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Abstract:



The fluvial process is characterized by an intense meandering riverbed. The aim of this study was to perform a reconstruction of the lateral migration of a 15 km length of an active meandering river during the period 1930–2016. River morphological changes were analyzed and quantified from cadastral maps and aerial photographs as well as by geodetic survey and GIS. Hydrological characteristics and extreme hydrological events were evaluated in relation to bank erosion rate. The rate of bank erosion was markedly different from the long-term studied meanders, just like in the short-term period. During the 87 years of observation (from 1930 to 2016), the length of the Kolubara River was enlarged by 3.44 km. The average migration rate of the Kolubara River for monitored meanders in the period 1930–2010 was 1.9 m·year−1, while in the period 2010–2016, the average migration rate was 3.3 m·year−1. The rate of bank erosion was more intensive across the entire short-term period than during the longer period, and the maximum annual rate of bank erosion during the period 2010–2016 varied between 0.3 and 11.5 m. It is very likely that in the period from 2010, frequent discharge variations and rapid change of its extreme values caused more intensive bank erosion. These research results will be valuable for river channel management, engineering (soft and hard engineering), and planning purposes (predicting changes in river channel form) in the Kolubara River Basin.
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1. Introduction


Lateral channel migration and the stability of rivers are of particular interest from geomorphic, engineering, and ecological points of view. Active meandering rivers are one of the most dynamic and sensitive elements of the landscape [1], and the causes of the rate of riverbank erosion are various, complex, and usually the result of interaction between natural processes and human activities.



The natural factors that can determinate the intensity of bank erosion are numerous. A large number of previous studies have demonstrated that tectonic and geomorphologic characteristics of the river basin, channel geometry, bank material composition (cohesiveness of the materials, etc.), flow characteristics (variability of river discharge and water level, etc.), and vegetation are the main natural factors that affect bank erosion [2,3,4,5,6]. Furthermore, the increasing extent of human activities (regulation, etc.) and climate change may also have notable effects on river systems. However, bank erosion is a complex process and the interaction of numerous factors can determine changes in the river course, bank erosion intensity, sediment regime and the environmental and land use [7,8,9,10,11,12]. In this study, an analysis was conducted to investigate the effects of different variables on the intensity of the Kolubara riverbank erosion.



Bank erosion and lateral channel migration are the most important geomorphologic processes in the alluvial plain in the southern part of the Pannonian Basin [13,14,15,16] and Eastern Carpathians [17,18,19,20,21]. Bank erosion in the Serbian territory is one of the most dynamic and sensitive geomorphologic processes which are currently not being performed for the whole territory, as fluvial and geomorphologic studies in post-Yugoslavian countries are quite rare. Therefore, there are only a few results of bank erosion intensity and the consequences of changes in river course for different rivers in Serbia have been presented, without any short-term period analysis [22,23,24,25,26].



Previous research has shown that the lower part of the Kolubara River is highly mobile, with a sequence of changes that were analyzed from historical maps and aerial photographs [27,28]. River channel changes such as intensive bank erosion and accretion, lateral channel migration, and cut-offs dominate the geomorphologic-hydrological processes in the lower part of the Kolubara River Basin, which can be connected to natural processes and human activity. The lower part of the Kolubara River (as an alluvial river) responds to valley-slope deformation caused by the sinking of active tectonics in various ways, depending on the rate and amount of lateral migration and bank erosion. A map of the active tectonic movements of the Kolubara’s basin shows that almost the whole area of the lower part of the Kolubara valley is slowly sinking under tectonic movements [27,29] of the southern part of the Pannonian Basin [3,4,30,31,32]. It is well known that the discharge represents the main active force for river bed modeling [19,33,34,35]. The Kolubara River has the highest coefficient of discharge variation in comparison to other larger river basins in Serbia, and has a misbalanced ratio between high and low waters [36]. The Kolubara River has an unfavorable water regime, which is reflected in the excessiveness of water runoff, with floods that are sudden, expressive, and short-term [37,38]. Thus, hydrological characteristics and extreme hydrological events were also evaluated in relation to bank erosion. The human influences on the hydrological network in the study area have been intensive since 1959, when huge regulation works were constructed in the lower part of the Kolubara River Basin by diverting the Kolubara channel into the right tributary of the Pestan channel [24,26]. Lateral channel migration has caused serious socio-economic and environmental consequences due to losses of arable land, land use changes, and flood hazards, as well as economic loss due to the reduction of agricultural production [25].



The fluvial process in this section is characterized by an intense meandering riverbed and the basic idea was to perform a reconstruction of channel changes on a 15 km reach of one such active meandering river during the period 1930–2010 (long-term bank erosion), as well as to show and analyze the recent state and the results of monitoring on the most endangered riverbanks (short-term active bank erosion in six of the most endangered meanders) for six years (2010–2016). The bank-line migration was measured by overlay analysis of the bank lines of several successive periods from 1930 to 2010, according to the date of the cadastral maps and aerial photographs (1930–1959; 1959–1981; 1981–2010), geodetic survey and using the unmanned aerial vehicle Sense Fly eBee in the period 2010–2016. By comparing the data from different periods, we determined the morphological changes in the course of the Kolubara River over the 87-year period. Thus, we reconstructed the lateral evolution of these meanders since 1930, quantified their recent mobility in the few last years, and determined the causes of bank erosion.



The aims of this paper were to (1) quantify the spatial and temporal variability of lateral channel migration in the analyzed sector of the Kolubara River and determine similarities and differences, (2) determine causes and consequences, and (3) assess the relationship between the hydrological characteristics (the mean and bank-full discharge, frequency and magnitude of peak flows and flood events) and the rate of bank erosion. Aside from its fundamental significance, the results of this research are applicable in the field of water resource management—and hydro-technical work—as well as in different aspects of the protection and promotion of the environment (particularly within the concept of sustainable development). In addition, the results form the basis for finding adequate solutions for the rehabilitation of endangered riverbanks, the kind of solutions (soft and hard engineering) that can be applied to stop lateral erosion, and predict changes in river channel form and their consequences in the study area. A better understanding of river channel migration in this area will be of great importance for practical issues such as predicting channel migration rates for river engineering and planning purposes, soil and water management, and land use changes.




2. Study Area


The Kolubara River Basin is situated in the western part of Serbia, has a flow length of 86.4 km and basin surface of 3638.5 km2, and is classified as a middle-sized river within the territory of Serbia (88,361 km2). It is the last large tributary of the Sava River and confluences with it 30 km from Belgrade. In this study, we analyzed the lower part of the Kolubara River (about 15 km length), between the confluences of the Turija and Tamnava Rivers, which is the area where bank erosion and lateral migration processes are the most intensive (Figure 1).


Figure 1. Study area: the Kolubara River Basin in Serbia.
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The Kolubara River flows through different landscapes, and this diversity is reflected in the relief, geologic structure, and age of some parts of the basin, and in the geotectonic complexity of the terrain through which the river flows. The drainage basin consists of Mesozoic and Cenozoic igneous and sedimentary rocks and Palaeozoic metamorphic rocks [25,39]. The drainage basin is open towards the north, the highest point is at 1346 m and the lowest has an altitude of 73 m. The average altitude of the Kolubara River Basin is small (272 m) and the average slope is 6.1°.



By analyzing the amount of annual rainfall in the Kolubara River Basin in the period 1959–2010, it can be concluded that the Kolubara River Basin has a continental-pluviometric regime, which is characterized by maximum rainfall at the beginning of summer and a minimum rainfall in the winter [40,41,42]. The average annual rainfall in the Kolubara River Basin was 809 mm for the period 1959–2010 [36].



The Kolubara River has the highest coefficient of monthly flow variation in comparison to other larger river basins in Serbia, with a very misbalanced ratio between high and low waters. The mean discharge of the Kolubara River for the period 1959–2016 was 16.1 m3·s−1 (recorded at the Beli Brod gauging station). The largest mean annual discharge during the observation period was in the 1970s at 39 m3·s−1, while the 1990s had the lowest with a mean annual discharge of 4.9 m3·s−1. The lowest value of annual maximum discharge was approximately 25 m3·s−1, and the river flows of 100- and 1000-year return periods were 740 and 960 m3·s−1, respectively [38]. In 2014, the absolute highest daily discharge at the Beli Brod gauging station was recorded at 954 m3·s−1 [43].



Tectonic movements have had a huge impact on the genesis and morphological evolution of the hydrological network of the Kolubara River Basin, while fluvial erosion and human impact have influenced the present form of the network. To understand the lateral migration of the study area, the geomorphological characteristics were analyzed in detail. The influences of the natural factors on the rate of channel migration, lateral erosion and accumulation in the lower parts of the Kolubara river valley have been fully explained in previous research described in References [26,28]. The tectonic characteristics of this area, or more precisely the major fault lines, have influenced the orientation of the hydrological network in the Kolubara River Basin. The fault lines extend diagonally and follow the right bank of the Kolubara River (Figure 1). A map of the active tectonic movements of the Kolubara River Basin shows that almost the whole area of the lower part of the Kolubara valley is slowly sinking under tectonic movements [29,37]. This has caused the eastward channel migration of the Kolubara River and its tributaries, and is indicated by a large number of abandoned riverbeds and cut-off meanders. In the area of the lower part of the Kolubara valley, there are 89 fossil fluvial forms: the left river bank has 64, and the right bank 25. The average Kolubara channel slope is 1.27 m·km−1 while in the analyzed area, the average channel slope is 0.51 m·km−1, which causes slow water drainage, river meandering, sediment deposition, etc.



Additionally, many other natural factors were presented that were favorable for the intense bank erosion of the Kolubara River. The Kolubara River channel has a width of 25–35 m, riverbank height varies from 5 to 7 m and are unprotected by vegetation as the near-bank vegetation is poorly represented. The study area is characterized by agricultural production and an agricultural population as agricultural land comprises 75% of the total area. The agricultural land structure is suitable, with uncultivated (fallow) land accounting for only 4.5% with cultivated land at 95.5% (which is 72.2% of the total area). Cultivated land is mostly arable land (92.4%), orchards (5.1%), and, to a lesser extent, meadows.



Aside from natural factors, the human influences on the Kolubara’s hydrological network have been intensive. In the Kolubara River Basin, there is a large open pit of lignite, and the Kolubara River separates the mining basin into two parts: eastern and western. Surface mining of coal in the Kolubara lignite basin began in 1952, and regulation works on the Kolubara River and its tributaries began in 1959/60 with the aim of opening new mining fields. To facilitate the lignite extraction in 1959, the Kolubara River was diverted into the Pestan River (its right tributary) [24,26]. Following this first phase, during 1976, 1981 and 2000, new regulation works to divert the Kolubara riverbed and its tributaries were undertaken [26]. The meandering riverbeds influenced the evolution of the riverbanks, where the process of undermining and the concave river bank collapsing were the most significant. The lack of riverbank defense strategy has resulted in significant river bank movement in history.




3. Materials and Methods


Numerous approaches to studying bank erosion processes have been developed for spatial and temporal extent [44]. Some are concerned with the direct measurement of bank retreat processes, while others focus on inferring bank erosion processes from large spatial scale assessments of channel change, typically in laterally migrating rivers [45,46].



In recent years, there has been an increase in the use of aerial photographs in fluvial process studies, especially to provide a means to assess past river bank erosion rates [47,48,49,50,51,52]. The history of river channel migration can be described using sequential aerial photographs or over longer timescales, historical maps. In this study, we used cadastral maps from 1930, a series of aerial photographs from 1959 and 1981, and orthophoto images from 2010 to determine the area of the Kolubara River bank erosion and lateral migration. Each aerial photograph (from 1981) was scanned so that every pixel on each photograph represented a ground area value of 1 × 1 m. For this study, a total of 43 GCPs (ground control points) were used to georeference the three aerial photographs. At the end of the georeferencing process, the residual error of each GCP did not exceed six meters. The highest residual for a ground control point was 5.91 m and the lowest was 0.27 m. The RMS error (Root Mean Square error) of the GeoTIFFs ranged from 2.14 to 3.94 m. Using the GeoMedia Professional GIS software, we digitized the Kolubara shorelines (both left and right) in each observed period. Aerial photographs, orthophoto images, and cadastral maps that were used in this study were from the Gauss-Krüger projection and World Geodetic System 1984. The shorelines were already determined from the cadastral maps from 1930, and were easily digitized, but we had to define and delineate the stream channel line on the aerial photographs and orthophoto images. There are many methods to denote channel boundaries; some of them use the limits of vegetation or changes in vegetation type [53]. In this study, we applied the method proposed by Gurnell [54] and Winterbottom [55]. The channel banks were easily detected since the Kolubara River banks are mostly arable land, with non-vegetated (or grass only) parts. For the purpose of consistency, one person carried out all of the digitizing; furthermore, the two digitized channel boundary lines were processed using GeoMedia Professional software tools to generate a channel centerline, which was used to calculate the channel length and channel migration rate [56,57,58,59,60].



In this study, we also calculated the rate of bank erosion and accretion. To calculate the erosion and accretion separately for each side of the river, we copied the digitized left shoreline from each period into a new GIS layer and repeated the process for the right shoreline. Using GeoMedia Professional tools, we created polygons that represented the difference between the two positions in each period of study, and a polygon between the first and last period, which represented the erosion and accretion during the observed period. Comparing the left bank from 1930 to 1959, the erosion polygons were positioned on the left side of the shoreline from 1930, and the accretion polygons were positioned on the right side of the 1930 shoreline. To assess erosion and accretion of the right bank, we applied the same process with one change: the polygons to the left of the 1930 shoreline represented accretion and polygons, the right of the 1930 shoreline represented erosion. The same method was used for the left and right shoreline in 1959, 1981 and 2010, respectfully.



Based on the results related to longer-term bank erosion (1930–2010), we selected six of the most endangered meanders where the intensity of bank erosion and lateral channel migration was the most intensive. Thus, for the short-term period analysis (2010–2016), we monitored six of the most endangered meanders with geodetic survey and using the unmanned aerial vehicle SenseFly eBee (with 5 cm resolution). The data obtained by monitoring the meander position were used for determining the annual bank erosion rate. Loss of soil due to bank erosion was calculated by superimposing the bank lines during the assessment year on those of the previous year in the GIS platform.



It is very likely that, in the period from 2010, frequent discharge variations and rapid change of its extreme values caused more intensive bank collapse. Many authors [61,62,63,64,65] have shown that changes in the frequency and magnitude of peak flows and flood events are an essential part of the historic dynamics of river channels where flood events lead to a considerable increase in bank erosion.



During flood events, the bank line in the active meander can be eroded for several meters; therefore, changes in river hydrology (e.g., changes in the stage or in the frequency of floods due to environmental changes) can significantly alter the long-term tendencies in channel migration. This was proven in May 2014 after the flood wave passed. The range of erosion rates increases as the average monthly discharges and average yearly discharges increase.



To recognize the hydrological changes of the river from 1959 to 2016, hydrological parameters that determine channel form were analyzed. Long-term and short-term changes in the water discharge and the modification of the annual water regime were determined. The dataset of 1959–2016 was split into three periods according to the dates of available aerial photographs: 1959–1981; 1982–2010; and 2010–2016, thus allowing the hydrological factors underlying the morphological changes to be identified. Long and short-term daily hydrological data for the studied section were taken from the Beli Brod gauging station [43]. The bank-full discharge value (105.14 m3·s−1 with 1.12 year probability) was calculated using the Chezy-Maning formula [66], and cross-section profiles were obtained by geodetic survey.



To establish a connection between the dynamics of the riverbank movements and occurrence of high discharges in the Kolubara River, we found a strong existing connection exists. The analysis included three sets of variables: average annual riverbank movement, ABE (m·year−1); the mean annual discharge, Qy (m3·s−1); and the average number of days per year with discharge exceeding a selected threshold. In this case, we examined the thresholds of 80, 90, 100 and 105 m3·s−1. The most appropriate threshold was of 90 m3·s−1, or the number of days during the year with a discharge greater than 90 m3·s−1. This is a discharge of 15 m3·s−1 less than the required (or 86% of its value). When it emerges, the water level in the river is only 0.5 m lower than the upper edge of the minor riverbed, which does not reduce the effect of high water on the eroding process.




4. Results


4.1. Long-Term Bank Erosion (1930–2010)


The bank erosion process influences river morphology changes. By monitoring this process in the most endangered areas (river meanders), we collected data which helped us determine the spatial and temporal variability of riverbank erosion and accretion in the study area. The length of the Kolubara River in the study area was 11.56 km in 1930, 12.89 km in 1959, 14.25 km in 1981, 14.63 km in 2010, and 15 km in 2016. During the 87 years of observation (from 1930 to 2016), the length of Kolubara River was enlarged by 3.44 km (Figure 2).


Figure 2. Successive channel planform changes for period 1930–2016 along the study area.
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The most intensive change of the Kolubara River occurred during the period 1959–1981, when the riverbed extended by 1.36 km (an average of 62 m·year−1) in the study area. During the period 1930–1959, the length of the riverbed of the Kolubara increased by 45.9 m per year (1.33 km), during the period from 1981 to 2010, only 0.01 m·year−1. However, it is important to note that during 2006, the Kolubara River cut the neck of the meander near the confluence of the Tamnava River, which caused the river course to the east. In this way, the length of Kolubara River is shorter by 1.12 km [27]. This would last for the period 1981–2010 with an increase in length of 1.51 m·year−1, or an average of 52.1 m·year−1. This shows that the process of fluvial erosion is still dominant, and that this sector is still characterized by a high intensity of fluvial erosion.



A comparison of the cadastral maps from 1930 with the aerial photographs from 1959 revealed that the Kolubara channel migrated 38.9 m (20.3 m to the left and 18.6 m to the right). During this period, the average lateral migration rate of the Kolubara River was 1.34 m·year−1. Comparing the aerial photographs from 1959 and 1981, we calculated that the Kolubara channel migrated for 32.2 m, which means 18.4 m to the left and 13.8 m to the right. The average migration rate of the Kolubara River during this period was 1.46 m·year−1. The analysis of the last observation period was undertaken using the aerial photographs from 1981 and orthophoto images from 2010 (Figure 3). During this period, the Kolubara channel migrated by 28.9 m, 13.1 m to the left and 15.8 m to the right, with an average migration rate of 0.99 m·year−1.


Figure 3. Bank erosion and accretion between 1930 and 2010.
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The analysis of erosion and accretion plots of the Kolubara River banks showed that the total area of erosion from 1930 to 2010 was 124.2 ha (1.242 km2), of which 63.4 ha was on the left bank and 60.8 ha on the right bank. The accretion area from 1930 to 2010 was 65.6 ha on the left bank and 71.9 ha on the right, which meant that the total area of bank accretion was 137.5 ha or 1.375 km2 (Table 1). The erosion process was stronger by 26.6% in the period between 1959 and 1981 when compared to the period of 1930–1959. In the last period of observation (from 1981 to 2010), the erosion process stabilized, and the average annual erosion rate was 36.8% lower than in the previous period. The accretion annual rate in the period between 1959 and 1981 was higher by 37.5% when compared to the period 1930–1959. In the last period of observation, the accretion annual rate was 31.5% lower than the period 1959–1981.



Table 1. Area of riverbank erosion and accretion of the Kolubara River from 1930 to 2010.







	
Time Span

	
Area of Erosion (ha)

	
Area of Accretion (ha)




	
Left Bank

	
Right Bank

	
Total

	
Left Bank

	
Right Bank

	
Total






	
1930–1959

	
23.3

	
22.2

	
45.5

	
22.8

	
24.4

	
47.2




	
1959–1981

	
24.0

	
19.1

	
43.1

	
16.4

	
25.5

	
41.9




	
1981–2010

	
16.1

	
19.5

	
35.6

	
26.4

	
22.0

	
48.4




	
Total (1930–2010)

	
63.4

	
60.8

	
124.2

	
65.6

	
71.9

	
137.5










In our analysis, we identified 96 erosion plots on the left and 95 erosion plots on the right banks of the Kolubara River. The total area of left bank erosion plots was 63.4 ha and the total area of right bank erosion plots was 60.8 ha. On the left bank, there were no erosion plots larger than 3 ha, while on the right bank, three erosion plots were larger than 3 ha. In contrast, there are 24 erosion plots smaller than 0.1 ha on the left bank and 31 on the right bank (Table 2).



Table 2. Distribution of the bank erosion.







	
Areas of Left Bank Erosion (ha)

	
Areas of Right Bank Erosion (ha)




	

	
<0.1

	
0.1–0.5

	
0.5–1

	
1–2

	
2–3

	
3–4

	
>4

	
Total

	
<0.1

	
0.1–0.5

	
0.5–1

	
1–2

	
2–3

	
3–4

	
>4

	
Total






	
1930–1959




	
Number of plots

	
2

	
6

	
7

	
9

	
1

	
0

	
0

	
25

	
5

	
6

	
4

	
8

	
1

	
1

	
0

	
25




	
Total area (ha)

	
0.07

	
1.3

	
5.4

	
14

	
2.5

	
0

	
0

	
23.3

	
0.1

	
1.2

	
3

	
12

	
2.2

	
3.7

	
0

	
22.2




	
(%) of total

	
0.3

	
5.6

	
23.2

	
60.1

	
10.8

	
0

	
0

	
100

	
0.5

	
5.4

	
13.5

	
54.1

	
9.9

	
16.6

	
0

	
100




	
1959–1981




	
Number of plots

	
3

	
9

	
8

	
7

	
2

	
0

	
0

	
29

	
6

	
11

	
6

	
5

	
0

	
1

	
0

	
29




	
Total area (ha)

	
0.2

	
2.5

	
6.2

	
10.5

	
4.6

	
0

	
0

	
24.0

	
0.02

	
3.2

	
4.7

	
7.4

	
0

	
3.8

	
0

	
19.1




	
(%) of total

	
0.8

	
10.4

	
25.8

	
43.8

	
19.2

	
0

	
0

	
100

	
0.1

	
16.7

	
24.6

	
38.7

	
0.

	
19.9

	
0

	
100




	
1981–2010




	
Number of plots

	
19

	
10

	
8

	
5

	
0

	
0

	
0

	
42

	
20

	
7

	
7

	
6

	
0

	
1

	
0

	
41




	
Total area (ha)

	
0.3

	
3

	
5.6

	
7.2

	
0

	
0

	
0

	
16.1

	
0.5

	
1.9

	
5.3

	
8.1

	
0

	
3.7

	
0

	
19.5




	
(%) of total

	
1.9

	
18.6

	
34.8

	
44.7

	
0

	
0

	
0

	
100

	
2.6

	
9.7

	
27.2

	
41.5

	
0

	
19.0

	
0

	
100










The total area of accretion plots was 137.5 ha. There were 95 accretion plots with an area of 65.6 ha on the left bank and 95 with the area of 71.9 ha on the right bank. On the left bank, there was an accretion plot with an area of 7 ha and one with the area of 3.8 ha. Two accretion plots on the right bank were larger than 3 ha (3.2 and 3.6 ha). There were 23 accretion plots smaller than 0.1 ha on the left bank and 21 on the right bank (Table 3).



Table 3. Distribution of the accretion plots.







	
Areas of Left Bank Accretion (ha)

	
Areas of Right Bank Accretion (ha)




	

	
<0.1

	
0.1–0.5

	
0.5–1

	
1–2

	
2–3

	
3–4

	
>4

	
Total

	
<0.1

	
0.1–0.5

	
0.5–1

	
1–2

	
2–3

	
3–4

	
>4

	
Total






	
1930–1959




	
Number of plots

	
6

	
4

	
6

	
6

	
3

	
0

	
0

	
25

	
7

	
5

	
4

	
7

	
4

	
0

	
0

	
27




	
Total area (ha)

	
0.2

	
1.3

	
4.6

	
10.4

	
6.3

	
0

	
0

	
22.8

	
0.2

	
1.5

	
3.1

	
9.6

	
0.1

	
0

	
0

	
24.4




	
(%) of total

	
0.9

	
5.7

	
20.2

	
45.6

	
27.6

	
0

	
0

	
100

	
0.8

	
6.2

	
12.7

	
39.3

	
41

	
0

	
0

	
100




	
1959–1981




	
Number of plots

	
4

	
12

	
8

	
3

	
0

	
1

	
0

	
28

	
3

	
10

	
3

	
10

	
2

	
1

	
0

	
29




	
Total area (ha)

	
0.09

	
2.4

	
5.4

	
4.7

	
0

	
3.8

	
0

	
16.4

	
0.05

	
2.8

	
2.6

	
12.6

	
4.2

	
3.2

	
0

	
25.5




	
(%) of total

	
0.6

	
14.6

	
32.9

	
28.7

	
0

	
23.2

	
0

	
100

	
0.2

	
11

	
10.3

	
49.4

	
16.5

	
12.6

	
0

	
100




	
1981–2010




	
Number of plots

	
13

	
11

	
10

	
7

	
0

	
0

	
1

	
42

	
11

	
12

	
9

	
5

	
1

	
1

	
0

	
39




	
Total area (ha)

	
0.3

	
2.1

	
7.2

	
98

	
0

	
0

	
0.07

	
26.4

	
0.2

	
3.1

	
6

	
7

	
2.1

	
3.6

	
0

	
22.0




	
(%) of total

	
1.1

	
8

	
27.3

	
37.1

	
0

	
0

	
26.5

	
100

	
0.9

	
14.1

	
27.3

	
31.8

	
9.5

	
16.4

	
0

	
100










Therefore, the analysis showed that the largest changes in the morphology of the Kolubara riverbed occurred in the period 1959–1981. During this period, the most intense lateral migration occurred, which allowed the formation of a number of cut-off meanders, loss of land, etc. Furthermore, during this period, the regulation works to prepare the site for lignite exploitation in the Kolubara lignite basin were performed, which meant that the Kolubara riverbed was diverted into the Pestan riverbed tributary in the research section.



However, it is also important to determine whether the weather changes in the natural conditions intensified fluvial erosion during this period. Detailed analysis of climatic and hydrological conditions in Kolubara River Basin showed whether the intensification of natural activity in the research period caused the intensification of fluvial erosion (bank erosion). Mathematical calculations showed that the mean annual discharge in the observed period (1959–2016) decreased by an average intensity of 0.37 m3·s−1 (−2.3%) per decade, or a total loss per trend line of 2.11 m3·s−1 (−13.2%/58 years) (Figure 4). However, the trend of the mean annual discharge changes was not statistically significant and the tendency of decreasing discharges could be considered irrelevant by the Man Kendall test.


Figure 4. Trend of the mean annual discharge of the Kolubara River measured at the Beli Brod gauging station in the periods of 1959–2016, 1959–1981, and 1982–2010.
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By dividing the observed period into two parts (1959–1981 and 1982–2010), the difference in discharge trends were significant. The first period had more waters and the trend of increasing discharge was 2.35 m3·s−1 (13.3%) per decade, or a total increase per trend line of 5.16 m3·s−1 (29.1%/23 years). The second period was dryer: only six years had discharges above the average value. During this period, the trend of increasing discharge was 1.32 m3·s−1 (9%) per decade, or a total increase per trend line of 3.70 m3·s−1 (25.3%/29 years). In the period 1959–1981, there was significantly more water than in the period 1982–2010, so the trend line (1959–2016) decreased overall. The variations of annual discharges of the second period were more significant when compared to the first period, and the extreme values occurred more often. In most cases, the mean annual discharge was in the range of usual fluctuations, which indicated that nothing unusual happened with the mean annual discharge in the period from 1959 to 2016.



In most cases, the maximal monthly discharge during the period 1959–2010 appeared in June, May, and April, and this period may be characterized as the most vulnerable for bank erosion. All of the above-mentioned indicated that more intensive fluvial erosion at the beginning of the research period could not be the result of natural changes, i.e., changes in precipitation and hydrological changes. Although there were certain trends, they were not intensive or statistically significant to be the only cause of the researched process. In the period between 1959 and 1981 (after diverting the Kolubara into the Pestan riverbed), the Kolubara riverbed moved by 1.46 m per year. In comparison with the results with those from the first observation period (1930–1959), when the average annual riverbank movement was 1.34 m, it could be concluded that when the regulation works on the Kolubara River flow began, fluvial erosion became more intensive. However, the reasons for this ratio could be the extreme hydrological conditions of the 1970s when the highest mean annual discharge was 39 m3·s−1 and there were many days of high waters, very high waters, and extremely high waters. Since the bank-full discharge in the researched sector was 105.14 m3·s−1, it is important to point out that in 1970s, there were 48, 42, and 38 days with a daily discharge higher than 80, 90, and 100 m3·s−1, respectively. In the same year, there were only 22 days with little water, without very little water, and extreme little water. Thus, river bank movement should be researched as a result of both natural conditions and human impact which occurred at that time.




4.2. Short-Term Active Bank Erosion (2010–2016)


Based on the results relating to long-term bank erosion (1930–2010), we selected the six most endangered meanders (locations) where the intensity of bank erosion and lateral channel migration were the most intensive. In the period 2010–2016, we monitored bank erosion and calculated the rate of migration and the rate of land loss carried away by the Kolubara River. The changes to the Kolubara River banks on the monitored meanders in the period 2010–2016 are presented in Table 4.



Table 4. Bank erosion rate in the period 2010–2016.







	
Bank Erosion

	
2010–2012

	
2012–2013

	
2013–2014

	
2014–2016

	
Max. Bank Erosion (m) 2010–2016

	
Average Bank Erosion 2010–2016 (m·Year−1)

	
Max. Bank Erosion (m) 1930–2010

	
Average Bank Erosion 1930–2010 (m·Year−1)






	
Meander 1

	
7.1

	
0.3

	
11.5

	
9.4

	
28.3

	
4.72

	
221.0

	
2.76




	
Meander 2

	
3.8

	
0.6

	
6.0

	
7.7

	
18.1

	
3.02

	
108.5

	
1.36




	
Meander 3

	
5.7

	
2.6

	
6.9

	
7.9

	
23.1

	
3.85

	
133.7

	
1.67




	
Meander 4

	
6.1

	
0.3

	
3.2

	
6.0

	
15.6

	
2.60

	
180.0

	
2.25




	
Meander 5

	
4.2

	
0.3

	
4.8

	
7.2

	
16.5

	
2.75

	
71.9

	
0.90




	
Meander 6

	
6.2

	
0.7

	
2.2

	
6.8

	
15.9

	
2.65

	
203.6

	
2.55




	
Average (m·year−1)

	
2.8

	
0.8

	
5.8

	
3.8

	
-

	
3.3

	
-

	
1.9










The long-term rate of bank erosion was markedly different at the studied meanders, just like in the short-term period. In 1930 and 2010, bank erosion was the most intensive on meanders 1, 6, and 4. The maximum annual rate of bank erosion during the studied period 2010–2016 varied between 0.3 and 11.5 m. It was the highest in meander 1 (28.3 m) during the whole monitoring period (as a long-term analysis) than in meander 3 (23.1 m), meander 2 (18.1 m), etc. The largest bank erosion in one year was observed in 2014, and the least in 2013. Across the entire short-term period, the rate of bank erosion was more intensive than in the longer period. The average migration rate of the Kolubara River for monitored meanders between 1930 and 2010 was 1.9 m·year−1, while between 2010 and 2016 the average migration rate was 3.3 m·year−1. In meander 1, the average rate of bank erosion was 2.76 m·year−1 between 1930 and 2010, while in the last period (2010–2016) it increased by 4.72 m·year−1. In meanders 2, 3 and 4 the average increased to almost double of the previous period (Figure 5).


Figure 5. Bank erosion on six meanders in between 2010 and 2016.
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Analysis of the erosion plots of the monitored six meanders on the Kolubara River banks obtained the results shown in Table 5. The largest erosion plots in 1930 and 1959 were those on meander 1, with areas of 3.7 ha and 3.8 ha, respectively, and represented 16.6% of all erosion plots in 1930 and 19.9% of all erosion plots in 1959. The total area of erosion plots on meander 1 was 9.5 ha, and on meanders 2, 3, 4, 5, and 6, the total area of erosion plots was 3.2 ha, 2.1 ha, 4.0 ha, 0.8 ha, and 4.9 ha, respectively. Thus, the designated site over 80 years (1930–2010) is missing 24.5 ha, while in the period of six years, it permanently lost 1.18 ha. On meander 1 during the monitored period, it lost 0.41 ha of arable land from the river banks. During the same period on meander 2, it lost an area of 0.14 ha, on the meander 3 it lost 0.13, while on meanders 4, 5, and 6 the land loss was 0.17, 0.12, and 0.21 ha, respectively (Table 5).



Table 5. Erosion plots (land loss) in monitored meanders.







	
Erosion Plot (ha)

	
Long-Term Period

	
Short-Term Period




	
1930–1959

	
1959–1981

	
1981–2010

	
Total

	
2010–2012

	
2012–2013

	
2013–2014

	
2014–2016

	
Total






	
Location 1

	
3.7

	
3.8

	
2.0

	
9.5

	
0.1308

	
0.0458

	
0.0887

	
0.14076

	
0.4159




	
Location 2

	
2.0

	
0.2

	
1.0

	
3.2

	
0.0209

	
0.0127

	
0.0299

	
0.04057

	
0.1389




	
Location 3

	
0.4

	
0.9

	
0.8

	
2.1

	
0.0391

	
0.0168

	
0.0160

	
0.04209

	
0.1279




	
Location 4

	
1.0

	
1.0

	
2.0

	
4.0

	
0.0549

	
0.0157

	
0.0374

	
0.03986

	
0.1697




	
Location 5

	
0.3

	
0.2

	
0.3

	
0.8

	
0.0372

	
0.0070

	
0.0282

	
0.03008

	
0.1209




	
Location 6

	
2.0

	
2.0

	
0.9

	
4.9

	
0.0679

	
0.0194

	
0.0488

	
0.05933

	
0.2108












5. Discussion


What could be the reason for the increase in intensity of bank erosion over the last six years? Previous results have shown that a strong correlation exists between the Kolubara riverbed and the suspended sediment concentration and water discharge [36]. All of the Kolubara River water discharges near and over 100 m3·s−1 in the researched section had critical levels, and it was shown that the largest suspended sediment concentration appeared at the very peak of the incoming flood wave, and together with its passing, came to an outstanding non-linear decrease in their values. Bank-full discharge has been identified as an important parameter for studying river morphology, sediment transport, flood dynamics, and their ecological impacts [67,68,69]. Additionally, bank erosion is highly influenced by water discharge variability, especially bank-full discharge.



An extreme rate of bank erosion occurred in 2014 after the flood wave passed. The results showed that the land loss during 2014 was three times bigger than in 2013. The flood wave in May 2014 (duration four days) caused a bank erosion rate of 7.1 m on meander 1 and lost 0.25 ha across all six locations, which was 30.3% of land loss in the four years of observation (2010–2014).



To quantify the relationship between discharge and the average bank erosion rate, the discharge value is often used as a threshold corresponding to the flow filled with minor riverbed (bank-full discharge). The value of the bank-full discharge on the analyzed sector of the Kolubara River was 105.14 m3·s−1. The probability of occurrence of this discharge each year is 88%, which corresponds to a return period of 1.12 years. In comparison to the rivers of similar morphometric and hydrological characteristics, Kolubara is at a disadvantage. This means that almost annually, the water will leave the river bed and flood the alluvial zone; however, it is common that the threshold has a return period between 1.5 and 2 years.



Since we had orthophotos from 1959, 1981, 2010, and geodetic survey for 2012, 2013, 2014, and 2016, we divided the corresponding data into the following series: 1959–2010 (А), 1959–1981 (B), 1982–2010 (C), 2010–2012 (D), 2013 (E), 2014 (F), and 2015–2016 (G) (Table 6).



Table 6. The relationship between the mean annual discharge (Qy), the number of days per year with the discharge exceeding a selected threshold of 90 m3·s−1 (N), and average annual river bank erosion rate (ABE).







	
Analyzed Parameters

	
1959–2010

	
1959–1981

	
1982–2010

	
2010–2012

	
2013

	
2014

	
2015–2016

	
Coeff. Correl.






	
Qy (m3·s−1)

	
16.0

	
17.7

	
14.6

	
18.3

	
9.3

	
27.4

	
20.5

	
0.96

	
-

	
-




	
N (Q > 90 m3·s−1)

	
7.2

	
9.6

	
5.2

	
8.0

	
1.0

	
15.0

	
11.0

	
0.83

	
0.92




	
ABE (m·year−1)

	
1.26

	
1.46

	
0.99

	
1.84

	
0.80

	
5.77

	
3.75

	
-

	
-










Since all three are completely independent variables and have a high correlation among themselves (coeff. correl.), we developed a forecasting model where we could use for Y (the dependent variable) any of the given variables. When it comes to the average movement of the riverbanks (ABE), the models are as follows:



Both models (Figure 6) have their practical uses, although they must consider the small number of observations (7). Our results revealed that the annual bank erosion rate increased exponentially by increasing the mean annual discharge (adj. R2 = 0.935). Analysis of the first graph (Figure 6a) indicated that the intensity of riverbank movement remained in the range of one meter per year when the mean annual discharge did not exceed the value of the average annual water (16 m3·s−1). With further increase of the mean annual discharge, erosion progressed faster, and when the discharge as greater than 20 m3·s−1, it reached a value of more than three meters. This discharge had an occurrence probability of 24% (an empirical value), which meant that it occurred approximately once in every four years. Unfortunately, between that value and the largest one in a series (27 m3·s−1), there was no measurement of bank movements, so we had to rely on the theoretical estimates.


Figure 6. Estimation of average annual riverbank erosion ABE (m·year−1) using the mean annual discharge (m3·s−1) (a) and the number of annual discharges which exceed the value of 90 m3·s−1 (N) (b).
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According to another dependence (Figure 6b), the riverbank will move up to one meter per year if a daily discharge of 90 m3·s−1 or more occurs no more than five times per year. With higher frequency, riverbanks become more erodible, and a case from 2014 showed that this threshold may exceed 15 times and thereby move the riverbank almost six meters. Comparing these two dependencies, one can conclude that the second might be more practical. The first reason is that the mean annual discharge only indirectly applies to frequent water, like bank-full discharge and that extrapolations are actualize very rare (only the 1970s and 2010 in the whole series). On the other hand, the number of overcoming bank-full discharge are data that directly affects the vulnerability of riverbanks. Although the maximum value observed in the series was 15 (2014), the number of occurrences over the threshold for 58 years is five.



If we accept the previous models as relevant, it would mean that river banks movement can be estimated through the characteristic waters of that river. In this case (example of model 6a), the displacement limit of one meter per year would correspond to the average annual discharge, while increase of the mean annual discharge by 25% would initiate bank erosion process which would be three times more intensive. It seems that these results (displacement 1–3 m per year) reflect the real state of the Kolubara River, where its discharges vary from minimal to those that occur once every four years. For the extreme values of the discharge (period of overcoming is more than five years), the reliability of the estimation of river banks movement decreases and we are not sure if it would always follow the presented theoretical curve. In that case, the annual distribution of discharges, i.e., the frequency of high waters, would be very important. This is indicated by the second model (Figure 6b), when a bank-full discharge occurs 1 to 10 times a year, causing the riverbed movement from 1 to 2 m and only after that the intensity of bank erosion process rapidly increases. If such trends would be proved on other profiles of the Kolubara River (Slovac, Drazevac, Obrenovac, it is not real to expect the same on the tributaries), then this model could be applied to river basins with similar hydrological characteristics.



Considering that the consequences of river banks movement in the territory of Serbia are very serious, especially in the river basins similar to the Kolubara River Basin, where settlements are located along the river and they are unprotected, and the land is very fertile, investing in the monitoring of this process and an adequate reaction is much cheaper than the repair of damages and the loss of material goods. So, a better understanding of the water discharge impact on the river channel migration is of great importance for the assessment of economic consequences which can be analyzed through the loss of land (reduction of arable land) and loss of the amount of agricultural production. Also, the results of this study could be a warning for future anthropogenic activities on the Kolubara River system, since new changes in the hydrographical network were planned in this area. Four new mining fields are planned, and if that plan realizes, the hydrographic network will be changed again, resulting in the appearance of new problems in the river basin. That is why our numerical models, although with a small number of data, can be of great use to the upstream and downstream sectors of the Kolubara River, which are also vulnerable to floods and to which the bank erosion assessment can be applied.




6. Conclusions


The Kolubara River represents a dynamic river system with distinct lateral instability and bank erosion. The results of this study showed that the mean annual discharge in the observed period (1959–2016) decreased by 0.37 m3·s−1 (−2.3%) per decade, or that a total loss per trend line is 2.11 m3·s−1 (−13.2%/58 years). On the other hand, the measurements during the short-term period of observation (from 2010) showed that frequent discharge variations and the rapid change of its extreme values caused more intensive bank erosion than in the long-term period of observation.



On the basis of the observed hydrological and morphological changes, a simple channel development model can be outlined. In the long-time period, the decrease in water discharge initiates channel narrowing, and meanders reach their maximum sustainable length at the given discharge level. As rapid floods with high discharge become more abundant, owing to climate change, future lateral migration and soil loss will be more intensive, similar to previous short-time periods. Short-duration and strong-destruction are the main features of bank erosion during these periods. One of the key factors that affect the evolution of a river channel is the frequency of water discharge greater than 90 m3·s−1 and bank-full discharge (105.14 m3·s−1), as the magnitude of flood events. A high rate of bank erosion and loss of land was measured at all of the studied meanders in 2014 when an extreme flood occurred. Consequently, changes in the characteristic stages and frequency of floods since 2010 can highly influence the long-term tendencies of channel migration. Therefore, it is important to define correct river bank protection measures. Extreme hydrological events are characteristic of most rivers in Serbia (and in the region) [70], so timely measures to protect river banks can be widely applied.



Based on the established intensity of bank erosion and its recent state, adequate solutions for the rehabilitation of endangered riverbanks were found, as well as the type of solutions (soft and hard engineering) that can be applied to stop lateral erosion. Changes in river channel form and their consequences in the study area can also be predicted. In the case of the Kolubara River, with the curvature of the river route and a large number of active meanders, there are two possible solutions: the full retention of the existing river channel with construction of the bank revetment along the endangered river banks, or a partial adjustment of the existing channel, i.e., by performing a cross-section of the sharpest curvatures. In the case of large meanders with long concave riverbanks, the rational solution is to cut off curves and excavate a new riverbed. This solution has advantages (according to economic criteria) due to the lower prices of works and the hydraulic characteristics of the watercourse. Furthermore, other softer engineering solutions may also be considered.



An integrated Kolubara River Basin management plan, with the proper selection of land use and organization of erosion control works, would bring a balanced runoff regime of the river. Furthermore, the flood peaks and flood risks would be diminished, as would risks of collapsing riverbanks. These activities have an influence on the enhancement of the basin’s hydrological condition in terms of flood risks diminishing, destructive water effects, and it would be a process that could lead to a permanent solution for soil erosion, floods and riverbank erosion in the lower part of the Kolubara River.
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