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Abstract

:

In this study, the river system and the surface drainage system (SDS) operating during heavy rainfall in two Carpathian catchments located in foothills and medium-high mountain areas were compared. The results revealed that regardless of the differences in the river systems and physiographical parameters of the catchments, the SDS operating during heavy rainfall becomes similar. This similarity is reflected in the density of the SDS (11.5–12.2 km·km−2) and the structure of the SDS, confirmed by Hortonian-type analysis. This similarity in the SDS was discussed in the context of the geomorphological transformation of the hillslopes and the hydrological response of a catchment to heavy rainfall.
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1. Introduction


A surface drainage system (SDS) is one of the most important components in a catchment. The system influences runoff [1,2], type and intensity of geomorphological processes as well as sediment and nutrients transport [3,4,5,6,7,8]. Therefore, drainage system development and functioning have brought the attention of scientists since the 1950s [9,10,11,12,13,14,15,16]. Works by R.E. Horton [10], A.N. Strahler [11] and S.A. Schumm [12] were pioneering in this area. These works, among others, have revealed that the drainage network is a dynamic component of the catchment and changes with different types of hydro-meteorological conditions, catchment relief and geology [17]—review [18,19,20,21,22]. The papers also showed that the structure of the natural-origin drainage system reflects geo-morpho-climatological conditions of the region, where this system was developed [13,16]. Those relationships were the base for integrating hydrologic, ecologic and geomorphologic dynamics of river basins [9]—review. In the Carpathians, the density of a river drainage system is usually up to 3.5 km·km−2 [23,24,25]. However, during hydro-meteorological events, such as rainfall or thaws, the surface drainage system changes. The changes result from the incorporation of the river system, including (1) natural-origin elements (such as smaller lateral valleys or incisions conditioned by micro-relief) and (2) man-origin incisions (e.g., paved and unpaved roads, ditches and plough furrows). The density of the man-origin elements exceeds the density of the natural-origin valley system at least two times [26,27,28,29,30] and some of them (roads) are preserved in the environment for centuries [29]. During extreme hydro-meteorological events such as heavy rainfalls, when the most preferable conditions for the overland flow formation occur [1], the natural- and man-origin incisions operate as one ‘real’ SDS. So far, knowledge about the parameters of these systems is limited, mainly due to the difficulties in the reconstruction of the ‘real’ SDS, which had been made in the post-event investigation and covered small areas [17,18,21,22]. The ALS-LIDAR data released in recent years gave a new opportunity in the ‘real’ SDS reconstruction and characterization [27,28].



In the West Carpathians there are two large sub-regions: foothills and medium–high-mountain terrains (known as Beskidy) which differ in terms of natural (climate, relief and structure of land cover) and man-made settings (land use and settlement conditions) influencing the development of a river drainage system, and man-origin elements which may be incorporated to the SDS. The literature lacks studies focusing on changes in the SDS in flysch catchments located in the Carpathians and operating under different hydro-meteorological conditions. Therefore, the goals of this study are (1) to compare the SDS in catchments located in two different physiographical regions of the West Carpathians, with respect to two phases of a catchment functioning: ‘normal conditions’ (when the groundwater aquifer is drained) and ‘extreme conditions’ (when catchment is affected by heavy rainfall) and (2) to discuss how the modified SDS may influence geomorphological transformation and hydrological response of a catchment.




2. Materials and Methods


In order to reach the goals of this study, the operation of the SDS during extreme hydro-meteorological conditions was reconstructed according to the methodology described by Bryndal and Kroczak [27].



The main steps of this methodology were related to:



(1) The development of high resolution (1.0 × 1.0 m) Digital Elevation Model (DEM), enabling detection of the natural- and man-origin incisions which differed in terms of the types and size (e.g., concaves/incisions resulted from relief, paved/unpaved roads and ditches etc.). The DEM was developed on the base of a ground layer consisting of point data from ALS-LiDAR (data from ISOK project database were used). The density of points was 4–6 pct·m−2 and vertical errors were up to 0.15 m.



(2) Pre-processing of the DEM and its adaptations for hydrological analyses. The DEM created from LiDAR data reflects ‘real’ terrain surface. This denotes that the bridges, culverts, footbridges, etc. (which normally allow water to flow through them) are reflected as ‘artificial dams’ which disturb the natural gravity flow. In order to create the SDS, which is similar to this functioning in real conditions, the DEM must be hydrologically corrected. The bridges, culverts and footbridges were ‘burned’, using a typical algorithm implemented in GIS software.



(3) Delineation of the stream. The streams were generated using typical procedures implemented in GIS software. The D8 algorithm was selected for a flow accumulation procedure. The streams were identified using the head channel areas [27,28] (Table 1), which were calculated for models of catchments contributing to the development of 1st-order streams.



The reconstructed SDS has been characterized quantitatively by several measures. These were: (1) the number (n), (2) total length (km) and (3) mean stream length (km), (4) the density of streams (km·km−2), (5) mean catchment area drained by i-order streams (km2) as well as (6) the bifurcation (RB), (7) the length (RL) and (8) the area (RA) ratios [10,11]. In the authors’ opinion, these measures enable comprehensive characterization of the surface drainage system and evaluation of the internal structural changes in the SDS.



The SDS operating during heavy rainfall has been compared to the river drainage system, which operates in ‘normal’ conditions when the groundwater aquifer is drained. The river drainage system was obtained from the MPHP 10 database (Hydrographic Map of Poland at a scale 1:10,000)—the most detailed source of information related to hydrological units in Poland.



The comparison allowed us to assess the changes in the SDS occurring during extreme hydro-meteorological events and gave the background for discussion about the changes in the SDS in the context of the hydrological response of a catchment.




3. The Study Area


Two flysch catchments located in the Carpathian foothills (Zalasówka) and Beskidy-medium-high mountain areas (Bystrzanka) have been selected for this study (Figure 1). The catchment areas are 9.2 km2 (Zalasówka) and 12.9 km2 (Bystrzanka). There are small differences in the shape of the catchments. The Zalasówka catchment is more elongated (circularity ratio Ck = 0.52) than the Bystrzanka catchment (Ck = 0.64). The bedrocks of the Zalasówka catchment are composed of loess-like deposits covering the sandstones and shales of the Sillesian Napppe [31]. The bedrocks of Bystrzanka are composed of weathered sandstones and shales of Magura Nappe [32]. The mantle is composed of clay with a large content of stone fraction, which covers hillslopes (up to several meters in thickness). The Luvisoils prevails in the Zalasówka catchment, whereas the Dysrtic Cambisols, classified as medium and heavy clays [33], dominate in the soil cover of the Bystrzanka catchment. In spite of differences in geology and the soil cover, the catchments are characterized by a relatively low water infiltration rate—up to 36 mm·h−1 (based on soil permeability classification [34]. The catchments differ in terms of relief characteristics. The average slope gradient is higher in Bystrzanka (9°) than in the Zalasówka (7°) catchment. Significant differences are observed in each range of the slope gradient (Figure 1b), which indicates that the relief energy in the Bystrzanka catchment is higher. The pattern (the dendritic type with a little asymmetry of right-site tributaries) of the river system is comparable in both catchments (Figure 1); however, the densities are different (1.5 km·km−2 Zalasówka vs. 2.3 km·km−2 Bystrzanka).



The catchments differ in terms of land cover. In the Zalasówka catchment, the land cover is composed of arable lands (33%), grasslands (33%) and forest (20%). The category ‘others’, which represents 14% of the catchment area, refers to built-up areas, orchards, gardens and roads (Figure 1). The settlement development resulted in fragmentation of rural areas and, consequently, a dense road network (7.4 km·km−2) was developed. The Zalasówka may be considered a representative type of agricultural catchment for the Carpathian Foothills.



In the Bystrzanka catchment, the southern part of the catchment is covered by forest (46%). The remaining part is covered by grasslands (36%) and, to a lesser extent arable lands (9%). The ‘other’ category represents 9% of the catchment area (orchards and gardens—5%, roads and build up areas—4%). Agricultural fields (arable land, grassland) are divided similarly to the fields in the Zalasówka catchment; however, forests create one compact complex (Figure 1c). The Bystrzanka may be considered an agricultural-forested type of the catchment located in medium-high mountain areas—Figure 1.




4. Results


4.1. Characterization of the River Drainage System


The parameters of the river drainage system are presented in Table 2 and Figure 2a and Figure 3. In light of so-called Hortonian analysis, the river drainage systems in both catchments are slightly different. In the Zalasówka catchment, the river drainage system is developed to a 3rd-order stream and the system is composed of 18 stream segments (according to Strahler topology [11]). In the Bystrzanka catchment, the maximum stream order is 4 and the system is composed of 60 stream segments. Generally, the number of stream segments in each i-order stream is 3–4 times higher in the Bystrzanka catchment than in the Zalasówka catchment. It denotes that the system is better developed in the catchment located in medium-high mountain areas (Beskidy). In both catchments a mean rate of the river system development is comparable. The bifurcation ratio is in the range of 3.6–3.8 and the exponent in the regression line ranges from −1.27 (Bystrzanka) to −1.32 (Zalasówka)—Table 2 and Figure 3a.



In the Zalasówka catchment, the mean density of a river system related to the catchment area as all has reached 1.5 km·km−2 and the mean densities related to the catchments drained by i-order streams are enclosed between 1.33 km·km−2 and 2.13 km·km−2 (Table 2). In the Bystrzanka catchment those parameters are a little higher, meaning that the river system is better developed. The mean density of the river system reached 2.3 km·km−2 and the internal differences related to catchments drained by i-order catchments are enclosed in the range 1.5–3.8 km·km−2 (Table 2).



In the Zalasówka catchment, the mean length of the 1st-order stream is 0.47 km and the mean stream lengths of consecutive i-order streams are on average 2.8 times longer (RL ratio). The internal differences, characterized by the quotients of consecutive i-order streams, are relatively low (Li2/Li1 = 2.7, Li3/Li2 = 2.9). In the Bystrzanka catchment, the mean length of the 1st-order stream is 0.33 km and the mean stream lengths of consecutive i-order streams are, on average, 3.2 times longer (RL ratio). In the Bystrznka catchment, the internal rates of the river system development are more diversified (Li2/Li1 = 1.3, Li3/Li2 = 2.5) than in the Zalasówka catchment. These differences are the most noticeable for the highest stream order (Li4/Li3 = 5.7) and may be explained by the morphology of the catchments, which forces the development of the highest order stream in the upper part of the catchment (Figure 2a).



In the Zalasówka catchment, the mean catchment area drained by the 1st-order stream reaches 0.33 km2 and the mean areas of the catchments drained by consecutive i-order streams are, on average, 5.6 times larger (RA). In the Bystrzanka catchment, where the river drainage system is better developed, those parameters amount to 0.15 km2 and 4.5, respectively (Table 2). The internal differences in the river system development in the Zalasówka catchment (Ai2/Ai1 = 7.5; Ai3/Ai2 = 3.7) are higher compared to the Bystrzanka catchment (Ai2/Ai1 = 4.5; Ai3/Ai2 = 4.6 and Ai4/Ai3 = 4.4). The differences in the river system development may be explained by the morphology of the catchments where a 1st-order catchment drains a significant part of the catchment (Figure 1 and Figure 2).



The comparison of the river systems in both catchments indicates that the systems slightly differ in terms of the stream density and parameters arising from Hortonian-type analysis such as: the maximum steam order, the number of streams and, consequently, the mean length of the i-order stream and mean area drained by the i-order stream. The results indicate that the river drainage system is better developed in the Bystrzanka catchment, located in the medium-high mountain area. Taking into account the differences in the river systems, the question is: how does the surface drainage system change during extreme hydro-meteorological conditions in those catchments?




4.2. Surface Drainage System Operating during Heavy Rainfall and Its Changes in Relation to the River Drainage System


The parameters of the river drainage system are presented in Table 2 and Figure 2b and Figure 3. During heavy rainfall, the SDS-s differ from the river system significantly. These differences are reflected in the density and the internal structure of the systems. In the Zalasówka catchment, the density of the SDS has increased 8 times (from 1.5 km·km−2—river SDS to 12.2 km·km−2—heavy rainfall SDS). In the Bystrzanka catchment (where the river system was better developed), this increase has been fivefold (from 2.3 km·km−2 to 11.5 km·km−2—respectively). Moreover, there are internal alterations of the SDS, which are reflected in parameters resulting from so-called Hortonian-type analysis. The maximum stream has risen to 5th-order in both catchments. The number of streams in the SDS has increased 50 times in the Zalasówka (from 18 stream segments for the river system to 893 stream segments for the SDS operating during heavy rainfall) and 16 times in the Bystrzanka (from 60 to 989, respectively). The increases related to i-order streams have ranged from 37 to 52 in the Zalasówka catchment and from 9 to 17 in Bystrzanka catchment (lower increases may be explained by the fact that the river system is better developed). The mean rates of the surface drainage system development characterized by the bifurcation ratios are comparable in both catchments 5.2 (Zalasówka) and 5.6 (Bystrzanka). The comparable rate of the SDS development is confirmed by similar values of the exponents in the regression line (−1.62 Zalasówka; −1.63 Bystrzanka).



Similar internal alterations of the SDS are reflected in mean stream length and mean stream area. For the SDS operating during heavy rainfall, the mean stream length of 1st-order streams reaches c.a. 0.1 km in both catchments and it is up to 4 times smaller compared to this value for the river system (0.47 km—Zalasówka and 0.33 km—Bystrzanka). Generally, up to 4th-order streams, the rates of the SDS development do not change and they are comparable in both catchments (the quotient range is around 2—Table 2). Higher differences occur for the highest stream order (Li5/Li4≈6), what may be explained by the morphology of the catchments, which (similar to river SDS) forces development of the highest order stream in the upper part of the catchment (Figure 2). The log-plot (Figure 2b) has indicated that the system may be considered monogenetic and the exponents in the regression line show that the mean rates of the SDS development are comparable (1.03—Zalasówka vs. 0.97 Bystrzanka)—Figure 2b.



For the SDS operating during heavy rainfall, the mean catchment area drained by the 1st-order stream has reached c.a. 0.01 km2 in both catchments and it is up to several times smaller compared to the river system (0.33 km2—Zalasówka and 0.15 km2—Bystrzanka). Up to the 4th-order stream, the development of the SDS operating during heavy rainfall has been comparable in both catchments, with a lower diversity (quotients range from 4.8 to 5.5) in the Zalasówka than in the Bystrzanka catchment (quotients range from 5 to 5.5)—Table 2. Higher differences have occurred for the highest order stream, especially in the Bystrzanka catchment (Ai5/Ai4 = 9.4). The log-plot (Figure 2c) has shown that the system may be considered monogenetic and the exponents in the regression line has shown that the rates of the SDS development are similar (1.72—Zalasówka vs. 1.76 Bystrzanka)—Figure 2b.





5. Discussion


The surface drainage system determines environment functioning including landscape transformation, water-, bio- and geochemical cycles [3,4,6,8,9,35,36,37,38,39]. Taking into account the role of the surface drainage system for catchment functioning, the core is the knowledge about their parameters.



The literature review indicates that the natural-origin drainage system usually brings the attention of the scientist. The works focus on the characterization of the surface drainage system and its functioning [10,11,12,13,14,15,16,17,18,19,20,21,22,24,27,28,38,39,40]. However, the SDS changes during different hydro-meteorological events, especially during extreme events. So far, investigations focusing on the changes of the SDS operating during extreme rainfall are usually carried out in small (A < 0.1 km2) experimental catchments and had been generally the background for hydrological studies [41,42,43]. In the studies, the lack of focus on SDS alteration in larger catchments resulted from difficulties in SDS reconstruction (the source data were mainly post-event field mapping which is restricted in terms of the area [25]. In the authors’ opinion, investigations of the SDS are important in larger catchments, especially those where flash floods occurred. In the Carpathians the catchments have an area of less than 40 km2 [44,45]. They may contribute to the explanation of the hydrological response of a catchment and support a flood risk management process [44,45,46,47,48]. The ALS-LIDAR data released in recent years have given a new opportunity in this research field. The proposed methodology [27] allows the reconstruction of the SDS operating during heavy rainfall in a small flysch catchment. This, in turn, enables the complex analysis of the SDS. This study is one of the first works where the river drainage systems and the SDS operating during heavy rainfall were compared in two catchments located in two different geographical regions of the West Carpathians. The catchments are comparable in terms of area, shape, geology and soil cover permeability but differ in terms of relief, river drainage system and land cover. The river drainage system is better developed in the Bystrzanka catchment, located in medium-high mountain terrain. This is confirmed by higher drainage density (2.3 Bystrzanka vs. 1.5 km·km−2 Zalasówka) and Hortons’ and Schumms’ [10,12] parameters e.g., maximum stream order (4 in Bystrzanka vs. 3 in Zalasówka) and the number of stream segments in the system (60 vs. 18, respectively). More stream segments in the river system denote that the mean stream length and the mean catchment area drained by i-order streams are lower (those parameters are up to 4 times lower in the Bystrzanka compared to Zalasówka) and the catchment is better drained. In spite of the internal differences (quantified by quotients of i-order streams) in the river drainage system development, the log-plots indicate that the systems are nearly homogeneous, and the exponents in the regression equation indicate that mean rates of the river system development are comparable in both catchments (with a little lower values in the Bystrzanka: NiZ = −1.32 vs. NiB = −1.27; LiZ = 1.02 vs. LiB = 0.97; AiZ = 1.66 vs. AiB = 1.50)—Figure 3.



During extreme hydro-meteorological events, the surface drainage system changes significantly. The changes have been observed in each parameter used in the SDS description. The density of the SDS operating during heavy rainfall increases several times (5–8) and this parameter is comparable in both catchments (12.2 km·km−2 Zalasówka and 11.5 km·km−2 Bystrzanka). Slightly higher values in Zalasówka, which represent an agriculture type of foothills catchment, may arise from land usage (plough furrows reach up to 16% of the SDS structure [27]).



Comparison of the SDS operating during heavy rainfall in both catchments, in light of so-called Hortonian-type analysis, has revealed that the systems seem to be similar in terms of the internal structure, especially up to 4th-order streams, which drain the hillslopes (Figure 2b). This similarity is especially noticeable in the number of streams the mean stream length and mean catchments area drained by i-order streams (Figure 2). For example, the differences in the number of streams (related to i-order) in the river system have been in the range from 3 to 4. During heavy rainfall, the differences have been significantly lower (1.0–1.3). For the mean stream length, these values reached 1.4–3.4 (river system) and 0.8–0.9 (heavy rainfall), whereas for the mean catchment area, they reached 2.3–3.1 (river system) and 0.9–1.0 (heavy rainfall). The similarity in the system operating during heavy rainfall is also confirmed by similar values of the exponents in the equation characterizing the regression line (−1.62 Zalasówka vs. −1.63 Bystrzanka for the stream number; 1.02 Zalasówka vs. 0.95 Bystrzanka for the mean stream length and 1.72 Zalasówka vs. 1.76 Bystrzanka for the mean catchments area)—Figure 3a.



The river density and the rate of the system development (both mean rates characterized by RB, RL and RA ratios and internal differences characterized by quotients between consecutive i-order streams) in the Zalasówka and Bystrzanka catchment are comparable with the river systems developed in other Carpathians catchments [39,40]. At this stage of the investigation, it is difficult to compare the SDS operating during heavy rainfall to other flysch catchments in West Carpathians, due to the lack of this type of analysis. Reconstruction of the SDS is a time-consuming process and requires both field and cameral work, especially at the stage related to DEM optimization [27]. However, these preliminary results are promising and the authors are going to expand the investigations.



Modification in the drainage system operating during heavy rainfall influences geomorphological transformation of the hillslopes and valley bottoms through erosion, transport and deposition processes. This is confirmed by many studies: [4]—review; [6,25]—review; [46,49]. More developed SDS is the cause of intensified linear erosion on the slope; this, in turn, causes fragmentation of the flysch slopes. It was observed i.a. in the Bystrzanka and neighboring catchments after rainfalls in 2010 [37]. In these episodes, many places, where linear erosion occurred and which were associated with episodic streams, developed on natural and man-origin incisions. Rainfall parameters, catchments physiographic parameters and pre-event conditions are the factors which determine the amount of surface runoff and consequently the type and the intensity of geomorphological processes. Those facts are emphasized in the literature many times [44,50,51,52,53,54] and our observations in these two catchments support all those statements.



The geomorphological importance of the streams is predominantly related to their order, land use and land cover—to all the factors that also determine surface resistance to erosion [28]. In the 1st-order streams, where runoff begins and the head channel areas are the smallest, the geomorphological transformation by linear erosion and soil wash of the hill slopes are higher. Those elements of the SDS tend to have a higher influence on the transformation of the flysch catchments, contrary to streams draining grasslands or forests [27]. This observation is confirmed by the research conducted in Bystrzanka. It was revealed that during 30 years of collecting data, the soil wash on arable lands was almost 340 times higher than in grassland and above 95% higher at the potato plots in relation to other crops [53,55].



The most intense geomorphological transformations are associated with those parts of the SDS which use the roads and ditches as channels. The literature states that more developed SDS supplements the delivery of the sediment material to the river channel increases [3,56,57]. Considering the fact that the West Carpathians region is relatively densely populated (The Polish part of Carpathians includes 139 people·km−2 and in rural areas 100 people·km−2) [58] and the agriculture area is strongly fragmented, roads are one of the most important sources of sediment transported in the channel [3,7,56]. According to Froehlich and Walling [3], in the Carpathians, in high-medium mountains (Beskid Sądecki), unpaved roads provide 70%–80% of suspended sediment transported in the stream channel and this may cause road deepening around 6.6 mm per year. The roads also play an important role in the transformation of the hill slopes in the afforested catchment [25,46,57,59].



In the authors’ opinion the changes in the SDS may partially explain higher susceptibility of the catchment to flash flood occurrence [44,45,46], because incorporation of man-origin incisions to the SDS are important factors influencing the hydrological response of the catchment [9,22,36]. Better development of the SDS results in better drained hillslopes because the stormwater moves directly to the 1st-order streams, where the water flow velocity is higher. It is worth noticing that changes in the SDS have caused the mean catchment area drained by 1st-order streams to decrease (from 0.33 km2 Zalasówka and 0.15 km2 Bystrzanka to 0.01 km2—both catchments) but the percentage of catchment area drained by those segments has increased (from 50% to 65% in Zalasówka and from 49% to 61% in Bystrzanka catchment). Taking into account the fact that (1) the water flow velocity in the Carpathian flysch slope ranging from 10° to 17° may exceed 100 cm·s−1 in unpaved roads (but only 8–9 cm·s−1 on grassland fields and 13 cm·s−1 on ploughed fields [49]) and (2) the similar flow velocity that has been recorded on the unpaved roads may be expected within other man-made incisions (e.g., ditches, plough and furrows) which are incorporated into the SDS and contribute up to 35% of the SDS [27,28], the consequence in the hydrological response of a catchment may be significant. These aspects related to the influence of ‘real’ SDS operating during heavy rainfall on flood wave parameters are investigated rarely. The examples are a reconstruction of the flood wave parameters after the rainfall 26/27 June 2009 in the Zalasówka [47] and after two rainfalls events (16/17 May and 7/8 August 2014) in the Bystrzanka catchment [28]. Both use the GIUH hydrological model, where information about changes in the SDS was incorporated by Horton’s and Schumm’s parameters. The results revealed that the hydrological model fits better the hydrograph when the RB, RL and RA parameters are calculated for the ‘real’ SDS, which operated during heavy rainfall [28,36,47]. Changes in the SDS were reflected in Qmax and the modified SDS affects the peak flow predominantly, causing the increase of up to 10.79% in a medium-high mountain (Bystrzanka) catchment and 20% (denser the SDS) for the foothills catchment (Zalasówka).




6. Conclusions


This note presents preliminary results of the research where parameters of the surface drainage system (river and SDS operating during heavy rainfall) in two catchments located in different geographical regions of the flysch Carpathians are compared. The main conclusions may be formed as follow:



(1) In the Bystrzanka catchment located in medium-high mountain areas, the river drainage system is better developed compared to the Zalasówka catchment located in a foothills areas catchment.



(2) During heavy rainfall, the river drainage system changes significantly. Their density increases from 5 (Bystrzanka) to 8 (Zalasówka) times, reaching 11.5 and 12.2 km·km−2, respectively. Moreover, the internal structure of the SDS changes what is reflected in Hortonians’ and Schumms’ parameters. The most significant changes occur in the 1st- and 2nd-order streams which drain the hillslopes. These changes cause the hillslopes and all catchments to be better drained.



(3) The SDS which operate during heavy rainfall seems to be similar in terms of density and Hortons’ and Schumms’ parameters. Results of this study require further evaluation in order to justify regularity; however, this conclusion is especially important for practice because changes in the drainage system influence the type and intensity of hydrological and geomorphological processes determining catchments functioning. Those aspects are going to be investigated by the authors in the future.
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Figure 1. Localization and hypsography of Zalasówka and Bystrzanka catchments—(a), slope gradient—(b), and land cover—(c). Source: Authors’ elaboration based on DEM, Hydrographic Map of Poland (MPHP10) and ortophoto maps. 
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Figure 2. River drainage system (a) and the surface drainage system operating during heavy rainfall (b) in the catchment located on the foothills (Zalasówka) and medium-high mountain areas (Bystrzanka) in context of Hortonian-type analysis. Topology according to Strahler [11]. Source: Authors’ elaboration based on [27,28]. 
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Figure 3. Surface drainage system development in the Zalasówka (1) and Bystrzanka (2) catchments. Ni—number of streams—(A), Li—mean stream length—(B), Ai—mean catchments area drained by i-order stream—(C). Source: Authors’ elaboration based on [27,28]. 
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Table 1. The head channel areas contributing to the streams development.
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	Model
	Type of the Land Cover
	The Head Channel Area (ha)





	I
	Arable lands
	0.29



	II
	Forests
	0.88



	III
	Grasslands, orchards and gardens
	0.45



	IV
	Paved roads and build-up areas
	0.11







Source: Authors’ elaboration based on [27,28].
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Table 2. Statistics of the river drainage systems (RDS) and surface drainage system operating during heavy rainfall (HRDS).
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Stream

Order

	
Number of Streams

(n)

	
Total Stream

Length

(km)

	
Mean Stream Length

(km)

	
Stream Density

(km·km−2) *

	
Mean Catchment

Area

(km2)






	

	
RDS

	
HRDS

	
RDS

	
HRDS

	
RDS

	
HRDS

	
RDS

	
HRDS

	
RDS

	
HRDS




	
Zalasówka catchment




	
1

	
14

	
693

	
6.58

	
67.15

	
0.47

	
0.1

	
1.42

	
11.13

	
0.33

	
0.01




	
2

	
3

	
155

	
3.78

	
22.17

	
1.26

	
0.23

	
1.33

	
15.57

	
2.49

	
0.05




	
3

	
1

	
37

	
3.66

	
13.12

	
3.66

	
0.59

	
2.13

	
11.50

	
9.20

	
0.23




	
4

	
-

	
7

	
-

	
4.57

	
-

	
1.24

	
-

	
12.53

	
-

	
1.28




	
5

	
-

	
1

	
-

	
6.09

	
-

	
7.33

	
-

	
18.98

	
-

	
9.20




	
Average

	
RB = 3.8

	
RB = 5.2

	
-

	
-

	
RL = 2.8

	
RL = 3.2

	
1.5 **

	
12.2 **

	
RA = 5.6

	
RA = 5.7




	
Sum

	
-

	
-

	
14.0

	
113.1

	
-

	
-

	
-

	
-

	
-

	
-




	
Bystrzanka catchment




	
1

	
44

	
747

	
14.72

	
87.2

	
0.33

	
0,12

	
2.3

	
11

	
0.15

	
0.01




	
2

	
12

	
185

	
5.10

	
29.14

	
0.43

	
0,16

	
3.8

	
14.7

	
0.65

	
0.05




	
3

	
3

	
47

	
3.25

	
19.18

	
1.08

	
0,41

	
2.8

	
10.8

	
2.98

	
0.25




	
4

	
1

	
9

	
6.20

	
6.31

	
6.20

	
0,7

	
1.5

	
9.5

	
13.00

	
1.37




	
5

	

	
1

	

	
6.9

	

	
6,9

	

	
11.2

	

	
12.94




	
Average

	
RB = 3.6

	
RB = 5.6

	
-

	
-

	
RL = 3.2

	
RL = 3.9

	
2.3 **

	
11.5 **

	
RA = 4.5

	
RA = 6.2




	
Sum

	
-

	
-

	
29.27

	
148.7

	

	

	
-

	
-

	

	








RB, RL, RA—the bifurcation ratio, the mean length ratio, the mean area ratio, *—calculated in relation to sub-catchment area drained exclusively by i-order stream, **—calculated for all catchment area. Source: Authors’ elaboration based on [27,28].
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