Pre prints.org

Article Not peer-reviewed version

Declining Bank Erosion Rate Related to
Climate-Change Driven Hydrological
Alteration of a Small Sub-Alpine River

Alexandra Pusztai-Eredics and Timea Kiss "
Posted Date: 17 June 2024
doi: 10.20944/preprints202406.1134.v1

Keywords: lateral erosion; channel shift; meander types; meander development; low stage; flood; intra
annual variability

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/257952

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 June 2024 d0i:10.20944/preprints202406.1134.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Declining Bank Erosion Rate Related to Climate-

Change Driven Hydrological Alteration of a Small
Sub-Alpine River

Alexandra Pusztai-Eredics 1?2 and Timea Kiss 3*

! Department of Geography, ELTE Savaria University Centre, Karolyi Gaspar sq. 4, Szombathely 9700,
Hungary 1; e-mail@eredics.alexandra@sek.elte.hu (A.P.-E.)

2 Doctoral School of Environmental Sciences, Faculty of Science, E6tvos Lorand University, Pazmany P. str.
1/A, Budapest 1117, Hungary

3 Independent researcher, Horvath Gy. str. 80, 6630 Mindszent, Hungary

* Correspondence: kisstimi@gmail.com (T.K)

Abstract: In the 21st century, climate change and its consequences are getting more serious. The
changes in temperature and precipitation alter the run-off conditions, subsequently influencing the
channel processes of rivers. The study aims to analyse the hydrological changes of a small, sub-
alpine river (Réba River, Central Europe) and the bank erosional processes since the 1950s. The bank
erosion was determined based on topographical maps, aerial photographs, and RTK-GPS surveys.
Short (2-3 days) floods were common between 1950-1980, and low stages occurred in 65-81% of a
year. However, in the 21st century, extreme regimes developed, as record-high, flashy floods alter
with long low stages (91-96% of a year). The bank erosion shows a cyclic temporal pattern, gradually
increasing until it reaches a high value (4.1-4.9 m/y), followed by a limited erosional rate (2.2-2.8
m/y). However, the magnitude of the bank erosion is decreasing. It could be explained by (1) the
lower transport capacity of the more common low stages and (2) the seasonal shift of the flood
waves, appearing in the vegetational period when the riparian vegetation can more effectively
protect the banks from erosion.

Keywords: lateral erosion; channel shift; meander types; meander development; low stage; flood;
intra annual variability

1. Introduction

In the 21st century, climate change and its impact on the natural environment are becoming
increasingly evident. Changes in temperature and precipitation patterns significantly impact on all
elements of the natural environment. Climate change in river basins affects water and sediment
transport of rivers through altered runoff and soil erosion [1,2], water flow [3], and processes in
riverbeds [4-6]. Knox [7,8] suggested that annual changes in temperature of +1-2 °C and precipitation
of +12-20% can already cause significant changes in the magnitude and frequency of floods. Increases
in temperature result in an increase in evapo-transpiration rates and an earlier snowmelt date, so it
can indirectly influence water flow [9]. In turn, changes in the amount, intensity, and temporal
distribution of precipitation directly influence runoff, water, and sediment yields and their annual
changes [9-11]. These ultimately result in changes in river bed development and channel patterns
[12].

The consequences of climate change induced impacts may differ between rivers [13]. In fluvial
systems, the response to change may vary in space and time, even within the same river, depending
on the current state of the system [13,14]. The hydro-morphological response to climate change
manifest in changes in the characteristics of the water system (e.g., water level, sediment yield), such
as changes in frequency, magnitude, duration, sequence, and trend of low stages or flood waves [15].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Past climate changes have resulted in distinct periods of high and low river flow, with significant
morphological consequences [4]. Changes have occurred in the course of channel and floodplain
development, the rate of lateral displacement of river channels, the extent of the point-bar surfaces,
and the size and shape of meanders [4,5,16,17].

The frequency of flashy floods has increased in recent decades [18]. These extreme floods result
in significant sediment transport and cause widening or incision of the river bed [19]. In the lowland
areas, heavy flooding could lead to intense bed migration and avulsions [20,21], and intense
aggradation in floodplains and some segments of the channel [22]. A decrease in annual precipitation
and discharge triggers opposite processes. The increasing frequency of small floods can lead to the
secondary loop formation on large meanders and channel narrowing [23]. However, these processes
can impede the conveyance of subsequent large floods and thus lead to increased flood risk [23,24].

Heavier rains and longer dry periods can lead to more extreme flows [7]. However, while some
rivers have experienced more frequent low flows and disappearing floods [5], in others, the
magnitude and frequency of floods have increased [14,25]. Researchers differ in their opinions on
which characteristic discharge plays the most important role in transforming channels and
floodplains. Gilvear et al. [14] stressed the role of increasingly frequent extreme floods; others
considered the changes in bankfull discharge as the key factor [26,27]. However, the role of
increasingly frequent and persistent low stages in shaping the riverbed is also not negligible [28].

The impact of climate change is not only reflected in changes in the regime of rivers. Climate
change-driven changes in catchment vegetation and land cover can modify the spatial and temporal
distribution of runoff and sediment discharge by controlling soil erosion and water retention [29,30],
which in turn change the parameters of the channel [31]. Climate change also alters the intensity of
surface erosion processes. For example, changes in the intensity of soil erosion, altered denudation
rates, and mass movements lead to the altered amount of sediment entering rivers [32-34]. For
example, the additional sediment decreases the transport capacity, causing sediment deposition and
leading to the aggradation of the channel and floodplain [35]. The aggraded riverbed has a lower
conveyance capacity; thus, it is less able to drain high flows, so floods might become more frequent,
leading to further rapid sediment accumulation of the floodplain [36]. As a result, catchments become
more vulnerable to extreme weather events [37].

The main difficulties in analysing the effects of environmental change are the uncertainties of
the initial state and the non-linearity of the processes involved [38]. Moreover, the effects of different
processes can amplify or extinguish each other [35,36]. The nature of the consequences depends on
the internal (in)stability of the river system and its capacity to adapt to change, i.e., the sensitivity of
a given reach and its environment [39,40]. In this respect, the closeness of the hydro-morphological
regime of the river to some threshold of equilibrium and the capacity of the system to regenerate are
important [41,42].

In Central Europe, decreasing snow cover, warmer temperatures, and more frequent dry periods
[43,44] could reduce flood discharges [11]. However, the Rdba River, originating in the Eastern Alps,
is under a double effect. On its sub-alpine catchment slight increase in flood discharge was indicated;
however, along its lowland reach, a decrease of floods was reported [11]. In the lowland, Hungarian
section, prolonged low stages alter with flashy flood waves. As most of the meanders in the upstream
reach of the Raba in Hungary are free developing, they provide an excellent opportunity to analyse
the effect of altering flow conditions on channel morphology. Therefore, the objectives of this research
are (1) to analyse the hydrological changes of the Réba River since the 1950s, (2) to determine the
extent of bank erosion, and finally (3) to analyse the relationship between the regime and bank
erosion, which will reveal the river’s response to climate change. Our ultimate goal is to evaluate the
river’s morphological response to climate change regarding flood prevention and river restoration.

2. Study Area

The Raba River (length: 287 km) is a small river shared by Austria and Hungary in Central
Europe (Bergmann et al., 1996). Most of its catchment (10,113 km?) is located in the Eastern Alps, but
its lowland reach is located in a plain in Hungary (Figure 1).
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Figure 1. The catchment of the Rédba River is located in Central Europe (A). Its middle reach was
studied in Hungary (B). The studied reach was divided into 14 units (R1-14) based on the degree of
human impacts, and along some meanders (A-U), the bank erosion was measured using an RTK-GSP
©).

The Alpine catchment has a key influence on the regime. In its natural state, the river had three
floods [45]. Snowmelt and rainfall initiated the flood in March, and heavy rainfalls caused flashy
flood waves in July. A third, smaller flood in November was related to Mediterranean cyclones. Flood
waves usually quickly develop [46]. The maximum (Qma= 471 m?3/s) discharge measured at
Szentgotthard (Hungary) is almost two hundred times larger than the minimum discharge (Qmin=2.6
m?3/s). The hydrology of the Hungarian lowland reach is determined by the tributaries draining the
mountainous sub-catchments in the Eastern Alps. In the study area, the Lapincs Brook has the
greatest influence on the water and sediment transport of the Raba. The mean discharge of the brook
is three times greater than the mean discharge of the Raba at the confluence, and its coarse sediments
also have a major influence on the channel processes of the main river [47].

The Upper Raba (from its source in Austria to Sarvar in Hungary) has been regulated only at
some points; thus, it still meanders freely on its floodplain. The local regulation works aimed to
protect settlements and transport infrastructure from lateral erosion and to provide flood safety.
Besides, several lock dams were built on the Upper Réba [46]. On the other hand, the Lower Raba
(between Sarvar and the Danubian confluence) is confined by artificial levees, and the channel is
regulated by cut-offs and revetments to a large extent [48].

The middle reach of the Raba River (length: 127 km) was selected as a study area (Figure 1). The
local river engineering works were mostly performed between 1968 and 1977. Based on the extent of
human influence and meander migration characteristics, altogether 14 units were identified. Some
units are free of direct human impact, so they reflect the natural state of the channel (U1, U3, U5-6,
U8, U10, U12, and U13); in other units the channel is slightly regulated by revetments at some points
(U1, U8, U10, and U12), while other units (U2, U4, U7, U9, U11, and U14) have intensively regulated
channel (revetment, cut-offs) and artificially confined floodplain. As the units free of engineering
works are in between modified units, they were also influenced by human impact but indirectly. The
artificial cut-offs or the revetments increase the slope and flow velocity and alter the sediment
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household, which propagates downstream, influencing the processes even in the intact channel
segments.

3. Materials and Methods

The hydrology of the Rdba River was analysed based on daily stage data measured at
Szentgotthard gauging station, located in the upstream part of the studied reach. Water level (H) data
are from 1950-2004, while discharge (Q) data are from 1970-2024. Based on the daily data, the
maximum (Hmax, Qmax), average (Hmean, Qmean), and minimum (Hmin, Qmin) values were calculated for
each year. Low stages were determined as H<0 cm, while the bankfull level is 250 cm, equal to 1.1y
return period flood [49]. A flood wave was considered a water level rise by at least 50 cm.

Maps (1951, 1955, 1960) and aerial photographs (1967, 1972, 1983, 1996, 2000, 2005, 2008, 2012,
2015, 2018, 2021, and 2022) were used to analyse the horizontal displacement of the bankline. The
maps were processed using QGIS software (3.28/Firenze). The vectorized bank polygons were
overlapped in QGIS using the NNjoin module. The new polygon between two subsequent banklines
in the direction of channel migration indicates the area affected by bank erosion. To determine bank
erosion rate, perpendicular lines were constructed on a digitised bankline in every 2 m all throughout
the studied reach (Figure 2A). Along these lines, the lateral channel shift was measured, and the mean
annual bank erosion rate (m/y) was calculated. To identify the maximum bank erosion, circles with a
diameter of 500 m were placed along the centre line of the meander belt. The circles overlap by 90 m,
equal to two channel widths (Figure 2B). The maximum bank erosion within the circles was
determined by applying a moving average.

Figure 2. The mean bank erosion was calculated based on the length of lines perpendicular to a former
bankline (A). The maximum bank erosion was calculated within circles (B).

Field measurements were performed along 20 intensively migrating free meanders to evaluate
the bank erosion within a year. The survey was performed between April 2022 and April 2024. The
bankline was surveyed seven times along the outer curve of the bends using Hi-Target iRTK-4
satellite geodetic GPS (horizontal precision: 0.1-3 cm). The average and bank erosion within the
surveyed bends were measured using the perpendicular line method mentioned above. The
maximum bank erosion was measured using circles with a diameter (15 m) covering the bends. The
maximum displacement within the circles was determined by calculating a moving average.

4. Results
4.1. Hydrological Changes of the Riba River (1950-2024)

Floods with a return period of 1.3-47 y were typical in the first period (1950-1980). The average
stage of yearly highest water levels was 272+74 cm (Figure 3a), and their mean discharge was 214.7+71
m?3/s in the 1970s (Figure 3b). A record high, overbank flood (H: 408 cm) was recorded in 1965, 158
cm above the bankfull stage. The flood waves typically occurred in March, June, and August.
Floodplains were typically covered by overbank floods for 2-3 d/y, although in 1965, there were 8
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days of flooding due to two summer floods. The mean level of the annual lowest stages was —71+12
cm (Qmean: 7.3+2.6 m3/s). Low stages (<0 cm) were common in 65-81% a year (Figure 4).
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Figure 3. Annual highest, mean, and minimum water levels (A) and annual highest, mean, and
minimum discharges (B) measured at Szentgotthard gauging station.

100 6.2
S 9 53§
In e ey
80 53
SRl 458
2% S
g 550 383
S 240 S
< 530 2‘%§
I%Q\ZO 115
10 2
)
0 el (e} v (=) v o v (e} g o v o v (e} <t 0
e} O \© | v - ] (o] [N (o) o o — — N [o\]
N (o)) (@)} (o)) (o)) (o)) (o)) [e)} (o)) S S (e} (@) (=} (@}
— — — — — — — — — N N Il N Il N
OV N N A
e} g O O - o~ (o] 0 [N ()] o o — — (]
[o)} (o)) (o)) (o)) [@)) (@)} (o)) (o) (o)) @)} (] (] S (@] (@)
— — — — — — — — — = N Il N N N
Periods

Figure 4. Mean duration of low stages (<0 cm) and overbank stages (=250 cm) at Szentgotthard.

Between 1981 and 2000, smaller floods (return period: 1.3-26.6 y) became common, so they rarely
entered the floodplain (Figures 3 and 4). Although floods in March persisted, the former August
floods could appear between August and October. Though the floods in 1987 and 1996 were not the
highest, they had higher discharges (454457 m?s) than before. The average level of the annual
highest stages decreased by 27 cm (Hmax: 226485 cm). The other characteristic water levels also
decreased. The mean annual stage decreased by 31 cm (Hmean: 69445 cm), and the mean annual lowest
stage decreased by 18 cm (Hmin: -88+7 cm). A new, record low stage was measured (1983: =107 cm),
which brought the record 11 cm deeper. Overall, low stages characterized 92-92% of the years. At the
same time, the typical discharge values increased, although their deviation increased, referring to
more extreme flow conditions (Qmax: 244+111 m3/s, Qmean: 126+56 m3/s and Qmin: 8.2+2.1 m3/s).

The weather became even more extreme in the last period (2001-2024). The absolute water level
changes between the annual minimum and maximum stages increased. While it was 484 cm in the
first period, it became 602 cm. The centurial flood in 2009 reached a new record height (491 cm) and
discharge (471 m3/s). However, the mean annual highest stages (Hmax: 181+132 cm) decreased further
by 45 cm. The intra-annual pattern of flood waves has also changed, with the March flood waves
disappearing, and the flood waves shifted to May—June and August-September. The low water level
decreased moderately (Hmin: -96+9cm), though new, record low stage was measured (2012: —111 c¢m).
Thus, it decreased by 4 cm compared to the previous record. As a result of these processes, the
frequency of low stages increased to 91-96%.

In terms of discharge, it is worth splitting this period in two. Between 2001 and 2015, water flows
decreased considerably and became more extreme than in previous periods (Qmax 221+140 m¥/s;
Qmean: 114271 m3/s; Qmin: 6.7+3 m3/s). However, the annual discharges decreased even more markedly
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in the last decade (2016-2024) (Qmax: 182+133 m3/s; Qmean: 95£66 m3/s and Qmin: 6.6+3 m?/s). The lowest
discharge of the whole studied period was recorded in 2003 (2.6 m?/s).

From the point of view of channel dynamics, the changes in the discharge-stage relationship are
important. In the range of small and medium water levels, the same stages were associated with
increasingly higher discharges. While the -50 cm water level in 1970 was associated with 13.6 m?/s
discharge, in 2021, it increased to 26.7 m?®/s. Simultaneously, the 0 cm water level had 24.0 m3/s
discharge in 1970, which increased to 52.1 m?/s in 2020. These data indicate the incision of the channel.
Similarly, the discharge values increased in the medium and high stage ranges, suggesting that the
drainage capacity of the channel is increasing.

4.2. Hydrological Changes of the Raba River (2022-2024) during the Field Surveys

The water regime differed substantially between the four-monthly bankline surveys (Figure 5).
Low stages were typical during Periods 1 and 2. Only three small flood waves occurred in late May
and early June, but they were far below the bankfull level (H: 4, 55, and 68 cm), these waves
developed rapidly, with a maximum rising velocity of 77 cm/day. The flood waves were followed by
a prolonged period of low stages. Thus, only very low stages appeared in Period 2, interrupted by a
few small water level rises (AHmax: 48 cm/day).
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Figure 5. Daily water level changes of the Raba River at Szentgotthdrd measured between the RTK-
GPS surveys.

The dominant feature of Period 3 was that the small stages were interrupted by small flood
waves in January (H: —65 to =13 cm) and mid-April (92 cm). During the latter flood wave, the water
level rose (109 cm/day) and recessed (50 cm/day) quickly, but it was far below the bankfull water
level. The fourth survey was conducted one week after the flood wave.

Period 4 was very active from the hydrological point of view. Two of the eight flood waves
exceeded the bankfull level, so they entered the floodplain. The first overbank flood wave (17 May
2023: 268 cm) had a rapid rising (AHmax: 261 cm/day) and falling limbs (AHmax: 190 cm/day). The
second overbank flood was much higher (05 Aug. 2023: 477 cm); it approached the previous largest
stage on record (491 cm). During the rising, the water level changed faster than in previous periods
(AHmax: 305 cm/day), but it receded much slower (AHmax: 60 cm/day) as water slowly drained back to
the channel from the floodplain.

Periods 5 and 6 were similar to the first period in hydrology: small flood waves appeared during
a low-stage period. The largest of the waves was only 109 cm high. During these flood waves, the
water level increased by 135-161 cm/day, and it decreased by 70-101 cm/day.
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4.3. Bank Erosion of the Studied Reach of the Raba between 1951 and 2022

The mean lateral bank erosion of the studied Raba reach was high in three distinct periods: in
the 1960s (6.9 m/y), in the late 1990s (4.6 m/y), and a third small erosional peak (3.3 m/y) occurred in
20122014 (Figure 6). The temporal trends in bank erosion reflect that the bank erosion gradually
increased until it reached a maximum value. For example, from the 1950s to the 1960s, the mean bank
erosion increased from 4.1 m/y to 6.9 m/y. Similarly, the 20th century started with a low bank erosion
rate (mean: 2.0 m/y), gradually increasing until it reached a small peak in 2014 (mean: 3.3 m/y).

Within the intensively eroding periods, the bank erosion rate was very diverse, as reflected by
the box plots with many outliers and a wide range between extreme values. In some bends, the bank
erosion was over 10 m/y, being the most intensive in the late 1990s, when the bank erosion rate of
some meanders was 24-27 m/y.

The periods of intensive bank erosion were always followed by periods (when the erosion
declined. It has an increasing trend, as in 1972-1982, the mean bank erosion was 4.1 m/y; in 2000—
2004, it dropped to 2.0 m/y, and finally in 2015-2022, to 1.6 m/y. The bank erosion rate has a low
standard deviation in these periods, referring to uniform processes along all meanders.
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Figure 6. Bank erosion rate of single bends of the studied reach of the Raba River between the
available spatial data (topographical maps and aerial photos).

4.4. Bank Erosion of the Selected Meanders of the Riba between 2022 and 2024

Short-term bank erosion was measured along 20 meanders for two years from April 2022 to
April 2024. The average bank erosion was 2.8 m/y, which is the same as the long-term average
measured in the previous period (2015-2022). However, the multiple measurements within a year
help to highlight the seasonal variations in bank erosion and the controlling hydrological processes.

In Periods 1-3 of the survey (April 2022 — April 2023), the mean bank erosion (0.3-0.7 m) was
similar in most of the meanders (Figure 7, Table 1). There was only one bend (G) in Period 3, where
the mean bank erosion exceeded 1.0 m. The maximum bank erosion at some points reached 1.2-2.2
m in Periods 1 and 3. However, in Period 2, the maximum values were even and never higher than
0.6-0.8 m.

Table 1. Bank erosion (m/4 months) in some meanders of the studied reach of the Rdba based on RTK-
GPS surveys of the bankline.

Survey period Period 1 Period 2 Period 3 Period 4 Period 5 Period 6
Apr.-Aug. Aug.-Dec. Dec. 2022 - Apr.-Aug. Aug.-Dec. Dec.2023. -
2022 2022 Apr. 2023 2023 2023. Apr. 2024

mean bank erosion 0.5+0.2 0.3+0.1 0.7+0.2 2.8+1.6 1.0+0.6 0.4+0.4
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greatest mean bank erosion 0.9 (G) 0.5 (H) 1.1 (G) 6.9 (O) 3.4 (H) 1.9 (6)

(ID of meander)
maximum local bank erosion 1.6 (G) 0.8 (G) 22 (G) 19.8 (A) 4.6 (H) 4.0 (H)
number of bends with bank 2 0 5 20 14 1

erosion higher than 0.8 m
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Figure 7. Mean bank erosion (A) and maximum erosion of some meanders between the RTK-GPS
surveys.

In Period 4 (April — Aug. 2023), the mean bank erosion (2.8 m) increased significantly in all
meanders. Only the last meander (U) had a mean bank erosion of less than 1 m. The highest average
value (6.9 m) was measured in bend C. However, at certain points in some meanders, the bank eroded
to an extreme extent. For example, at the most eroded point in bend A, the bank eroded by 19.8 m.

Then, in Period 5 (Aug.— Dec. 2023), the average amount of bank erosion in all bends was
reduced by two-thirds (1.0 m). The bends showed considerable variations, as the mean bank erosion
remained high (1.0-3.4 m) in almost a third. Maximum erosion in bend A, previously marked by very
fast bank erosion, was strongly reduced (0.9 m). New points of moderate erosion (1.5-4.6 m) appeared
in bends F-1.

In Period 6 (Dec. 2023 — April 2024), the mean bank erosion slowed further (0.4 m) to half of the
previous period and reached the average values of the first periods. There was only one bend (H)
where both mean (4.0 m) and maximum (1.9 m) erosion were significant, although here, the bank
erosion was consistently high throughout the last year. The maximum erosion in the other bends was
sharply reduced, it was only 0.3-1.0 m at any one point.

Bank erosion showed a characteristic downstream trend only in Period 4. At this time, both the
mean and maximum bank erosion decreased downstream, broken only at two locations (F-H and S—
T) by more intensively forming meanders. In the other periods, however, this downstream trend was
not obvious, and the bank erosion showed higher values at a few locations (C, G, and M), but without
any spatial trend.

At the meanders, the locations of the points with the highest bank erosion differed (Figure 8). In
most bends (e.g., C, D, G), the highest bank erosion was measured at the downstream third of the
meander, and these meanders showed a classic expanding meander development pattern.

Meander B

100.m ] Meander C
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Figure 8. Short-term (2022-2024) changes in the position of the bankline at selected meanders (A) and
its long-term (1951-2022) changes (B). Meander B represents a bend where the location of an island
influences the bank erosion. Meander C shows a classical expansion migration pattern. North of
Meander E is a terrace rim; thus, the meander development is confined. On Meander H, secondary
bends develop.

In other meanders (e.g., bends A, B, and ]), a mid-channel bar or island pushed the thalweg
against the bankline at different points of the bend, where extreme bank erosion values were
measured. In the studied reach, there are also some confined meanders (A, B, and E) where the high
banks decrease the lateral channel shift; thus, they decrease the rate of bank erosion. However, there
are also some complex meanders (F, H, L, M, T, and U) that show the fragmentation of a previous,
larger meander. Thus, in some places on the original convex bankline, the bank erosion became more
intensive, leading to the formation of smaller, secondary bends.

4. Discussion
4.1. Hydrological Alteration of the Raba River Since 1950

Previously, Csoma [45] described two major and one minor flood (March, July, and November)
per year on the Raba. Our data from the Szentgotthard gauging station for the years 1950-1980
verified the existence of floods in March and June, and a late summer flood in August was identified
instead of the autumn flood. After the 1980s, the water regime gradually changed. Thus, although
the March flood persisted between 1981 and 2000, the early summer flood wave disappeared, and
the late summer floods appeared in a longer period (August—October). In the 21st century, a
completely different flood pattern has emerged, with the spring flood being replaced by a prolonged
flood period in May—June and a marked peak in August-September. The strong inter-annual shift is
probably due to climatic reasons [50], and it might indicate heavier and more frequent summer and
early autumn rainfalls than in the past. Meanwhile, the heights of flood waves show a declining trend,
in good agreement with Bloschl et al. [11], who reported a 5-10% decrease in flood discharge along
the Raba River. At the same time, the more intense summer floods could be explained by the slight
increase in discharge in smaller catchments in the Eastern Alps [11] and by more frequent extreme
rainfall events [18].

The length of the low stages has increased dramatically, from 65-81% of a year between 1950
and 1980 to 91-96% between 2001 and 1924. The dropping of low stages is partly related to the
widening and deepening of the channel, as the discharges at the same water levels have almost
doubled. However, while the annual minimum discharge averaged 8.2+2 m3/s in the 1981-2000, this
gradually decreased to 6.7+3 m3/s (2001-2015) and to 6.5+1.9 m?3/s (2016-2024). Moreover, by the end
of the 21st century (RCP4.5 and RCP8.5 scenarios), droughts are predicted to become more frequent
[43], increasing the length and frequency of low-stage periods. Similar, increasingly extreme flows
have been observed in many rivers around the world [5,9,14,23-25,37,50,51].

4.2. The Relationship between Hydrology and Bank Erosion

Short-term field measurements of bank erosion have allowed us to investigate the relationship
between hydrology and bank erosion at a better temporal resolution (every four months). Bank
erosion is associated not only with flood waves at or above bankfull levels, but also any water level,
just to different extents. During low-stage periods, when flood waves with 50-150 cm water level
increase conveyed in the Réba’s channel, the average rate of bank erosion was below 1 m/4 months.
The channel-forming function of small and medium stages is related to their locally high slope and
flow velocity due to the roughness of the bottom, which allows for slight sediment transport [3,52].
On the other hand, persistent low flows can proportionally determine the hydrology of a river and
thus contribute, albeit in a small way, to the transport of sediment in the channel [28].

Successive and larger (200-400 cm) flood waves can cause significant bank erosion along the
entire length of a reach. Thus, on average, the more frequent flood waves on the Rdba were associated
with an erosion of 2.8 m/4 months (i.e., 8.4 m/y), while on some points of the bank, the erosion rates
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were as much as 10-19 m/4 months (i.e., 30-58 m/y). This is due to the fact that bankfull levels or
overbank floods create the best conditions for intensive bank erosion [14,19-21,26,27]. It is related to
the high specific stream power during flashy floods and the fast rising and falling limbs of flood
waves. Under these circumstances, the formerly collapsed bank material could be removed from the
feet of the banks, the bottom of the channel is incising, and the flow could directly erode the banks
[17,24,52].

An important element of the hydrological changes is the seasonal change of floods [52,53]. In the
case of the Réba River, the early spring floods became absent, but new floods appeared in summer
and early autumn. Pastures and plough fields are mainly along the river, and the roots of the herbs
can stabilise the banks just during the growing season [17,52]. However, this bank stabilising effect
cannot be achieved prior to their development. The seasonal shift in the flooding period is therefore
important, since in the second half of the 20th century, during the early spring floods, the banks of
the Raba were less stabilised by weak vegetation, and therefore, the bank erosion was greater than
now.

Regime changes also affect the spatiality of bank erosional processes. Our short-term study has
shown that bank erosion shows a longitudinal trend only during major flood events. Then, with the
gradual slope decrease, the bank erosion also gradually decreases. However, this downstream trend
does not prevail during low stages, and bank erosion in all meanders becomes more uniform
regardless of their longitudinal position.

4.3. Relationship between Hydrology and Bank Erosion: A Conceptual Model

During the first few decades of the study (1951-1971), the gradually increasing bank erosion was
driven by stages at or above the bankfull level. These flood waves were frequent and occurred at
regular intervals. In addition, a record-high flood occurred in 1965, besides the level of low stages
increased. Therefore, the higher stream power facilitated bank erosion. According to our conceptual
model, the bankfull water levels created suitable conditions for intense bank erosion [26,27]. As flood
waves and low stages followed each other evenly in the second half of the 1950s, the river also
experienced a strong lateral erosion, as the channel had to expand to convey the floods. Meanwhile,
the low stages allowed the formation of mass movements (e.g., landslides, falls) of the banks. The
elevated low water levels, the higher variability of stages, and the higher slope (65 cm/km) allowed
for the transport of debris material from the feet of the banks. However, in the last five years (1967-
1971), the lower frequency and height of near-bankfull floods no longer justified the high bank
erosion rate. This refers to the existence of a delay in the response of the river, as it takes several years
for the morphological response of the system to floods or their absence to be completed [4,15,42].
Thus, it could be identified as the end of a longer erosional cycle, initially triggered by frequent flood
waves at or above the bankfull level and the extreme flood of 1965. The erosional cycle was closed by
a relaxation period (1972-1982) [15,23]. No intensive bank erosion could be detected during this
period despite the successive regular bankfull stages. It can be partly explained by the bank
stabilisation works carried out at this time (1968-1984), which aimed to mitigate the destruction of
overbank floods such as the one in 1965. Alternatively, the reduction in bank erosion might be
explained by the fact that during the erosional phase of the cycle, the channel had widened and
reached the parameters required to convey large flows. In addition, by the end of the period, large
flood waves became rare, and the duration of low stages with low stream power increased, which
also reduced bank erosion.

The bank erosional became increasingly intensive at the beginning of the next, second erosional
cycle (1983-2004), reaching its maximum between 1996 and 1999. However, this erosional cycle had
a smaller magnitude than the first cycle. The channel regulation of the Raba could explain the
moderate bank erosion, as the revetments stopped lateral erosion of some meanders and sections.
However, in the naturally developing units below them, the locally increased flow velocity might
have intensified bank erosion, also facilitated by higher low and medium stages. This erosional cycle
was also completed by a relaxation period of limited bank erosion (2000-2004) supported by the
almost complete absence of bankfull flood waves.
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The bank erosion increased slowly in the third bank erosional cycle (2005-2014) but was not as
intense as in the previous cycles. This increased bank erosion might be related to the highest
discharge on record in 2009 and the successive floods that typically were just below the bankfull level.
These flood waves, similar to those experienced in 1951-1954 and 1996-1999, transported away the
previous debris accumulated at the feet of the banks, deepened the channel, and thus increased the
lateral channel migration. The mean bank erosion increased slightly, as the flood waves did not last
long, and the long-lasting low stages did not support intensive bank erosion.

The last decade (2015-2024) could be evaluated as the end of the third erosion cycle (relaxation
time) or the beginning of a completely new development phase. The bank erosional rate gradually
decreased due to the absence or shortening of flood waves and bankfull stages and the increasing
frequency of low stages (91-96%). Thus, although low stages create good topographic conditions for
mass movements of the banks; however, the debris that accumulates at the feet of the banks cannot
be transported away due to the absence of flood waves. The new development phase is justified by
the fact that field measurements show that the shape of the meanders is also slowly changing. In
some of the large, freely developing meanders, a slow fragmentation of the meander into smaller
bends and the formation of secondary bends can be observed. These processes can be clearly
explained by the increased frequency of low stages [23] as the flow circulation in the channel became
altered [13,31]. Similar phenomena have been observed in sections below the construction of
reservoirs, where secondary bends developed due to a decrease in discharge [23,54].

4.4. Spatiality of Bank Erosion

In most of the studied meanders, the largest bank erosion was downstream of the apex of the
bend. This is consistent with the general course of meander evolution [31,39,55], as centrifugal force
pushes the flow against the bank just downstream of the axis due to the water mass’s inertia. Thus,
here the water mass can exert the greatest erosion, resulting in a gradual downstream migration of
the meanders.

However, there were also meanders where the most intensively eroded points were upstream
of the axis. This is partly explained by the development of secondary meanders, which is based on
the assumption that the more sinuous thalweg triggers bank erosion at new locations. Kiss and
Blanka [23] identified similar pattern of bank erosion on the Hernad River (Hungary) as an effect of
water discharge reduction. On the other hand, the Réba River has repeatedly reworked the
floodplain. Thus, if some meanders develop in areas that have been reworked a few decades earlier,
the bank erosion will accelerate, as loose, barely compacted sediments create favourable conditions
for rapid meander migration. Besides, mid-channel bars or islands could also divert the thalweg,
initiation bank erosion at new locations.

There is also a difference between the meanders in terms of their confinement. At some points
(high banks (related to terraces) are reached by meanders. The erosion of the high banks is slower
than at normal banks as the river has to carry much more material. Therefore, the shape of the
meanders will be distorted. Similar distorted meanders have been described along Hungary’s high
banks of the Drava and Hernad Rivers [23,24].

5. Conclusions

The changing bank erosion and riverbed development of the studied Raba section provided a
classic example of fluvial processes altered by climate change. In our case, the water regime became
more extreme with drastically increased duration of low stages. The flood waves, which shift into
summer and early autumn, rise rapidly as heavy rainfall in the sub-alpine sub-catchment results in
high run-off. At the same time, low stages have become increasingly dominant every year. Although
bank erosion shows a cyclical temporal pattern, its amplitude is decreasing. This can be explained
partly by the low stream power of the dominant low stages, the decreasing frequency of flood waves,
and the increasing role of riparian vegetation.

In the previous decades, the greatest problem along the freely developing meanders of the Raba
was bank erosion, as the intensive channel migration threatened the infrastructure in several places.
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Therefore, the meanders were either artificially cut off, or revetments were built at several points to
provide bank protection. However, the study has shown that bank erosion is gradually decreasing,
so large-scale interventions are likely unnecessary. Although bank erosion is still present, its
moderate rate raises the questions about how it will change the sediment dynamics of the river and
how it will affect the future habitat of birds using the banks (e.g., bank swallow and European bee-
eater).
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