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Abstract: Riverbank erosion and lateral channel migration are important geomorpho-
logical processes which cause various landscape, socio-economic, and environmental con-
sequences. Although those processes are present on the territory of Serbia, there is no
available data about the soil loss caused by riverbank erosion for the entire country. In this
study, the spatial and temporal dynamics of the riverbank erosion for the largest internal
rivers in Serbia (Velika Morava, Zapadna Morava, Juzna Morava, Pek, Mlava, Veliki Ti-
mok, Kolubara) was assessed using remote sensing and GIS. The aim of this paper is to
determine the total and average soil loss over large-scale periods (1923-2020), comparing
data from the available sources (aerial photographs, satellite images, and different scale
paper maps). Results indicated that lateral migration caused significant problems through
land loss (approximately 2,561 ha), especially arable land, and land use changes in river
basins, but also economic loss due to the reduction of agricultural production. Total and
average soil loss was calculated for five most representative meanders on all studied rivers,
and on the basis of the obtained values, certain regularities about further development and
dynamics of riverbank movement are presented. A better understanding of river channel
migration in this area will be of a 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, environment protection.
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Introduction

Riverbank erosion has become a common phenomenon and one of the major natural
hazards in world. Every year this process directly or indirectly affects millions of people
destroying natural and anthropogenic resources, agricultural lands, road networks,
households, etc. (Tripathy & Mondal, 2019). The processes of riverbank erosion on the
one and the accumulation of eroded material on the other side are the constituent
elements or phases of the manifestation of the lateral channel migration. Alluvial plains
are modified and different fluvial shapes are formed, such as eroded banks, cut-off
meanders, and point bars. Many researches (Rusnak & Lehotske, 2014; Bertalan et al.,
2018; Sylvester et al., 2019; Kiss et al., 2019) indicated that bank erosion is a very complex
process with the interaction of numerous factors which can determine changes in the river
course, bank erosion intensity, sediment regime, environment transformation, and land
use changes (geological, climatological, hydrological, biogeographical, and anthropogenic
factors).

Bank erosion process is an important component of channel evolution of river
systems (Macfall et al., 2014). In addition, lateral channel migration is responsible for
extensive destruction of arable lands and usually threatens human environment,
especially agricultural areas (Bertalan et al., 2018). In general, consequences, caused by
the processes of lateral channel migration and riverbank erosion, can be categorized into
four groups: socio-economic (land loss and land use changes, impact on population,
settlements and economic activities), natural (changes of different hydrological indicators
and vegetation cover), ecological (impact on habitats) (Langovié¢, 2020), geopolitical
(when the meandering river represents the state border) (Dragicevi¢ et al., 2013; Palmer
et al., 2014). Land loss due riverbank erosion is permanent, so the effect of this process is
more significant (Yousefi et al., 2017). According to that, several scientific and practical
studies, in which process of riverbank erosion is examined, has special emphasis on the
economic consequences caused by soil loss (Dragicevic et al., 2012, 2013, 2017b; Baki,
2014; Das et al., 2014; Dekaraja & Mahanta, 2021). Productive and agricultural land on
the concave part of the bank has been eroded, while on the other hand, the formed land
on the point bars is mostly covered by bushy or woody vegetation, with no significance for
agriculture development.

Lateral channel migration and bank erosion are the most important
geomorphological processes of the alluvial plains in the southern part of the Pannonian
Basin and its southern rim (Blanka & Kiss 2011; Zaharia et al., 2011; Floriou, 2011;
Roksandi¢ et al., 2011; Dragicevi¢ et al., 2012, 2013, 2015; Tosi¢ et al., 2014; Lovri¢ &
Tosi¢, 2016; Bertalan et al., 2019). In accordance, on the territory of Serbia, bank erosion
is singled out as a very dynamic and intensive fluvial process, which has a significant
impact on the various aspects of society, economy, and environment (Langovi¢, 2020).
Determination of the riverbank erosion rates and their impact on the surrounding area
does not have a broad research past on the territory of Serbia. Therefore, the
consequences of this process have not been studied for the entire territory of Serbia.
However, it is possible to single out scientific papers (Roksandic et al., 2011; Dragicevic¢ et
al., 2013, 2017a; Langovi¢, 2020) that manage the mentioned issue on the examples of
certain rivers.
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The main objective of this study was to assess the amount of land loss by the process
of riverbank erosion of different watersheds in Serbia using remote sensing and GIS. By
determination of the spatial and temporal variability of riverbanks a base was created for
quantification of the total and average land loss around the investigated rivers.

Material and methods
Study area

The river network on the territory of Serbia is relatively dense and includes a large
number of watercourses of different sizes, ranging from small creeks to very big rivers
such as the Danube River. The greatest part of the territory of Serbia belongs to the
Danube River Drainage Basin (92.46%) (Blagojevic et al., 2020). The most important
tributaries of the Danube River in Serbia are Tisa, Sava, Velika Morava, Tamis, Mlava,
Pek, and Timok.

For the purpose of this study, the following rivers are taken into consideration: Velika
Morava, Zapadna Morava, Juzna Morava, Timok, Pek, Mlava, and Kolubara (Fig. 1). The
most important internal river in Serbia is the Velika Morava River (L = 185 km) which
begins near Stalaé, below the confluence of the Juzna and Zapadna Morava rivers. Higher
amount of water the Velika Morava River receives from the Zapadna Morava River (HS
Jasika - 102.29 m3/s for the period 1946-2019) than the Juzna Morava River (HS Mojsinje
- 91.93 m3/s for the period 1946-2019). An average river discharge close to the confluence
of the Velika Morava and Danube rivers is 227.7 m3/s (HS Ljubi¢evski most, for the period
1946-2020). Downstream from the mentioned point, another significant right-sided
tributaries flow into the Danube River, Mlava River (L = 78 km; HS Veliko Selo - 9.13
m3/s), Pek River (L = 129 km; HS Kusiée - 8.7 m3/s), and Timok River, which is also
known as Veliki (Great) Timok River (L = 202 km) (FaBpwioBuh & [ykwuh, 2014;
Blagojevic et al., 2020). There are no available discharge data for the Veliki Timok River,
for a longer period of time (HS Cokonjar started to register discharge data from 2005), so
the mean annual discharge value was obtained by summing the mean annual discharge
values registered on the main stations of its components, just before the confluence — HS
Gamzigrad on Crni Timok River and HS Zajecar on the Beli Timok River (Q = 20.2 m3/s).
The Kolubara River has length of 86.4 km and presents one of the major right tributary of
the Sava River (Dragicevic et al., 2017a). At the hydrological station Beli Brod on the
Kolubara River the mean annual river discharge of 15.76 m3/s (1946-2020) has been
registered (RHMSS, 1946-2020).

In this research representative river sectors, which are characterized by increased
natural lateral channel migration and soil loss on the territory of Serbia, were identified
and singled out (Fig 1). It is necessary to emphasize that sectors, affected by river
regulations and intensive anthropogenic activities, were excluded from this study. The
majority of mentioned rivers had been intensively regulated in the 20! century, especially
during the 1960s (Velika Morava, Juzna Morava, Zapadna Morava). However, there are
reaches, which remained in relatively natural state. The main rivers flowing through the
Pannonian Plain and its rim (Danube, Tisa, Sava and Drina River) were excluded from
this study for several reasons — they are characterized with very intensive lateral channel
migration which monitoring requires shorter time intervals (Lower Drina) (Schwarz,
2016), there are no sectors characterized by recent lateral migration of riverbanks,
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extensive regulatory work had been carried out through modern history (Tisa River), and
they do not represent internal river flows.

@ Velika Morava River meanders
. JuZna Morava River meanders
@ Zzapadna Morava River meanders
@ Miava River meanders

@ Pek River meanders

() Timok River meanders

@ CKolubara River meanders

— Rivers
("] Boundaries

Fig. 1. Locations of the selected rivers and representative meanders on the territory of Serbia

Methodology
Investigation of riverbank erosion and lateral channel migration is based on different

methodological procedures connected to the spatial and temporal approach. The
qualitative and quantitative understanding of these processes, and the perception of the
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fluvial relief transformation under their influence, is of a particular interest (Giardino &
Lee, 2011). The availability of aerial photography, orthophoto images, and GIS software
has opened up the possibility to research riverbank erosion, process of accumulation and
lateral channel migration (Sekac & Jana, 2014; Rosli et al., 2021). Worldwide, several
different techniques have been used to quantify these processes and different time span, 1
to 10 years for field measurements and 10 to 200 years for maps and aerial photographs
(Hooke 1979, 1980, 2003; Hooke & Redmond 1989; Duan 2005). In recent years, there
has been an increase of the usage of aerial and terrestrial photogrammetry in fluvial
process studies (Yang et al., 2018; Hemmelder et al., 2018; Binh et al., 2020).

For the purposes of this study, comparative analyses have been made based on the
topographical maps (1:50,000 and 1:25,000) and satellite images from different periods.
The evolution and development of the major rivers in Serbia have been investigated for
almost 100 years (1923-2020). The selection of the 100 years threshold for evaluating
river changes at the reach scale was motivated by the data sources required for assessing
these changes. Depending on the availability of data, different time-series datasets were
used, in order to determine total and average soil loss. Although the length of periods and
the initial year were different among the studied rivers, the year 2020 was defined as a
final year of observation on all sectors.

Comparing the data from various periods, the evolution of the river channel position
over different time series was defined. In the QGIS software, a continuous polygon which
represent the river channel in each year was created using the available data. Both shore-
lines at the start of each period were digitalized, the left shorelines of different years were
copied into a single layer, and using the GIS software were processed to create polygons
that represented difference between the two positions. River shorelines were digitalized
using the water boundary because it is clearly defined in the topographical maps and
orthophoto images. Using explained methodology, and comparing the data from different
periods, total area of land loss (ha) for each river in the observed period was determined
and calculated. Afterwards, the average annual land loss (ha/year) was calculated also for
each river in order to compare obtain results among rivers. Further in this analysis,
representative river sectors, which are characterized by increased natural lateral channel
migration and soil loss, were identified. They were graphically presented, and
quantification of their total and average land loss was performed.

Given the fact that hydrological factors are the most important among natural factors
that have influence on the intensity and dynamics of the riverbank erosion process, the
connection between different indicators of each process was determined. Regression
analysis was performed on the two variables - the average annual discharge (m3/s), and
the average annual land loss (ha/year) in certain periods, and their dependence was
determined. Regression reflects the effect of interdepended variable changes on a change
of the dependent variable. The applied regression can indicate on whether the evolution of
a certain meander is mostly dependent on one factor (in this case, changes of river
discharge values) or whether it is equally affected by other natural and anthropogenic
factors.
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Results and Discussion

In this study for the analyzed rivers, it was identified that the value of the total land loss
caused by bank erosion, is approximately 2,561 ha (25.6 km2). Analyzing the data in the
Tab. 1, it can be concluded that the processes of riverbank erosion and soil loss are
noticeable on all of the studied rivers. The total amount of land loss is proportional to the
morphometric and hydrological characteristics of river courses. Results indicated that the
biggest amount of land was lost along the banks of the Velika Morava River (950.3 ha) in
the period 1923-2020, Juzna Morava River (611.1 ha) in the period 1924-2020, and
Zapadna Morava River (547.2 ha) in the period 1923-2020 (Tab. 1). The defined periods
for three major rivers are around 100 years, in which occurred changes of the riverbanks
were very significant. For other rivers, researched periods are shorter due to lack of
available data (around 50 years). Registered values vary from 62.3 ha (Mlava River), to
152.3 ha (Timok River). On the Kolubara River, for the period of 9o years the amount of
total land loss was approximately 125.7 ha. Due to unequal period’s durations, the more
significant results are determined, by calculating another indicator, the average annual
land loss (ha/year). The values in Tab. 1 show that around 9.79 ha (or 0.11 km?2) of land is
directly lost every year from the Velika Morava River bank erosion process. Similar results
were registered for the Juzna and Zapadna Morava rivers, on average about 6 ha/year,
while on the other researched rivers obtained values were much lower (on average from
about 3 ha/year - Timok River, to 1.22 ha year, Mlava River).

Tab. 1. Total and average land loss by process of riverbank erosion for the studied rivers

River Period Total area Average area Mean annual
lost (ha) lost (ha/year) discharge (m3/s)

Velika Morava 1923-2020 950.3 9.79 227.71
Juzna Morava 1924-2020 611.1 6.36 91.93
Zapadna Morava 1923-2020 547.2 5.64 102.29
Kolubara 1930-2020 125.72 1.41 15.76
Mlava 1969-2020 62.3 1.22 9.13

Pek 1968-2020 112.6 2.16 8.7
Timok 1968-2020 152.3 2.99 20.2

For each river, five most representative sectors characterized by the highest value of
soil loss due to riverbank erosion were presented (Tab. 2, Fig. 2). In case of the Velika
Morava River, 97-year long period (1923-2020) was analyzed, yielding maximal soil loss
of 102 ha (Meander 4). It is followed by meanders along which the determined land loss
was 76 ha (Meander 1), 74 ha (Meander 5), 67 ha (Meander 3) and 64 ha (Meander 2). In
order to emphasize the intensity of the erosive process in the second half of the research
period (1971-2020), and especially in the last decade (2010-2020) in Tab. 2 are shown
values of total and annual average land loss for these periods. Based on the analysis of the
land loss values from different periods, the current state and tendency of further evolution
of a certain meander can be determined. While meanders 1, 4 and 5 show an equable
trend of land loss during the whole studied period, specifics occur on the example of
Meander 2, which is in a stagnant phase of evolution, given the fact that in the last 10
years, riverbank erosion caused loss of 1.25% of the total land loss for the entire period. In

2 The value refers to the lower part of the Kolubara River, for which there are available sources and
data.

36



contrast, nowadays the most active is Meander 3, on which a land loss of 15.6 ha (1.9
ha/year) has been registered in the last 10 years, i.e., about 25% of the total loss in the
entire research period.

Tab. 2. Total (TAL) and average area lost (AAL) by the process of riverbank erosion for the
representative meanders (M)

. . TAL | AAL . . TAL AAL

River M Period (ha) | (ha/y) River M Period (ha) | (ha/y)

1923-2020 | 76.0 0.8 1930-2020 5.2 0.1

M1 | 1971-2020 | 26.7 0.5 M1 | 1959-2020 3.2 0.1

2010-2020 7.1 0.7 2010-2020 0.3 0.03

1923-2020 | 64.2 0.7 1930-2020 4.2 0.1

M2 | 1971-2020 7.6 0.5 M2 1959-2020 3.8 0.1

2010-2020 | 0.8 0.1 2010-2020 0.3 0.03

Velika 1923-2020 | 67.1 0.7 1930-2020 2.3 0.03

M M3 | 1971-2020 | 31.9 0.7 Kolubara | M3 | 1959-2020 1.8 0.03
orava

2010-2020 | 15.6 1.6 2010-2020 0.1 0.01

1923-2020 | 102 1.1 1930-2020 3.5 0.04

M4 | 1971-2020 | 33.9 0.7 M4 | 1959-2020 1.5 0.02

2010-2020 | 15.9 1.6 2010-2020 0.3 0.03

1923-2020 | 74.1 0.8 1930-2020 10.1 0.1

M5 | 1971-2020 | 44.8 0.9 M5 1959-2020 6.4 0.1

2010-2020 | 4.2 0.4 2010-2020 0.6 0.1

1924-2020 | 26.6 0.3 M 1969-2020 1.2 0.02

1

M1 | 1969-2020 | 12.6 0.2 2010-2020 0.1 0.01

2010-2020 0.8 0.1 Ma 1969-2020 1.2 0.02

1924-2020 | 51.5 0.5 2010-2020 0.2 0.02

M2 | 1969-2020 2.1 0.04 Milava Ms 1969-2020 1.8 0.01

2010-2020 1.0 0.1 2010-2020 0.3 0.03

. 1924-2020 | 37.8 0.4 1969-2020 1.9 0.03

l\igigja M3 | 1969-2020 | 1.0 | o.01 M4 o 010-2020 | 0.7 0.1

2010-2020 0.5 0.05 Ms 1969-2020 1.1 0.02

1924-2020 | 25.4 0.3 2010-2020 0.4 0.04

M4 | 1969-2020 11.2 0.21 M1 1968-2020 2.4 0.05

2010-2020 4.1 0.4 2010-2020 0.2 0.02

1924-2020 | 13.2 0.1 Ma 1968-2020 5.0 0.1

M5 | 1969-2020 0.3 0.05 2010-2020 1.3 0.1

2010-2020 0.2 0.02 Pek M3 1968-2020 2.6 0.05

1923-2020 | 21.0 0.2 2010-2020 | 0.03 | 0.003

M1 | 1970-2020 | 13.2 0.3 My 1968-2020 2.8 0.05

2010-2020 0.5 0.05 2010-2020 0.1 0.05

1923-2020 11.1 0.1 Ms 1968-2020 1.9 0.03

M2 | 1970-2020 4.7 0.1 2010-2020 0.2 0.02

2010-2020 0.6 0.1 Mi 1968-2020 4.5 0.1

Zanad 1923-2020 | 38.5 0.4 2010-2020 0.1 0.01
padna

Morava M3 | 1970-2020 | 20.3 0.4 Ma 1968-2020 4.4 0.1

2010-2020 4.1 0.4 2010-2020 0.1 0.01

1923-2020 | 30.9 0.3 Timok Ms 1968-2020 2.6 0.1

M4 | 1970-2020 2.5 0.05 2010-2020 0.1 0.01

2010-2020 1.6 0.2 M 1968-2020 5.5 0.1

1923-2020 | 17.8 0.2 4 [ 2010-2020 0.1 0.01

M5 | 1970-2020 6.3 0.2 Ms 1968-2020 7.8 0.2

2010-2020 1.0 0.1 2010-2020 0.1 0.01

Similar results were achieved by observing the soil loss along the riverbanks of the
two main components of the Velika Morava River. For both rivers, the sectors with the
most intensive land loss in the last 100 years (average per meander 30.9 ha of land loss —
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Juzna Morava River and 23.4 ha of land loss - Zapadna Morava River) have been singled
out. However, certain regularities can be determined here as well, if the first and second
half of the entire research period are observed separately. On most of the meanders of the
JuZna Morava River (2,3,5), intensive land loss was finished in the first interval (1924-
1969), while the only sector in which an intensive process has been recorded in the last 10
years is Meander 4 (approximately 16% of the total land loss). On the Zapadna Morava
River, Meanders 1 and 3 can be singled out due to average land loss of 60% of the total
land loss in the second interval (1969-2020).

— 1024
—— 2020
] Total area lost

— 1923
—— 2020

nnnnn ] Total area lost

0 100 200m
—)
0 250 500 m

Juzna Morava River

Velika Morava River

— 1969
—— 2020
] Total land lost

(7] Total area lost

Mlava River

Zapadna Morava River

—— 1968
—— 2020
] Total area lost

M2

0 100 200m
0 50 100m
—-—

Pek River Timok River

Fig. 2. Examples of representative meanders for each river course
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On the other watercourses, the observation periods are shorter, (around 50 year), but
the last decade has been re-emphasized in order to see the further tendency of the soil loss
by riverbank erosion. On the representative sectors of the Mlava River, more intensive
land loss was registered on three meanders (3,4,5) in the last decade (on average 37% of
the total value of the entire research period). On the Pek River, only one meander
recorded a more intensive process of land removal in the last segment of the investigated
period (Meander 2), while on the Timok River there were no highlighted land loss in the
same interval. On the Kolubara River, Meander 5 is characterized with the most intensive
river bank erosion for the period 1930-2020 which caused land loss of approximately 10.1
ha or 0.1 ha/year. In the last period 2010-2020 the most active meanders on the Kolubara
River were meanders 2 and 4 (approximately 8% of the total land loss for the entire
studied period).

The results shown that among the meanders with the biggest amount of land loss in
the researched period are those that are less active or inactive nowadays, which indicates
on the existence of variations of the different factors that have major influence on
riverbank erosion. Variations of the hydrological indicators, which imply an increase in
the frequency of occurrence of extremely high or low discharge values, are the most
important natural causes that regulates the intensity of the riverbank erosion and soil
loss. On the other hand, anthropogenic factors and regulatory works on rivers (meander
cutting, gravel and sand exploitation, dams’ construction, etc.), but also in the river basins
of the observed rivers, had a significant impact on variations of the intensity of riverbank
erosion. On certain meanders, the process of riverbank erosion has been reduced or
stopped in the last few years due to anthropogenic activities (using riverbank stabilization
measures — bank revetment, such as on M5 on the Juzna Morava River) or on the banks
covered with woody vegetation which density and root depth have major effect on the
river bank stabilization (M1 on the Zapadna Morava River, M1 on the Pek River).

Observing the use of land which is lost due to riverbank erosion, it can be determined
that arable land is dominant, which makes the economic consequences especially
pronounced. Areas covered by arable land are followed by areas covered with forest and
shrubby vegetation, areas with sand extraction, and other land (anthropogenic
formations, roads, etc.). The possibility of using the Historical Imagery tool of the Google
Earth, enabled formation of views presented on Fig. 3 (position of the riverbanks of two
meanders which indicate their evolution in the last period). These are especially active
meanders: M1 on the Velika Morava River (2006-2020) and M3 on the Zapadna Morava
River (2004-2020).

In the observed periods, the total land loss was estimated at 8.805 ha on the first and
10.948 ha on the second meander. Observing the land use, results indicated that on the
first meander of the total lost areas, 91.71% was arable land, 4.59% areas covered with
forest and shrub vegetation, 3.42% sand and gravel formations and 0.28% other types.
Similar results were obtained for the second meander with a slightly higher share of land
covered with forest and shrub vegetation (13.2%) and other (rural roads, isolated
agricultural buildings - 5.02%), while agricultural land was again dominant (8.953 ha or
81.78%). For other meanders and rivers, the same regularity occurs when it comes to the
land use, except for examples where there are certain local characteristics (on meanders
along the middle course of the Mlava and Pek rivers next to arable land is land covered
with meadows which is not used in agricultural purposes). Also, besides mentioned
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meanders, in the last 30 years, new sectors can be registered in which the process of more
intensive land loss is presented (especially on the examples of the South Morava and
Timok rivers).

@ Landlost e y 52 . & @ Land lost
S Left shoriine 2006 S Right shorline 2008
& Left shorine 2020 & Right shoriine 2020

A
\ N,
v AN 500m 400 m
Fig. 3. Examples of two meanders with intensive river bank erosion and land loss: M 1 Velika
Morava River (2006-2020) and M 3 Zapadna Morava River (2004-2020)

The results in this study are in accordance with the results of other scientific and
practical studies that deal the topic of riverbank erosion on the examples of individual
rivers in Serbia. Roksandic et al. (2011) studied the consequences of the riverbank erosion
in the Lower Kolubara Region and determined that the total soil loss along the banks of
the Kolubara River were 67.3 ha for a period of 43 years (1967-2010) which had a
significant economic consequence for the Obrenovac Municipality. Dragicevic et al.
(2017a) using topographical maps, remote sensing, GIS, and field measurements,
determined the land loss along the six most characteristic meanders of the Kolubara River
(on the most downstream active meander they calculated the total land loss of 9.5 ha for
the period 1930-2010). Langovi¢ (2020) pointed to an intensified process of bank erosion
in the downstream part of the JuZzna Morava River, with maximum values of lateral
channel migration of over 500 m in the period 1924-2019.

In order to emphasize the importance of hydrological factors on changes in the
intensity of lateral erosion and soil loss along river banks, a regression analysis was
performed using two variables. Mean annual discharge represent the most general
hydrological parameter and the initial phase in the research of the hydrological causes of
river bank dynamics. In Fig. 4, connections between these two variables for the
representative meanders of three major river can be seen. Data on average annual loss
were made for several time sections: 1929-2020, 1929-1971, 1971-2010, 2010-2012, 2012-
2016 and 2016-2020. Although a small number of observations and data are placed in
analysis, the obtain results will show some regularities. The largest agreement between
the values of mean annual discharges and land loss was observed on the Velika Morava
River (M4) with a coefficient of determination of 0.97 (the changes in the river discharge
values exponentially follow changes in the annual land loss values). High values of
stacking were obtained also on the example of the Zapadna Morava River — M3 (R2 =
0.86), while the lowest were obtained on the example of the M4 of the Juzna Morava
River (R2 = 0.7).
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Velika Morava River
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Fig. 4. Estimations of average annual land loss (ha/y) using the mean annual river discharge
(ms3/s) for representative meanders (Velika Morava River — M 4; Zapadna Morava River — M 3;
Juzna Morava River - M 4

The direct dependence of riverbank erosion from the river discharge variations was
expected, but there are differences depending on the registered trend of the discharges
during the study period. Various studies (Kovacevic-Majki¢ & UroSev, 2014; Langovié,
2017; Bloch et al., 2019) have confirmed the existence of a decreasing trend of the mean
annual discharge values of the rivers in Serbia, but a growing trend in the occurrence of
extreme hydrological conditions under the influence of climate change. Therefore, the
pressure on the river banks became more pronounced. Period 2012-2016 was especially
pronounced because of the May 2014 flood events in the river basins of Velika Morava,
Zapadna Morava, and Kolubara, and due to the 2015 winter flood events in the JuZna
Morava River Basin. In the period of four years average annual land loss had value of 0,7
ha/y (M4 — Juzna Morava River) and 2,4 ha/y (M4 — Velika Morava River). This confirms
the fact that one or two major floods in the larger period of time can have one-hundred
percent effect on the land loss along the affected riverbanks. However, for a more
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comprehensive study of hydrological effects, it is necessary to determine the dependence
with the frequency of occurrence of extreme hydrological conditions in the studied area.

Conclusion

The studies of the process of riverbank erosion and soil loss present an actual and
contemporary research topic. Spatial and temporal analysis of these processes can obtain
valuable results which can indicate on future tendencies of their dynamic. In the area of
the Pannonian Basin and its southern rim, on the territory of Serbia, lateral channel
migration is the most significant geomorphological and fluvial process, and therefore
represent an excellent base for research of this type. The results of this research shown
that selected riverbanks (Velika Morava, Juzna Morava, Zapadna Morava, Mlava, Pek,
Timok, and Kolubara) are particularly exposed to the intensive process of riverbank
erosion and land loss, with special emphasis on specific sectors. In addition, results of
study revealed that total land loss on five representative meanders amounted around
383.4 on the Velika Morava River, 154.5 ha on the Juzna Morava River, 119.3 ha on the
Zapadna Morava River, 25.3 ha on the Kolubara River, 24.8 ha on the Timok River, 14.7
ha on the Pek River, and 6.2 ha on the Mlava River. The highest rate of total land loss was
registered at the M4 of the Velika Morava River (102 ha for the period 1923-2020). On the
same meander, as well as on the certain meanders on the Mlava (M3, M4, M5), Juzna
Morava (M4), and Zapadna Morava (M3) rivers, is noted intensive dynamic of soil loss
due to riverbank erosion in the last decade (2010-2020). This indicates that meanders are
still active and that their evolution isn’t sufficiently affected by anthropogenic and
regulation influences. Such claims have been confirmed by bringing average annual land
loss and mean annual discharge values into a regression ratio. High values of coefficient
of determination justifies effects of hydrological influence on the riverbank erosion
process.

Obtain values of the river bank erosion and soil degradation can be a reasonable
guide to future activity. A better understanding of river channel migration in Serbia will
be of a great importance for practical issues such as predicting channel migration rates for
river engineering and planning purposes, soil and water management, land use changes,
environment protection, etc. However, for future research it is necessary to explain more
detail the causes of the registered process of bank erosion, through correlation with
extreme meteorological and hydrological conditions, as well as to calculate the economic
and financial losses caused by this process.

© 2021 Serbian Geographical Society, Belgrade, Serbia.

This article is an open access article distributed under the terms and conditions of
the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Serbia
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Mapko Jlanrosuh’, CiaBospy6 /Iparnhesuh’, UBan HoBkoBuh',

k%

Henap )Kuskosuh', Paguciaas Tommh™, Bo6an Muiojkosuh™,
3opaH YBopoBuh ™

* Ynueepsaumem y Beoepady, I'eoepagicku paxyamem, Cpbuja

* Yuugepsumem y bawoj JIyyu, IIM®, Barwa JIyka, bocHa u XepyezoguHa
** Kpumunaaucmuuko-noauyujcku ynusepaumem, beoepad, Cpbuja

** Ynugepaumem y Beozpady, ®axy.mem 6e3bedHocmu, Cpouja

ITPOIIEHA TYBUTKA 3EMJ/BUIIITA Y3POKOBAHOI'
EPO31JOM PEUHUMX OBAJIA'Y CPBHUJN

Pe3ume: JlarepasiHa MUTpalfja peYHUX TOKOBA U €po3Hja obaia Mpe/iCTaB/bajy BasKHE
reoMopoJIOIIKe HpoIece KOjU Y3POKYjy Ppa3jIM4HUTe COLFO-eKOHOMCKE, E€KOJIOIIKE,
XHUIPOJIOIIKe Hocsieule. CBake roANHE IOMEHYTH MPOLECH JUPEKTHO MJIN UHAUPEKTHO
yTU4Yy Ha >KHUBOT MIUIMOHA JbY[W, YHUIITaBajyhu NPUPOJHE U AHTPOIIOTEHE pecypce,
TIOJBOIIPUBPENHO 3€MJBHINTE, IyTeBe, AoMahwmHcTBa uTA. ILIOAHO MOJBONIIPUBPESHO
3eMJpHINTe (HOPMHUPAHO HA KOHKABHOj 00y peke OMBa epOAUpPaHO, JIOK Ce ca Jipyre
crpaHe ¢opMHpa HOBO Ha PEUHUM CIIPYZIOBHUMA, KOje je Hajuerhe 06pacyio 3e/bacToM HIIH
;kOyHaCTOM BereTaiijoM U KOje Hema 3Hauaja 3a pa3Boj mosbonpuBpezie. Eposuja obasna
IIpe/iCTaB/ba Ba’KAH IPOIIEC YK PeKa Koje TeKy IITaHOHCKOM HU3HjOM U HeHUM jyKHUM
obomom. Nnak, Ha Teputopuju Cpbuje MCTpakHBama IMpolieca epo3rje obana U HeHUX
TOCJIEINIIA HEMA IIUPOKY HUCTPAXKUBAYKY MIPOILLIOCT, Beh je Moryhe M3/1BOjUTH HEKOJIUKO
caBpeMeHUX CTy/INja Koje N3yJaBajy IOMeHyTy IIPo0IeMaTHKy Ha IPUMeEPHMa oipe)eHux
peka y Cpouju (Komybapa, JIpuna, Jy:kua Mopasa). Ilusb oBOT pazia je /a ce U3BpIIU
IpolleHa ryOUTKA 3eMJBUIITA Y3POKOBAHOT IPOIIECOM €pO3Hje 06aya pa3aIunInuTHX peKa y
Cpbuju xopunthemwem goctynHux mojataka u ['MIC TexHosoruje. JleTepMUHAIHAjOM
MIPOCTOPHE M BPEMEHCKe BapHjaOMIHOCTH PEYHHX 00ayia y PasjInIUTHM BPEMEHCKUM
OKBUpHMMA Yy 3aBHCHOCTH OFf JOCTYIIHHUX II0JlaTaKa, CTBOPEHa je OCHOBa 3a
KBAaHTHU(UKOBAabEe YKYIMHOT U IIPOCEYHOr TYOWTKA 3eMJbUIITA MPOyYaBaHUX peKa. 3a
notpebe U3pasie paa y3eTH Cy HAjBAXKHUjU YHYTPAIIEbY PEYHU TOKOBH: Benmka Mopasa,
Jy:kua Mopasa, 3anagaa Mopasa, Tumok, Miaga, Ilek u Konybapa.

Pe3ynraTtu ucTpaskuBama IOKa3yjy Zia NPOLEHeHa BPEIHOCT I'yOWUTKA 3eMJBHINTA
u3Hocu Oko 2.561 ha (25,6 km?). YkynHu rybutak 3eMJbUINTA NPOIOPIHOHAJIAH je
MOPGOMETPHUjCKUM ¥ XUAPOJIOIIKUM KapaKTePHUCTHKaMa PEYHHX TOKoBa. JleduHucaHu
BPEMEHCKU OKBUD 3a TpU HajBehe peke je 0KO 100 TOAMHA y TOKY KOjuX cy 3abesexeHe
cnenehe BpenHocTu ykymHor ry6utka: Bennka MopaBa — 950,3 ha, Jy:kHa Mopasa 611,1
ha, 3amagua MopaBa — 547,2 ha. 360r HejeqHakuX Tpajarka BPEMEHCKUX IEPHOAA,
3HAYAjHUjU IIOKa3aresb je mpocedaH ryourak 3emspumnra (ha/roz.). Pesynratu cy
IIOKAa3aJIu J]a je MMPOCEYHO TOAVIIbe HajBUIIIe 3eMJBUIITA U3TYOJbEHO JIyK obasa Benuke
Mopage (9,79 ha), zatum JyxxuHe u 3amagne Mopase (6 ha/rox), mok cy 3a ocrase
HCTpa’KUBaHe TOKOBe BpeZAHOCTH Hinke (ox oko 3 ha/rox ayx pexe Tumox, 10 1,22 ha/roz
ZIy?K peke Miase). Y by AeTabHUje 00pajie HCTPaKMUBaHe IPobieMaTHKe U3BOjEHO je
II0 IeT MeaHJapa 3a CBAKy peKy 3a Koje je yTBpheH TOJUIIBU U NPOCeYaH TIyOUTaK
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3eMJpHINTA. Pe3ysiTaTh Ccy MOKa3ajau /Aa je YKYIMHH TyOWTaK Ha CBHUX IEeT MeaHjapa
usHocruo oko 383,4 ha Ha Benukoj Mopasu, 154,5 ha Ha JykHoj Mopasu, 119,3 ha Ha
3amazuoj Mopasw, 25,3 ha Ha Kosnybapwu, 24,8 ha na Tumoky, 14,7 ha Ha Ilexy u 6,2 ha Ha
peru MutaBu. HajBeha croma yKymHOT rybHUTKa 3eMJBUIIITA PETHUCTPOBAHA je Ha MeaHpy 4
Ha Bennkoj Mopasu (102 ha y mepuomy 1923-2020.). Ha ucrom meaHzapy, Kao ¥ Ha
ompehennm meangpuma peka MiaBe (M3, M4, M5), Jyxue Mopase (M4) u 3amajue
Mopase (M3) sabesexxeHa je WHTEH3WBHA JIMHAMUKA IOMepama obajia U TryOHWTKa
3eMJBHIIITA ¥ TTOCJIEIEHb0] AenieHnju (2010-2020.). OBa unbeHuIa yiyhyje Ha 3aK/bydak fa
cy onpeheHH MeaH/IpH jOIll YBEK aKTUBHH U /Ia I(bUXOBA €BOJIYI[Hja HUj€ ¥ IOBOJbHOj MEPH
U3MemeHa I0J] YTHUIajeM PEeUYHHX peryjanuja W aHTpoIoreHe jenaTHocTd. OBakBe
TBp/Ibe TOTBpPheHe cy ¥ /I0BOl)eleM y KOpEeIalMOHH OJHOC BPEJHOCTH IMTPOCEUHOT
ryOUTKA 3eMJBHINTA OKO Ofipel)eHOT MeaH/[pa ca je/lHe ¥ MPOCEYHOT TOAUIIELET TPOTHUIAja
peke y JaToM TMEPHOAY ca Jpyre cTpaHe. Bucoke BpegHOCTH KoedHUIIMjeHTa
nerepmunanyje (0,97 — M4 Ha Benukoj MopaBu) ompaBpaBajy UHMEEHHUIy J1a Cy
XUAPOJIOMKK (aKTOpu Haj3HAUajHHUje JeTepMHHAHTE WHTEH3UTETa IpoIleca epo3uje
obasa.

JlobujeHu mozamny Mory MOCTYKUTH 32 HapeHa IPOyYaBambe MpobIeMaTHKe epo3uje
obana ca pa3jIMUMTHX acrnekra. Y OyayhuM wncTpakuBarkbUMa HEONXOJHO je aKIjeHaT
CTaBUTHU Ha JIeTaJbHUje o0jalnmerne (akTopa KOju yTUUy Ha HHTEH3UTET IIPOIeca epo3uje
obasa, Kpo3 KOpeJalyjy ca eKCTPEMHUM BPEZHOCTIMA METEOPOJIOMIKIX U XUAPOJIOUIKUX
[oKa3aresba, Il M HAa KBAHTHU(HUKOBAkE EKOHOMCKHX M (UHAHCH]CKUX TyOUTaKa
M3a3BaHUX OBHM IiporecoM. Bosbe pasymeBarbe oBOr mpoueca Ha Tepurtopuju Cpbuje
MOKke OMTH Off 3Hauaja 3a pellaBame MPAKTUYHUX MpobseMa U3 06JIaCTU yIpaBibarba
BOJHUM U 3€MJBUIIHHM DECypcHMa, IPOMeHaMa y KOpHIIhemy 3eMJ/BUINTA, 3AIITHUTH
JKMBOTHE CPE/IVHE UTA.
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