gora
Porabka Porabka
0.041-0.05
R < 0.020
0.041-0.05
R >0.021
0.051-0.09
R < 0.020
Pilchowice Sulejow
0.051-0.09 Sulejow Turawa Pilchowice
R > 0.021 Turawa
Nysa
Nysa
>0.091
R <0.109
>0.091 Zegrze . Rybnik
R>0.110 Wloc%awek Rybnik thlclawek Zegrze
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Table 10. Matrix of relationships between the main types of sub-catchment land use and total phosphorus (TP) content in reservoir waters.

Artificial Artificial Artificial Artificial Artificial = Agricultural Agricultural Agricultural Agricultural Agricultural Agricultural
TP mg P/L Surfaces Surfaces Surfaces Surfaces Surfaces Areas Areas Areas Areas Areas Areas
0.0-5.0% 5.1-10% 10.1-20% 20.1-30.0% >30.1% 10.0-20.0% 0.1-30.0% 30.1-40.0%  40.1-50.0%  50.1-60.0% >60.0%

0.01-0.02

R < 0.010 Solina Besko Solina Besko
0.01-0.02 s 1 s
R > 0.011 Klimkowka Dobczyce Klimkowka Dobczyce
0.021-0.03 . .
R < 0.020 Bukowka Bukowka
Czorsztyn .
0.021-0.03 Roznéw Tresna Tresna Czorsztyn J ez19r§ko
R >0.021 . Roznow
Jeziorsko
0.031-0.04
R<0.020
0.031-0.04 Koztowa Mietkow
R Mietkow Gora Porabka
R > 0.021
Porabka Koztowa
a Gora
0.041-0.05 . .
R < 0.020 Goczatkowice Goczatkowice
0.041-0.05
R >0.021
0.051-0.09
R <0.020
Turawa
0.051-0.09 Sulejéw Nysa Turawa Sulejow Pilchowice Nysa
R >0.021 . .
Pilchowice
> 0.091 . .
R <0.109 Rybnik Rybnik
> 0.091 Wrhoctawek Zegrze Wrioctawek Zegrze

R>0.110
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Table 11. Matrix of relationships between the main types of total catchment area use and total phosphorus (TP) content in reservoir waters.

22 of 28

Artificial Artificial Artificial Artificial Artificial = Agricultural Agricultural Agricultural Agricultural Agricultural Agricultural
TP mg P/L Surfaces Surfaces Surfaces Surfaces Surfaces Areas Areas Areas Areas Areas Areas
0.0-5.0% 5.1-10% 10.1-20% 20.1-30.0% >30.1% 10.0-20.0%  20.1-30.0%  30.1-40.0%  40.1-50.0%  50.1-60.0% >60.0%
0.01-0.02 Solina .
R < 0.010 Besko Solina Besko
0.01-0.02 s s
R > 0011 Klimkéwka  Dobczyce Klimkowka Dobczyce
0.021-0.03
R < 0.020
0.021- 0.03 Czorsztyn Czorsztyn
Roznow Roznow
R > 0.021 . .
Jeziorsko Jeziorsko
0.031-0.04 . .
R < 0.020 Bukéwka Bukéwka
0.031-0.04 Tresna )
R > 0.021 Mietkow Tresna Mietkow
0.041-0.05
R < 0.020
Koztowa Koztowa
(;'{0410_%'2015 Goéra Goczalkowice Porabka Gora
> U Porabka Goczatkowice
0.051-0.09 Suleicw
R < 0.020 e
0.051-0.09 . Turawa . . . .
Sul N
R > 0.021 ulejow Nysa Pilchowice Turawa Pilchowice ysa
> 0.091
R <0.109
> 0.091 . .
Zegrze Wrhoctawek Rybnik Rybnik Wioctawek Zegrze

R>0.110
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Table 12. Matrix of relationships between the main types of sub-catchment area use and total nitrogen (TN) content in reservoir waters.

Forest and Forest and Forest and Forest and Forest and Forest and
TN mg N/L Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Semi-Natural Wetlands Wetlands Wetlands Wetlands Wetlands
g Areas Areas Areas Areas Areas 0.0-0.5% 0.6-1.0% 1.1-2.0% 2.1-5.0% >5.0%

0.0-10.0% 101-200%  20.1-30.0%  30.1-40.0%  40.1-60.0%  AYeas>60%

0.50-1.00 . Czorsztyn
R<10 Czorsztyn Solina Solina
0.50-1.00 Besko
R>10 Besko Wioctawek Wioctawek
Roznéw
1.01-1.50 . y -y Bukéwka
R<10 Bukéwka Roznéw Porabka Klimkéwka Porabka
Klimkowka
1ig 1;1'30 Nysa Goczatkowice Nysa Goczatkowice
1.01-1.50
R>20 Dobczyce
1.51-2.0
R<1
1.51-2.0
R>1
1.51-2.0 Jeziorsko Koztowa Koztowa Jeziorsko
R>2 Gora Gora
2.01-2.50
R>1
2.01-2.50 . .
R<19 Rybnik Rybnik
2.01-2.50 .. ..
R>20 Sulejow Sulejow
2.51-3.00
R<1.0
2.51-3.00 . . . .
R <20 Pilchowice Pilchowice
Mietkow
2.51-3.00 Zegrze Tresna
: : Mietkow Tresna Turawa Zegrze
R>20 Turawa
Wioctawek

Wioctawek
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Table 13. Matrix of relationships between the main types of total catchment area use and total nitrogen (TN) content in reservoir waters.

24 of 28

TN mg N/L

Artificial
Surfaces
0.0-5.0%

Artificial
Surfaces
5.1-10%

Artificial
Surfaces
10.1-20%

Artificial
Surfaces
20.1-30.0%

Artificial
Surfaces
>30.1%

Agricultural Agricultural Agricultural Agricultural Agricultural Agricultural

Areas
20.1-30.0%

Areas
10.0-20.0%

Areas
30.1-40.0%

Areas
40.1-50.0%

Areas
50.1-60.0%

Areas
>60.0%

0.50-1.00
R<1.0

0.50-1.00
R>1.0

1.01-1.50
R<1.0

1.01-1.50
R>1.0
1.01-1.50
R>20
1.51-2.0
R<1
1.51-2.0
R>1
1.51-2.0
R>2
2.01-2.50
R>1
2.01-2.50
R<1.9
2.01-2.50
R>20
2.51-3.00
R<1.0
2.51-3.00
R<20

2.51-3.00
R>20

Besko

Klimkoéwka

Sulejow

Mietkow
Zegrze
Turawa

Czorsztyn

Roznéw
Bukowka
Porabka

Dobczyce
Tresna

Nysa

Jeziorsko

Goczatkowice

Koztowa
Gora

Pilchowice

Rybnik

Besko

Klimkowka

Porabka

Tresna

Rybnik

Turawa

Goczatkowice

Koztowa
Goéra

Czorsztyn

Roznéw

Bukowka

Dobczyce

Pilchowice

Nysa

Jeziorsko

Sulejow

Mietkow

Zegrze
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In the Turawa reservoir, the share of agricultural land in the total catchment is 32.4%, and in the
sub-catchment, only 18.0%. The share of artificial surfaces is similar in both catchments, 6% (total
catchment) and 5.3% (sub-catchment). The highest average and maximum concentrations of TP and
TN among all analysed reservoirs are recorded in this reservoir. The main type of land use in the
catchment of this reservoir is forests. Their share in the total catchment is 60%, and in the sub-catchment,
45% (Tables 7 and 12). According to CLC Land Cover, these are deciduous forests. The increased
contents of TP and TN do not result from land use, and most likely come from point sources of
pollution, which may be inefficient sewage treatment plants and illegal discharge of sewage from
unsewered areas.

An unfavourable ratio of the share of agricultural land area to forests occurs in the sub-catchments
of the Goczatkowice and Dobczyce reservoirs. In the sub-catchment of the Goczatkowice reservoir,
agricultural areas cover 34%, and forest areas 14%. In the sub-catchment of the Dobczyce reservoir,
46% of the area is agricultural and forests cover only 17% (Tables 7 and 11-13). In these reservoirs, we
can observe increased levels of TN, and these are drinking water reservoirs.

Generally, no negative impact on the increase of TN content was found for forests located in
sub-catchments. In sub-catchments of the Klimkéwka and Solina reservoirs, forest areas occupy 63%
of the area and these are mainly deciduous forests. Consequently, the water of these reservoirs has
low TN and TP values (Tables 12 and 13). There is a significant difference between total catchment
and sub-catchment land use. Figure 4 illustrates that the percentages of the different land use in the
total- and the sub-catchment area are showing a quite similar distribution. Obviously, the waterbody
percentage is much larger in the sub-catchment areas due to the presence of the reservoir itself.
However, in the Rybnik and Tresna sub-catchment areas, the artificial land use is much larger than in
the total catchment due to the sub-catchment consisting mainly of industrialised and urbanised areas
of the Upper Silesian Metropolitan Area with a population of 5.3 million.

6. Conclusions

In addition to fulfilling the main functions, the creation of dam reservoirs created a great
opportunity for the development of adjacent areas, especially in sub-catchments of the reservoirs.
In spatial development plans and other planning documents, these areas should be excluded from
further investment in the form of, for example, the creation of new buildings, recreational and leisure
areas, or intensive agriculture. In the reservoir sub-catchments, the functioning of existing natural
structures should be strengthened and mainly forest utilisation and natural ecosystems should be
introduced. The conservation of rushes and wetlands in sub-catchments has a significant impact on
reducing the direct supply of nutrients to the reservoirs. All planning documents for these areas should
include water protection issues.

Dam reservoirs play an important role for the adaptation to climate change. The primary
role should be to maintain the reservoirs’ water quality. The improvement of water quality can be
achieved by limiting the inflow of pollutants from the catchment area of the reservoir. The analysis
of land use data clearly indicates a possible negative impact of area pollution sources on water
quality. CLC data facilitate the implementation of sustainable development principles in the reservoir
basins by introducing measures to prevent water pollution and improve water quality management.
One solution may be to introduce ecotone zones to reduce nitrogen inflow from agricultural areas.
Moreover, increasing the share of forest and semi-natural areas has a positive effect on water quality.
Based on the analysis of CLC data, it is therefore possible to analyse the current development of the
reservoir catchment areas in order to properly plan its future use. In catchments of reservoirs with
poor or endangered water quality, artificial and agricultural areas should be limited, and forest and
semi-natural areas expanded, especially in sub-catchments.

In this article we showed that an important factor influencing water quality of the analysed dam
reservoirs is the way of land use/land cover of the area of both the entire reservoir catchment and
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the sub-catchment. In addition, we believe that CLC data are useful in objectively identifying and
assessing impacts on water quality in reservoirs exerted by land use in their catchment areas.
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