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Abstract: Riverbank erosion is an essential morphodynamic process for the improvement of river
health and the ecohydrogeomorphological functioning of alluvial rivers. Lateral channel dynamics
and sediment supply caused by bank erosion largely create and maintain heterogeneous in-channel
habitats for fauna and aquatic or riparian plant species. However, humans very early started to
stabilize riverbanks in order to favour navigation or to prevent valuable land and infrastructures
close to the channel from eroding. During the 20th century, bank protection works such as riprap
considerably increased and blocked lateral channel erosion, causing a loss of local sediment supply,
which in turn resulted in a decrease in local bedload transport and channel incision. The aim of
the article is to evaluate to what extent riprap removal may be an efficient restoration measure in
terms of the reactivation of bank erosion and the replenishment of the local bedload in gravel-bed
floodplain rivers with a sufficient amount of freedom space. An experimental in situ restoration
approach was chosen. First, riprap was removed at two geomorphologically contrasting sites on the
Allier River, France. Second, bank retreat was monitored, and the volumes eroded were quantified
using photogrammetric and LiDAR surveys. Third, in the case of post-restoration bank erosion, grain
size and morphological channel evolution analyses were carried out. Our results suggested that
the removal of riprap is an effective measure for certain but not all channelized floodplain reaches.
The geomorphological and sedimentary contexts are two criteria that should be considered when
selecting sites for restoration. Thus, this study helps river managers to better target the criteria
to be taken into account for the selection of sites with high potential for the restoration of lateral
channel dynamics.

Keywords: riverbank restoration; freedom space; riprap removal; bedload replenishment; LiDAR
survey; Allier River; France

1. Introduction

Riverbank erosion within alluvial river systems is an important morphodynamic
process that sustains river health and its associated ecogeomorphological functioning. At
the catchment scale, bank erosion contributes to the dynamic equilibrium of the fluvial
system through the transfer of sediments from the headwaters to the river mouths [1–3].
Modifications of channel morphology and sediment supply caused by bank erosion largely
create and maintain heterogeneous in-channel habitats for fauna (macroinvertebrates, fish,
and birds) and aquatic or riparian plant species [3]. However, humans very early started to
stabilize riverbanks to benefit navigation or to prevent valuable land and infrastructures
close to the channel from eroding [4]. During the 20th century, bank protection works such

Appl. Sci. 2023, 13, 2981. https://doi.org/10.3390/app13052981 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13052981
https://doi.org/10.3390/app13052981
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-1514-2311
https://doi.org/10.3390/app13052981
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13052981?type=check_update&version=1


Appl. Sci. 2023, 13, 2981 2 of 19

as riprap considerably increased along river channels, leading to their stabilization [5,6].
At the reach scale, the blocking of lateral channel dynamics implies a loss of local sediment
supply, which in turn may result in a decrease in local bedload transport, the subsequent
incision of the channel, and the coarsening of the channel bed sediments, leading to
progressive bed armouring [7].

The erodible river corridor management approach [8] based on the French ‘streamway
concept’ [9,10], which evolved into the ‘espace de liberté concept’ [11] and was translated
in the literature as ‘freedom space for rivers’ [12,13] or ‘fluvial territory’ [5], represents a
process-based restoration approach [14–18] that defines the minimal space within a river
corridor in which fluvial processes can freely occur without threatening human interests
beyond the fluvial ecosystem and the ecosystem services it provides to society. Thus, lateral
channel migration and flooding may be preserved within a delimited area, maintaining
or restoring fluvial and ecological processes, or it may sometimes require the removal of
bank protections. Although being a sustainable solution to preserve and restore rivers,
the restoration of a fluvial freedom space through the removal of riprap remains largely
underrepresented among restoration measures, as shown by the low recurrence of these
projects listed in European restoration project databases and in the scientific literature
(Table 1).

Table 1. List of restoration projects in which bank protection removal measures were applied. This
database was compiled from existing scientific publications and restoration projects listed within
two freely accessible European restoration project databases REFORM “https://wiki.reformrivers.eu
(accessed on 15 February 2023)” and RESTORE “https://restorerivers.eu (accessed on 15 February
2023)”. Degree of database completeness: (+) = very little information; (++) = mi-correctly filled in;
(+++) = complete.

Years River Restoration Objectives
Monitoring
Restoration Scientific

Article

Database
Completeness

Before After REFROM RESTORE

2000 Lahn (Germany) Habitats x [19,20] +
2004–2008 Ems (Germany) Channel dynamics x x + +
2005–2006 Meuse (The Netherlands) Ecological and morphological x x +++ ++
2005–2018 Adour (France) Freedom space x + +++
2006–2010 Lippe (Germany) Habitats x +++

?–2007 Mur (Austria) Balance sediment budget x x [21]
2008–2010 Meuse (The Netherlands) Improve natural value x [22]
2009–2013 Mur (Austria/Slovenia) Ecological and hydrological +
2010–2017 Old Rhine (France/Germany) Sediment budget and dynamics x x [23,24]
2010–2015 Upper Mur (Austria) Habitats +

2012 Allt Lorgy (Scotland) Morphology and habitats x x [25] +
2012–2014 Frome (England) ? x x +

? Danube (?) Fluvial landscape +
2018 Mulde River (Germany) Revitalization x x [26]

Several reasons for this lack of representation were identified:

1. The removal of riprap is not a measure that can be applied to all river courses or
reaches. The definition of a freedom space presupposes that the river can freely erode
and that its divagation would not conflict with strong anthropic issues present on its
floodplain [8,27,28].

2. Despite rising awareness that bank erosion may represent a desirable attribute of
rivers, sensu Florsheim et al. 2001 [3], bank erosion is still often seen by societies as a
negative process that must be prevented, and not only in cases where river margins
and floodplains are urbanized and transformed into agricultural land. Thus, the
delimitation of a freedom space in which the river can erode its banks requires, to be
accepted, knowledge of the functioning of the river, both from the public authorities
in charge of river management and from the affected populations [29]. It may also
take many years of perseverance to convince riverside landowners and stakeholders
of the usefulness of bank protection removal, as experienced on the Garonne River,
France [30].

https://wiki.reformrivers.eu
https://restorerivers.eu


Appl. Sci. 2023, 13, 2981 3 of 19

3. Consequently, broad communication about the objectives and benefits of restoration
projects is recognized as essential for a successful outcome. Knowledge sharing
around restoration projects, i.e., sharing objectives and techniques, including the
monitoring methods to be applied and the final results that validate or invalidate the
success of the restoration, is clearly considered essential for the efficient hydrogeomor-
phological and ecological restoration of river systems [14,15,18]. However, concerning
pre- and post-restoration monitoring, a disparity in the level of information provided
was observed (Table 1).

In this context, the objective of the article is to evaluate to what extent riprap removal
may be an efficient restoration measure in terms of the reactivation of bank erosion and
lateral channel dynamics as well as the replenishment of the local bedload in gravel-bed
floodplain rivers with sufficiently large freedom space. To do so, an experimental in situ
restoration approach on the Allier River, France, was chosen.

2. Study Area

The Allier River is a meandering gravel-bed river flowing over 410 km from south to
north in Massif Central, France, to its confluence with the Loire River (Figure 1a). In its
upstream part, the Allier River flows within its gorges and drains the ancient basement
of the Hercynian Mountains, composed of granite and gneiss, as well as more recent
volcanic rocks. From the town of Brioude until its confluence with the Loire River, the
Allier River flows on its alluvial plain edified within two geological grabens filled by
sedimentary rocks, mainly marl and limestone, in response to the formation of the Alps
during the Oligocene period [31]. The two grabens are separated by a short gorge section,
approximately 20 km long, cut into a granitic horst near the town of Issoire. Within the
study area, the hydrological regime is determined by the presence or absence of rainfall
events caused by Mediterranean, oceanic, and continental atmospheric influences [32].
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Figure 1. (a) Allier River catchment and location of the study sites and associated hydrological
gauging stations. (b) Site 1. (c) Site 2. Map background: 2019 orthophotography produced by IGN.

A recent diachronic analysis of the middle Allier River between the town of Brioude
just downstream of the Allier River gorges and the confluence with the Dore River showed
a mean incision of 0.86 m between 1934–1935 and 2020, a narrowing of the active channel
width by 25%, and a decrease in its lateral mobility by 68% between 1954 and 2016 [33].
It confirmed more generalized observations of an earlier technical report that recorded,
between 1934–1936 and 1980–1995, a channel incision caused by a bedload deficit of the
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Allier River [34]. In 2017 and 2019, the Conservatoire d’espaces naturels d’Auvergne (CEN
Auvergne), a regional nature conservation association, obtained all necessary permissions
to remove riprap within two contrasting reaches of the middle Allier River and to restore
its freedom space as suggested in the 1990s for the Loire and Allier rivers by Bazin and
Gautier [35].

2.1. Site 1

A stretch of riprap with a length of 190 m was removed from Site 1 (local toponym:
Bellerive) in September 2017, and trees were cut but not stumped [36]. This riprap was
originally added in 1884 under the request of the owner of the former Bellerive castle on
the right bank floodplain. Today, the site is part of a reach that is laterally fixed by an
important linear bank protection to protect bridges, wellfields providing drinking water,
and gravel pits located along the main channel (Figure 1b). At this site, the channel width
measured on the IGN orthophotograph of 2016, before restoration works, was 44 m, and the
water slope measured in 2020 was 0.0015 m/m. Between 1935 and 2020, the mean channel
incision was approximately 1 m [33], and important marl outcrops were observed at low
flows over the entire bed upstream and downstream of the restored bank. The gauging
station of Vic-le-Comte, 12 km upstream of Site 1, which is representative of the discharge
regime at this site, recorded an interannual discharge of 60.5 m3/s and a two-year flood of
436 m3/s (“https://hydro.eaufrance.fr (accessed on 15 February 2023)”). On the basis of
the width of the active channel before the restoration works, the water slope in 2020, and
the Q2 discharge, the calculated specific stream power was 146 W/m2 (Table 2).

Table 2. Information and main geomorphological and hydrological characteristics of the two
study sites.

Site 1 Site 2

Name of nearest gauging station Vic-le-Comte Limons
Active channel width (m) 44 43

Water slope (m/m) 0.0015 0.0015
Incision 1935–2020 (m) −1 −1.44

Interannual discharge (m3/s) 60.5 69
Two-year flood (m3/s) 436 396

Specific stream power (W/m2) 146 135
Barfull stage (m3/s) / 156

Bankfull stage (m3/s) / 789
Floodplain land use Alluvial forest Grazing

Riprap protection linear Important Moderate
Channel bed features Marl outcrops Alluvial channel bed

D50 (mm) 47 30
D90 (mm) 102 62

2.2. Site 2

A stretch of riprap with a length of 140 m was removed from Site 2 (local toponym:
Île des Cailloux) two years after the first site, in September 2019, and trees were cut but
not stumped [37]. This riprap was built much more recently to protect a gravel mining
extraction platform installed between 1974 and 1977. The gravel extraction present until
the beginning of the 1990s was located just upstream of the mining extraction platform
and its protected riverbank. Channel enlargement, still present today, is evidence of this
human in-channel activity. Before the restoration works, the active channel width was 43 m
(measured on the IGN orthophotograph of 2019), and an incision of 1.44 m was recorded
between 1935 and 2020 [33]. The water surface slope was 0.0015 m/m in 2020. The site
is part of a reach with lateral dynamics upstream and downstream of the restored bank
without marl outcrops in the channel (Figure 1c). The closest gauging station of Limons,
located 10 km downstream of Site 2, registered an interannual discharge of 69 m3/s and a
two-year flood of 396 m3/s (“https://hydro.eaufrance.fr (accessed on 15 February 2023)”).

https://hydro.eaufrance.fr
https://hydro.eaufrance.fr
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On the basis of the width of the active channel before the works, the water slope in 2020,
and the Q2 discharge, the specific stream power was 135 W/m2. Additionally, from
the topobathymetric surveys carried out at Site 2, it was possible to calculate the barfull
and bankfull stages from the rating curves (“http://www.bedloadweb.com (accessed on
15 February 2023)”), which corresponded to 156 m3/s and 789 m3/s, respectively (Table 2).

2.3. Evolution of Discharge over the Study Period

Over the entire study period, from November 2017 to February 2022 at Site 1 and from
September 2019 to October 2022 at Site 2, the maximum water discharge, with a return
period of 2 years, occurred between late 2019 and mid-2020, corresponding to the P2B-P3B
periods at Site 1 and P1C-P2C periods at Site 2 (Figure 2). These hydrologic events did not
reach the bankfull stage. The other recorded hydrologic events were less intense, with
a maximum exceeding the barfull stage at Site 2 (February 2021 in the P2C period and
December 2021 in the P3C period).
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3. Methods 

Figure 2. Daily mean discharges of the Allier River at the Vic-le-Comte gauging station (Site 1)
between September 2017 and October 2022 in the top graph (“https://hydro.eaufrance.fr (accessed
on 15 February 2023)”). Daily mean discharges at the Limons gauging station (Site 2) between
September 2019 and October 2022 in the bottom graph (“https://hydro.eaufrance.fr (accessed on
15 February 2023)”). The calendar of the different surveys carried out is represented by coloured
dots. The hydrological series is divided into four periods (from P1B to P4B for Site 1 and from P1C to
P4C for Site 2) according to the date of the LiDAR surveys. See the Methods section for the different
methods employed.

3. Methods

The removal of riprap was organized by the CEN Auvergne and carried out by a
private company. Post-restoration monitoring was organized into two main steps. The
first step was to assess the reactivation of bank erosion. For this purpose, digital elevation
models (DEMs) obtained from either photogrammetric or LiDAR surveys were compared
to quantify bank erosion after riprap removal at each site in terms of linear bank retreat
as well as in the volume of sediment eroded and injected into the channel. If lateral
channel dynamics are reactivated, then the second step is to assess its effect on bedload
replenishment through channel readjustment and lateral inputs.

3.1. Step 1: Bank Erosion Reactivation Analysis

Post-riprap removal bank erosion reactivation was analysed by comparing the DEMs
of restored banks. These DEMs were carried out using either of the photogrammetric

http://www.bedloadweb.com
https://hydro.eaufrance.fr
https://hydro.eaufrance.fr


Appl. Sci. 2023, 13, 2981 6 of 19

Structure from Motion [38,39] or LiDAR methods. During the acquisition phases, a Trimble
R10 RTK GPS base station was used to obtain the precise positioning of the DEMs. Then,
each point cloud was interpolated using either the TIN or natural neighbour method.

Using ArcGIS, the DEMs obtained were subsequently compared two-by-two by con-
sidering only those areas above the highest water surface elevation between the two dates
compared. As a result, for the DEMold and DEMnew areas above the highest water sur-
face elevation, the comparison corresponded to ‘DEMnew–DEMold’. In the case where the
DEMold areas were above the highest water surface elevation, and the DEMnew areas were
below the highest water surface elevation, the comparison corresponded to ‘water surface
elevation—DEMold’. In contrast, when the DEMold areas were below the highest water
surface elevation and the DEMnew areas were above the highest water surface elevation,
the comparison corresponded to ‘DEMnew—water surface elevation’. Additionally, each
DEM of difference (DoD) was assigned a detection threshold of channel change (LoD),
which corresponded to the propagated error [40] as follows:

LoD =

√
(DEMold_error)

2 + (DEMnew_error)
2 (1)

where DEMold_error and DEMnew_error correspond to the RMSE of each method.
Where bank erosion was significant, the total eroded volumes were calculated. For

this purpose, a DEM of the channel bed was defined on the basis of the talweg line from
the topobathymetric survey.

3.2. Step 2: Bedload Replenishment Analysis
3.2.1. Morphological Channel Change Analyses

In order to highlight the channel readjustments after riprap removal, a channel plan-
form analysis was carried out and compared to two control reaches with similar morpho-
logical characteristics but only very little impact from riverbank protections such as riprap
(Table 3 and Figure 3).

Table 3. Main geomorphological and hydrological characteristics of two control reaches upstream
and downstream of Site 2.

Upstream Control Reach Downstream Control Reach

Linear distance to Site 2 (km) 79 9
Reach length (km) 1.3 2.4

Nearest gauging station Agnat Limons
Interannual discharge (m3/s) 29 69

Water slope (m/m) 0.0022 0.0011
Floodplain land use Cultivated fields Mainly alluvial forest

Channel bed features Alluvial bed Marl outcrops
D50 (mm) 60 26
D90 (mm) 110 57

Human infrastructure Degraded ripraps Road bridge and ripraps

Yearly satellite images obtained from the Spot satellites or aerial orthophotograph
and made available by the French ‘Institut National de l’Information Géographique et forestière’
(IGN) were used.

The active channel was defined as the wetted channel, including bare and sparsely
vegetated alluvial bars frequently reworked by floods. For each site and each date, the
active channel was digitized at the same scale (1:4000). Three geomorphological indices
were compared between study sites and control reaches: active channel width (m), bar area
(m2/m of channel centreline), and bank erosion (m2/m of bank linear). Adjustments of
the active channel width at study sites were compared to the channel widths measured
every 250 m at each control reach. Bank erosion areas were computed, taking into account
a mean digitalization error [41].
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Additionally, bathymetric surveys were carried out to document the vertical evolution
of the channel. For this purpose, the profiles resulting from the topobathymetric campaigns
were compared using the software R and its package, Riverbed [42].

3.2.2. Grain Size Analysis

During the low-water stage, a grain size analysis campaign was carried out. First, to
determine the grain size distribution of the bank, a volumetric granulometric analysis was
performed. For this purpose, eight profiles were positioned along the bank. Each profile
position was recorded with a GEOX7 GPS. First, each bank profile was stripped to reveal
the underlying bank structure. Then, a stratigraphic description was performed. Each
stratigraphic layer was sampled except where clays and silts dominated, which was very
rare. Sample particles with a b-axis greater than 9 cm were measured in situ. The rest of the
samples were taken to the laboratory, oven-dried, and sieved according to the Wentworth
size classes.

In addition to the riverbank, three geomorphological in-channel units were sampled:
the head of the opposite point bar as well as the riffles immediately upstream and down-
stream. For each of these three units, the b-axis of 200 particles was measured with a
calliper according to the surface particle size analysis proposed by Wolman (1954) [43].

4. Site-Specific Operations
4.1. Site 1

Following the methodological framework, the first operations consisted of establishing
the DEMs of the banks. The first topographic survey was carried out two months after
the end of the restoration works in November 2017. Thus, it constituted a reference before
any bank erosion. For the next topographic acquisition campaign in February 2019, the
stumps left in place during the restoration works quickly resprouted and caused the rapid
development of dense vegetation hiding the bank’s topography. Consequently, the choice
was made to further record topographic data (Table 4) using a LiDAR.

Although comparison between LiDAR-derived DEMs was not a problem, an altitu-
dinal fixed error between the photogrammetric and LiDAR-derived DEMs with a mean
of 1.10 m (SD of 0.05 m) was identified by the comparison of 55 points located on the top
bank flat where no morphological change was detected, i.e., in the threshold of detection
change (LoD) for all subsequent LiDAR campaigns. Therefore, this source of error was also
included in the LoD (Equation (1)):

LoD =

√√√√(√(RMSEPhotogrammetry

)2
+ (

σ√
n
)2

)2

+ (RMSELiDAR)
2 (2)
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where σ is the standard deviation of the altitudinal fixed error and n is the number of control
points. Finally, the minimum level of change detection (LoD) for photogrammetry–LiDAR
comparisons was ±0.073 m, and it was ±0.085 m for LiDAR–LiDAR comparisons.

Table 4. Dates, daily mean discharges at the Vic-le-Comte gauging station (“https://hydro.eaufrance.
fr (accessed on 15 February 2023)”), and water surface elevations at the bank for all survey campaigns
at Site 1, which permitted us to calculate the erosion rates of the restored bank. (P) Photogrammetry;
(L) LiDAR.

Survey Date Method Daily Mean Discharge (m3/s) Water Surface Elevation (m)

21 November 2017 P 13.9
12 February 2019 L 87.8 319.9
7 February 2020 L 46.8 319.5

8 April 2021 L 21.5 319.2
3 February 2022 L 28.9 319.3

4.2. Site 2

At Site 2, only the LiDAR method was applied for the acquisition of topographic
points (Table 5). The minimum level of change detection (LoD) was ±0.085 m. Rising
water levels occurred shortly after bank restoration works (2019), preventing the first
topographical data acquisition campaign immediately after bank restoration. However, an
interpolation of points (TIN method) between topographic points obtained in July 2018 and
topographic points of the floodplain obtained in February 2020 using LiDAR permitted
the reconstruction of the floodplain’s elevation before erosion. In addition, due to the
significant bank retreat recorded between the two first periods recorded (P1C and P2C), the
total eroded volumes were calculated.

Table 5. Dates, daily mean discharges at the Limons gauging station (“https://hydro.eaufrance.fr
(accessed on 15 February 2023)”), and water surface elevations at the bank for all survey campaigns
at Site 2, which permitted us to calculate erosion rates of the restored bank. (L) LiDAR.

Survey Date Method Daily Mean Discharge (m3/s) Water Surface Elevation (m)

7 February 2020 L 56.3 280.24
8 April 2021 L 26.6 279.73

4 February 2022 L 35.7 279.85
7 October 2022 L 13.4 279.35

Because the reactivation of bank erosion was significant at Site 2 after the first two
monitoring periods, step 2 of the methodological approach was initiated. On one hand,
an analysis of the active channel planform was carried out that covered the entire study
period (2019–2022) and bathymetric surveys were carried out on 22 November 2021 and
on 11 August 2022 at Site 2. On the other hand, a grain size analysis was carried out in
June 2021.

5. Results
5.1. Monitoring of Bank Erosion Using Photogrammetry and LiDAR

At Site 1, between November 2017 and February 2022, an erosion notch formed in the
middle of the bank, mainly during the P2B period (February 2019–February 2020; Figure 4a).
The sediment balances of the emerged surfaces of the bank were−418 m3 for P1B, −447 m3

for P2B, −345 m3 for P3B, and −96 m3 for P4B.
At Site 2, the downstream half of the newly restored bank showed significant changes

(Figure 4b). For the latter part, the first period P1C (September 2019–February 2020)
recorded the most important bank retreat, with a maximum bank retreat of 28 m. This
eroded area corresponded to an erosion volume of 6086 m3 for emerged parts of the

https://hydro.eaufrance.fr
https://hydro.eaufrance.fr
https://hydro.eaufrance.fr
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bank, and the estimated total eroded volume was 9647 m3. During the second period P2C
(February 2020–April 2021), the eroded area was mainly located on the downstream part of
the active bank, with a maximum width retreat of 21 m and an eroded volume of 3149 m3

for the emerged parts of the bank. The estimated total eroded volume for P2C was 6152 m3.
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Figure 4. (a) Bank retreat at Site 1. November 2017: 2 months after work; February 2019: 17 months
after work; February 2020: 29 months after work; April 2021: 43 months after work; February 2022:
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October 2022: 37 months after work. The blue arrow indicates the flow direction.

During the third (P3C; April 2021–February 2022) and fourth (P4C; February 2022–October
2022) periods, changes were minor (Figures 4 and 5). During the third period (P3C), 754 m3 of
sediments were eroded from the bank, preferentially located downstream from the apex of
the bank, whereas the point bar gained 178 m3 of sediment accretion. Erosion of the point bar
was preferentially located at the bar head, and deposition occurred in the chute channel and
on the bar tail near the main channel. During the fourth period (P4C), the erosion/deposition
processes were insignificant, with a sediment balance of−78 m3 on the bank and +48 m3 on
the point bar.
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5.2. Morphological Channel Change Analysis

At the Site 1 bank, despite a monitoring period of five years, the recorded erosion
rates were so low and insignificant that no further analysis was carried out. Conversely,
at Site 2, the bank erosion rates were significant within the three-year period after riprap
removal. The initial state of the channel before the removal of the riprap was mapped for
2019 (Figure 6). The growth of the point bar and downstream bar occurred concomitantly
with bank retreat. The sinuosity index increased from 1.43 in 2019 to 1.46 in 2022. On
the basis of the width of the active channel each year, the water slope in 2020, and the Q2
discharge, the specific stream power decreased from 135 W/m2 in 2019 to 82 W/m2 in 2020
and to 78 W/m2 in 2021 and 2022.
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In comparison to the two control reaches, Site 2 showed a singular behaviour of active
channel evolution (Figure 7). After the reactivation of bank erosion between 2019 and 2020,
the active channel width at Site 2 continued to widen, which was marked by significant
bank erosion and important sediment deposition on bars between 2020 and 2021.

Between 22 November 2021 and 11 August 2022, bathymetric surveys recorded vertical
and lateral morphological channel changes (Figure 8). At the two upstream cross-sections,
no changes in the bank position were recorded, which contrasted with the main channel
where the erosion process dominated, with an erosion area of 26 m2 on the first cross-section
(t1) and an erosion area of 15 m2 on the second cross-section (t2). The two downstream
cross-sections (t3 and t4) recorded bank retreats of −12 m2 and −19 m2, respectively. At t4,
where in-channel accumulation dominated, bank erosion caused an overall difference of
−10 m2.

5.3. Grain Size Analysis

The bank was composed of 45% sand and 51% gravel (Figure 9). Small cobbles
represented 4% of the total composition of the bank. Some discontinuous and thin silty
and clayey layers were found. From this grain size analysis, the estimated volumes of sand
eroded and reinjected into the channel were 4312 m3 for P1C and 2750 m3 for P2C. The
amounts of gravel reinjected were estimated to be 4918 m3 for P1C and 3137 m3 for P2C.
The amounts of small cobble reinjected were estimated to be 397 m3 for P1C and 253 m3

for P2C.
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Figure 9. Stratigraphic and granulometric composition of the restored bank at Site 2.

The surface granulometric sampling showed a D50 ranging between 30 mm (head of
the bar) and 57 mm (downstream riffle) and a D84 between 48 mm (head of the bar) and
90 mm (downstream riffle).

6. Discussion

In industrial countries since the 1970s and 1980s, there has been widespread recog-
nition of the need to restore river functioning and fluvial ecosystem processes following
their severe degradation, which was especially common during the 20th century as a result
of intense human impact and river training works [44–49]. A compromise must be found
between the natural functioning of rivers and the benefits that societies derive from their
exploitation [29]. In this context, process-based restoration approaches appear to be more
sustainable than form-based restoration because they aim to restore dynamic and resilient
functioning [14,17,29]. Among process-based restorations, the concept of freedom space for
rivers defines a minimum space in which river processes can be preserved and, if necessary,
restored [5,8,12,13,28].

6.1. Contrasting Responses of Bank Erosion after Riprap Removal between Site 1 and Site 2

The eroded volumes at each site, five and three years after the removal of the bank
protections at Sites 1 and 2, respectively, revealed two significantly contrasting situations.
At Site 1, where the riprap was removed at the end of summer 2017, little bank erosion
occurred. Between 2017 and 2022, only a small notch was created in the middle part of
the restored bank, following a flood with a return period of 2 years (November 2019), and,
one month later (December 2019), a flood of lower magnitude (P2B; Figure 4). In contrast,
the same two floods caused significant bank retreat at Site 2, corresponding to a volume of
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9647 m3 of eroded sediment (P1C). In addition, at Site 2, another 6152 m3 was eroded from
the restored bank during the following study period (P2C), caused by another 2-year flood
(June 2020) followed eight months later (February 2021) by a lower magnitude flood. In
total, at Site 2, almost 16,000 m3 of sediment was eroded and reinjected into the channel
during the first two monitoring periods (P1C and P2C). For these two periods, the recorded
erosion was 14 times and 10 times more important, respectively, at Site 2 than at Site 1 (for
emerged surfaces), attesting to two contrasting site characteristics.

The primary factors controlling bank erosion are parameters comprising bank geome-
try (height and slope), bank material properties (grain size and porosity), and vegetation
(roots, weight, and soil moisture modification) [50–54]. The restored bank at Site 2 was
mainly composed of coarse sediments, i.e., sand and gravel, with only a few thin layers
of fine cohesive sediments (Figure 9). The lack of cohesive sediment layers leads to high
bank erosion potential because the undermining of the bank toe is not hindered by any
cohesive slump blocks. This was different in the case of Site 1, where auger analyses carried
out during the feasibility study by CEN Auvergne revealed a cohesive layer of variable
depth (between 30 and 150 cm) composed of silts [36]. The presence of this layer, once
destabilised through bank failures and the formation of slump blocks at the toe of the
bank, will temporarily protect it from bank undercutting and consequently decrease lateral
channel erosion rates [55,56]. Beyond the shear stress necessary for the movement of cohe-
sive slump blocks, they also alter the shear stress near the bank [57,58]. Furthermore, the
apparent cohesion at the substrate–slump block interface may delay the incipient motion
of these cohesive slump blocks [59]. Another determining factor in the decrease in bank
undercutting is the presence of marl [36]. The presence of marl bedrock at the base of
the bank can strongly reduce bank undercutting due to its higher mechanical resistance
to erosion than alluvium. This low erodibility potential at Site 1 was reinforced by two
additional factors. First, the presence of abundant ligneous vegetation covering the bank
slope increased the roughness and bank cohesion by the root network [60]. Second, the
presence of rubble within the bank and the presence of immobile blocks, depending on
their size but also on their prevalence, also contributed to the bank’s resistance to bank
erosion [61].

In addition to these intrinsic bank erodibility factors, bank erosion is guided by the
local geomorphological context, which was more conducive to bank erosion at Site 2 than
at Site 1. First, the restored bank at Site 2 was more exposed to direct flow than was the
restored bank at Site 1, which was positioned at the apex of a low sinuosity (Figure 1).
Second, the planform geometry at Site 2 certainly promoted undercutting of the concave
restored bank through the formation of helicoidal flow hydraulics and secondary flows
that favoured lateral accretion processes on the point bar within the convex bank of the
meander (bar push) [62] (Figures 5, 6 and 8). The intensity of transport rates encourages
the bar push phenomenon, and thus, it plays an important role in meander migration.
The higher the transport rates are, the higher the meander migration rates are [63–65]. In
contrast, at Site 1, the significant sediment deficit, shown by the very scarce sediment cover
on the marl outcrops, did not favour the reactivation of bank erosion.

6.2. Potential Replenishment of Bedload after Riprap Removal

The recovery of bank erosion after riprap removal is a condition for the success of
the second restoration objective, which is to increase local sediment supply and, thus, to
contribute to slowing down the rate of channel incision or even counteracting it. In light of
the lack of bank erosion at Site 1, it can be concluded that bank protection removal does
not necessarily signify sediment replenishment. However, at Site 2 and despite exposure
to the same flood events as Site 1, the local replenishment of bedload was made evident
through channel morphology readjustments that occurred during bank erosion. Bank
erosion has led to the widening of the channel from 43 m (2019) to 79 m (2022). With the
widening of the channel, the local specific stream power decreased by almost 40% after
the first period (P1C) and by 9% after the second period (P2C). However, these estimates
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should be treated with caution because they do not consider slope adjustments in relation
to channel widening. Channel widening is a key factor in slowing or stopping channel
incision. On the restored section of the Mur River, Austria, where post-restoration channel
widening occurred due to bank erosion, shear stress significantly decreased [21]. On the
Upper Drau River, Austria, the widening of the channel allowed the incision to be stopped
and counterbalanced by an aggradation of the bed [66]. At Site 2, even though readjustment
favoured a local decrease in channel incision, only longer-term field campaigns will be able
to confirm these preliminary results. In particular, longer-term topobathymetric monitoring
will be necessary to survey vertical channel bed evolution.

Grain size analyses showed that the bank sediment reservoir offers good potential for
sediment in-channel recharge. At least half of the bank sediments were composed of gravel
(51%) and, to a lesser extent, cobble (4%). For period P1C, 4918 m3 of gravel and 397 m3 of
cobble were reinjected into the channel, and for period P2C, 3137 m3 of gravel and 253 m3

of cobble were reinjected into the channel. However, based on only these volumes, it is
difficult to predict what the future eroded volumes and contributions to sediment refill
will be over the long term. The high erosion rates recorded over periods P1C and P2C were
due to channel readjustments (Figure 7). Once the channel is morphologically readjusted,
lower erosion rates than those recorded during the first and second periods are expected
for similar flood patterns. Only when this equilibrium stage is reached can the estimate of
lateral input from bank erosion be fully calculated.

For the P3C period, a negative sediment balance between the eroded bank and the
opposite point bar was observed, which indicates that some of the eroded bank sedi-
ment was transported downstream beyond the meander. The pathways and distances of
sediments eroded from the bank and transported downstream are an important issue in
post-restoration monitoring to better evaluate sediment trapping on the bar and potential
transport downstream. For this purpose, in March 2021, sixty natural pebbles, consisting
mostly of granite or basalt, according to the petrography of the Allier River, were equipped
with active radio frequency identification (RFID) tags to monitor the individual movement
of eroded particles from the restored bank [24,67–69]. They were distributed in ten equidis-
tant, i.e., 15 m, profiles along the bank. On each profile, six pebbles were equipped and
inserted into the bank (10/20 cm inside the bank), distributed every 50 cm from top to
bottom. A first survey in August 2022 showed that no bank erosion took place since the
injection of the equipped pebbles into the riverbank.

6.3. Lessons to Be Learned from Process-Based Bank Restoration

The application of a freedom space by removing riprap must consider two sets of
criteria: (1) the level of the urban and human pressures in the floodplain and (2) the
capacity of the river to erode [27]. The level of urban and human pressure is the first factor
concerning the establishment of a freedom space. It should also be noted that in the case
where the implementation of a freedom space does not conflict with human issues, it may
still be questioned by local stakeholders. The acceptability of such a restoration measure
can be achieved only through a good understanding of the river system and interest in
restoring river systems [29,30]. The different criteria to be considered in the assessment
of the second point, i.e., the capacity of the river to start eroding its banks again, are the
degree of erodibility of the bank and the morphodynamic context. In accordance with
observations at Site 1 on the river Allier, the reactivation of lateral channel erosion in a reach
of the Old Rhine (France/Germany) was incomplete due to intrinsic bank parameters, such
as the possibility that old bank protection underlying the removed bank still exists, the
presence of bedrock outcrops at the toe of the bank, and the protective role of vegetation [24].
However, even if the erodibility parameters of the bank favour the restoration of lateral
channel erosion, sediment supply and its balance with the transport capacity play an
important role.

Flume experiments have shown that a low sediment supply does not favour channel
widening [70]. Additionally, in the case of the Upper Drau, the authors point out that
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channel aggradation after widening was possible only because of the upstream sediment
supply, not only the local supply [66]. Consequently, for reaches such as Site 1, more
interventionist measures may have to be considered to further initiate lateral channel
dynamics. Indeed, to initiate the re-establishment of bank erosion, other restoration projects
should accompany the removal of riprap with complementary measures, such as the
artificial addition of coarse sediment to the channel and/or the installation of groynes,
which, by modifying flow hydraulics close to the bank, may increase lateral erosion [21,25].
The combination of riprap removal and the artificial reinjection of gravel into the channel,
the latter, however, being expensive, is another option highlighted considering some
sections of the Cher River, France, another tributary of the Loire, where the potential to
restore lateral channel erosion is restricted due to the limited sediment supply and the
low coarse sediment transport rates [71]. However, even with the restoration of sediment
transport in sediment-deficient reaches, the reactivation of lateral erosion may take several
years or even decades in contrast to a dynamic reach fed by a high sediment supply [70].

In addition to the sedimentary and geomorphological characteristics of the bank, the
reactivation of lateral erosion is controlled by the flood regime. In the case of the two
restorations on the middle Allier River, the time elapsed between the restoration works
and the first morphogenic flood influenced the effectiveness of subsequent floods. At
Site 1, no hydrologic event greater than or equivalent to a 2-year flood occurred after
riprap removal in September 2017, which promoted the re-sprouting of stumps left in place
(Figure 2). In contrast, this time lapse between riprap removal and efficient hydrologic
conditions was only two months at Site 2. Consequently, the remaining stumps did not
have time to re-sprout and were washed away during the first period. This clearly favoured
subsequent bank erosion on Site 2 in comparison to Site 1 where the stumps remained and
re-sprouted, in addition to the low cohesiveness of the sediment and the channel planform
at Site 2. Additionally, it should be noted that these floods, allowing for a reactivation of
bank erosion on Site 2, were below the most efficient discharge for sediment erosion and
transport, corresponding to the bankfull discharge [72–74]. Despite its low magnitude,
this allowed the reactivation of bank erosion at Site 2; however, for Site 1, which presents
a strong sediment deficit, floods close to the bankfull discharge do not allow significant
morphological activity in the channel, unlike higher magnitude and lower recurrence
floods [70]. The hydrological situation encountered during this study period reflects the
hydrological change that has taken place since the second half of the 20th century on the
middle Allier River, with a decrease in the frequency, duration, and intensity of floods
and, on the contrary, an increase in the duration of low-water periods [33]. Research
carried out on the hydrological evolution of the Loire catchment in relation to climate
change highlighted a decline in the average annual flows and low water flows as well as an
increase in the duration of low water flows. However, hydrological forecasts remain more
uncertain regarding the flood regime [75,76]. These changes in the hydrological regime in
the coming years are an important issue, affecting the evolution of the functioning of rivers
and consequently the management and restoration plans applied to them. Nevertheless, as
illustrated by the two examples of restoration on the Allier River, considering the evolution
of the hydrological regime in the application of a freedom space is, therefore, necessary to
set up efficient and sustainable restoration [13].

7. Conclusions

Since the 1970s, the restoration of rivers, including their in-channel habitats and
floodplains, has remained an important issue because they are hotspots of biodiversity and
provide many ecosystem services to society. However, the restoration of these processes,
particularly in the case of the most degraded reaches, remains a major additional challenge
in the context of current climate and global change. Within the framework of the freedom
space for rivers, on the middle Allier River, two stretches of riprap were removed to
allow self-restoration of its lateral channel dynamics. The contrasting effectiveness of the
restoration measure at the two sites was mainly explained by differences in particle size
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composition and the cohesiveness of the banks strengthened by the presence of ligneous
vegetation, with all factors controlling bank erodibility. Channel morphology and planform
geometry, which determine flow directions and effective tractive forces applied on the
banks during high flows, also have to be considered. In addition, sediment supply and
the presence of a point bar promote lateral erosion and its downstream migration. In
conclusion, this study improves the understanding of hydrogeomorphological restoration
processes and control factors, allowing managers to target future restoration sites and to
measure the actual impacts of restoration. However, further case studies and long-term
post-restoration monitoring, including surveys of pebbles equipped with RFID tracers
injected into the restored banks, are needed to improve knowledge of these restoration
measures. Furthermore, the effectiveness of this restoration measure remains dependent on
the hydrological regime of the target site, the future evolution of which is largely uncertain
in response to climate change.
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