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A field studywas carried out to investigate the dynamics during floods of a nonmigrating, mid-channel bar of the
Loire River (France) forced by a riffle and renewed by fluvial management works. Interactions between the bar
and superimposed dunes developed from an initial flat bed were analyzed during floods using frequent mono-
and multibeam echosoundings, Acoustic Doppler Profiler measurements, and sediment grain-size analysis.
When water left the bar, terrestrial laser scanning and sediment sampling documented the effect of post-flood
sediment reworking.
During floods a significant bar front elongation, spreading (onmargins), and swellingwas shown, whereas a sta-
ble area (no significant changes) was present close to the riffle. During low flows and falling limbs of floods, in-
tense sediment reworking on the top of the bar and lateral scouring occurred. Hydrological variations controlled
the sediment supply (in terms of phasing, quantity, and grain size) delivered by surrounding channels during
floods and thus superimposed dune development. Their developmentwas also linked to the sediment availability
(armor layers, riffle proximity). Their relatively constant height highlights a preferential adaptation on dune
length during floods.
The role of eachmorphological forcing parameters (riffle vs. channelwidening and curvature) on the bar dynam-
ics and evolution is stage dependent; the shape, dynamics, and long-termmorphological evolution of the bar and
of the river reach (surrounding islands, channel translation)mainly depends on the presence of the natural riffle.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

In sandy-gravelly rivers, the development of bars is commonly ob-
served. The height and width of these bedforms are of the same order
of size as the water depth and channel width, respectively (Jackson,
1975). Bars can influence themorphological evolution of rivers through
their interaction with the flow and sediment transport (Parker, 1976;
Blondeaux and Seminara, 1985; Struiksma et al., 1985; Crosato and
Mosselman, 2009; Hooke and Yorke, 2011; Kleinhans and Van den
Berg, 2011; Eekhout et al., 2013).

In rivers, migrating bars and nonmigrating bars (corresponding to
the free and forced bars of Seminara and Tubino, 1989; see review in
Rodrigues et al., 2015) can be distinguished. The first type results from
s).
the instability of turbulent flows occurring on an erodible bed and de-
pends mainly on the aspect ratio of the channel (Callander, 1969;
Colombini et al., 1987; Seminara and Tubino, 1989; Tubino, 1991).
Nonmigrating bars (or forced bars) are basically stationary within the
bed and develop because of changes in the channel planform or
variations of the channel width (Bittner, 1994; Repetto et al., 2002;
Wu and Yeh, 2005). In this case, the separation of the flow associated
with an energy loss favor sediment deposition and even lateral migra-
tion of bars coming from upstream (Claude et al., 2014). Nonmigrating
bars can also be induced by the presence of a steady local perturbation
(riffle, groyne, and vegetation). In this case, bar deposition occurs down-
stream of the forcing if the width-to-depth ratio is smaller than a value
of resonance and upstream if the width-to-depth ratio is larger (Zolezzi
and Seminara, 2001; Zolezzi et al., 2005; Mosselman et al., 2006).

The two types of bars (migrating and nonmigrating) can coexist in
river channels (Lanzoni, 2000a,b; Wu et al., 2011). Crosato et al.
(2012) showed that slowly growing nonmigrating bars can develop
and replace migrating bars on a long-term perspective if discharge
remains constant. Contrarily, Rodrigues et al. (2015) suggested that
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flow variations, specifically at low flows, can generate new migrating
alternate bars.

Migrating mid-channel bars and their interactions with bed
morphology have been studied extensively in the field (Leopold and
Wolman, 1957; Ashworth et al., 1992; Bridge and Gabel, 1992;
Richardson et al., 1996; Richardson and Thorne, 1998, 2001;
McLelland et al., 1999; Reesink and Bridge, 2011) and experimentally
(Ashmore, 1982, 1991; Ashworth, 1996; Federici and Paola, 2003;
Reesink and Bridge, 2007, 2009). However, investigations performed
on nonmigrating mid-channel bars and superimposed dunes are
rare. The feedback loops that link dunes with migrating bars have
been recently investigated in studies that highlighted contrasted
hydrosedimentary processes according to the study context. For
example, the presence of bars influences flow depth and sediment
availability which will impact the development of dunes (Tuijnder
et al., 2009; Claude et al., 2012, 2014). Villard and Church (2005) and
Claude et al. (2012) observed on migrating bars on the Fraser River
(Canada) and the Loire River (France), respectively, that the largest
dunes can be found superimposed on bars suggesting that sediment
supply or availability can sometimes govern dune size in a stronger
way than water depth. This is in contrast with many field studies that
attributed the largest dunes to reaches where water was deepest
(Coleman, 1969; Thorne et al., 1993; Dalrymple and Rhodes, 1995;
Ashworth et al., 2000) as reduced water depth causes a reduction in
the boundary layer involved in dune development. In return, the
dunes affect the bar formation and morphological evolution by modu-
lating their vertical and lateral accretion (Bristow, 1987; Bridge, 1993;
Ashworth et al., 2000; Villard and Church, 2005; Rodrigues et al.,
2012, 2015).

The present study investigated the interactions between a
nonmigrating bar and superimposed dunes. The bar considered is
principally forced by the presence of a riffle and, in a lesser way, by an
expansion area and by a low degree of curvature of the channel. Before
the surveys, an initial smooth flat-bed made of a mixture of sands and
gravels was ensured by fluvial management works. Surveys were
performed just after works were carried out on the bar that ensured a
monitoring of the bar response to the disturbance. This large data
set allows us to study the bar response to the discharge fluctuation
and to consider whether the development is purely stage related or
also dependent on the antecedentmorphology and local morphological
factors.

As a general objective, this paper aims to understand and quantify
themorphological evolution of a nonmigrating, mid-channel bar during
flood events and after fluvial maintenance operations that ensured ho-
mogenized initial conditions in terms of topography and grain-size dis-
tribution. To reach this objective, two scientific questions are addressed.

Firstly, what is the influence of discharge variations on the dynamics
of a nonmigrating bar associated with a steady perturbation (riffle) and
covered by superimposed dunes during high-magnitude floods and
over several flood events? More precisely, how sediment availability/
supply influence bar elongation, spreading, and the development of
superimposed dunes?

Secondly, how do discharge variations affect the relative weight of
forcing parameters (riffle vs. expansion and curvature) responsible for
a mid-channel, nonmigrating bar formation and dynamics and how,
comparatively to other forced bars, do nonmigrating bars induced by a
steady perturbation influence the morphological evolution of a river
reach?

1.2. Loire River and study site

1.2.1. The Loire River
The Loire River is 1012 km2 in length and drains a catchment area of

117,000 km2 in France. At Orleans (638 km from the source), the river
flows through sedimentary rocks of the Paris basin and shows a range
of fluvial patterns from single channel (straight or meandering) to
anabranching. For bankfull discharge rates, the width-to-depth ratio
ranges between 50 and 150 (Latapie et al., 2014). Two climatic
influences determine the regime of the Loire: rainfall coming from the
Atlantic Ocean (mainly during winter) or rain storms in the upper
mountainous reaches that occur during spring (Dacharry, 1996).

A severe incision of the main branch of the river, owing to a
combined effect of the groynes for navigation (nineteenth to twentieth
centuries) and intense sediment extraction (1950–1995), led to
exposure of the bedrock, affecting the slope and thus the morphology
of the Loire River. Bank erosion and lateral shifting is also constrained
by artificial levees built for flood prevention (Latapie, 2011).

As a consequence, associated with a decrease in flooding, side chan-
nels and alluvial bars were rapidly colonized by woody vegetation that
enhances sediment deposition (Rodrigues et al., 2006, 2007) and
reduces habitat diversity and flow capacity during floods.

1.2.2. Study site
The study site of Mareau-aux-Prés (Fig. 1) is located about 10 km

downstream of Orleans (649 km from the source), downstream of the
confluence with the Loiret River that is a resurgence of the Loire River.
At the Orleans gauging station, the average discharge of the Loire is
344 m3 s−1 and its 2-year flood discharge is 1700 m3 s−1.

At Mareau-aux-Prés, the anabranching fluvial pattern is character-
ized by a set of islands present for several decades (Fig. 1). This reach
is characterized by a contraction–expansion area with a channel width
varying from 270 to 430 m between artificial levees preventing lateral
erosion and lateral sediment supply. On the right bank, an artificial cur-
vature deflects the main channel course toward the southwest, while a
side channel flows straight near the left bank. This river reach has a sin-
uosity index of 1.04 and an average slope of 0.00023 m m−1 (Latapie,
2011). The water surface is locally modified caused by two natural bed-
rock riffles (Fig. 1) and a nonmigratingmid-channel bar consisting of si-
liceous sands, gravels, and pebbles that developed between these two
riffles. This bar constitutes the central part of an asymmetrical bifurca-
tion splitting two channels of different sizes (main and secondary chan-
nels; Fig. 1) as commonly shown in the literature (Miori et al., 2006;
Zolezzi et al., 2006). During floods, flow coming from the main channel
is divided by the small island 1 (Fig. 1B). The mid-channel bar was col-
onized by pioneer trees (Salicaceae) in 2005 and evolved rapidly as an
island until 2012 (Wintenberger et al., 2015). In September 2012, fluvial
management works (FMW) were carried out. They consisted of cutting
down the vegetation, extracting the root systems, and lowering the av-
erage elevation of the island by exporting the bar sediments into the
main channel. After this work, the alluvial bar was characterized by a
flat surface of 26,700 m2; no bedforms were present anymore, except
for some small ridges and swales mostly oriented in the flow direction.
Sediments were homogenized on the bar to a depth of 0.5m, disturbing
the initial spatial organization of grain size. Following the management
works, the bar was submerged at a discharge value of 300 m3 s−1

(Orléans gauging station, 10 km upstream).

2. Material and methods

During low flow stages and flood periods, data were collected to
characterize the hydrodynamic, morphological evolutions, and the sed-
imentary conditions over the mid-channel bar. Before the submersion
of the bar (October 2012), the topography was acquired and sediments
were sampled as presented in Fig. 1. During the flood period from De-
cember 2012 to June 2013, 17 field surveys (from S1 to S17) were car-
ried out for discharge values ranging from 400 to 1900 m3 s−1

(Fig. 2). The discharge was given at the gauging station of Orléans by
the DREAL Centre (environmental agency). These 17 surveys always
consisted of a bathymetric survey in addition with flow velocity for 13
surveys (S1, S2, S3, and S9 excluded because of field conditions) and
sediment sampling for six surveys (S10, S13, S14, S15, S16, and S17;
see Figs. 2 and 10). At the emersion of the bar in June 2013, topography



Fig. 1. Study site of Mareau-aux-Prés, located in the middle reaches of the Loire River (aerial photographs from DREAL Centre) and 10 km downstream of the city of Orléans. (A) The
morphological context in a contraction–expansion area associated with channel curvature and natural riffles because of the bedrock exposure of where the nonmigrating, mid-channel
bar developed. (B) Cross sections and longitudinal track followed by bathymetric and hydraulic surveys associated with sediment sampling.
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measurements were performed again together with sediment
sampling. All the data were georeferenced using a dGPS system (real
time kinematic, differential centimetrical corrections) referenced in
the French national system (Lambert 93).
Themethodology applied in this study is similar to the approach de-
tailed in Claude et al. (2012). The reader is invited to refer to this publi-
cation for more details. Average parameters of hydraulic conditions on
the bar during surveys are available in Table 1 (see the Results section).



Fig. 2. Four floods occurred during the study period (F1, F2, F3, and F4). For eachflood one to four surveyswere done to document rising, peaks and falling stages. The fluvial management
works (FMW)were done during low-flow conditions. Gray diamonds refer to the topographic surveys (DGPS and TLS). Black circles refer to the bathymetric surveys associatedwith flow
velocity measurements and sediment sampling (SS).
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2.1. Hydraulics

Flow velocities were acquired using anM9 ADP (Sontek), which has
two sets of four profiling beams (at 3 and at 1MHz), and connected to a
differential global positioning system (dGPS)Magellan ProFlex 500 over
seven cross sections (Fig. 1B). During each survey, the flow velocities on
cross sections were measured four times at a boat speed of about
1 m s−1. The flow velocities recorded on each cross section were
projected on a grid with cells 3 m wide and a height equal to the maxi-
mum height of the bins defined during the measurements (Dinehart
and Burau, 2005a,b). The flow velocities (estimated in each bin) were
then averaged in each 3-m-wide cell to obtain one value per cell. Finally,
theflowvelocities andwater depthswere averaged for each vertical line
to obtain the mean flow velocity. The bottom velocity corresponds to a
cell located near the bed. This method was also applied by Claude et al.
(2014) and more details are available in this paper.

The bed shear stress was calculated in relation to the flow velocity
profile and the law of the wall (Sime et al., 2007) over the bar area
using the following equation:

τ ¼ ρ
ku

ln z
z0ð ÞS F

� �
2
4

3
5
2

ð3Þ

where u is theflow velocity at height z over the bed, k is the von Karman
constant equal to 0.4 for clear waters, and (z0)SF is the grain roughness
(or the height at which u = 0) equal to 0.095 D90 (Wilcock, 1996).
The adjustment made by linear regression between the values of u
and ln(z) measured on a vertical line allows the calculation of τ (Sime
et al., 2007; Szupiany et al., 2007, 2009; Rennie and Church, 2010).

The averaged flow velocities for each vertical and bed shear stress
associated, derived from the law of the wall, allowed us to calculate a
mean value for each cross section for each survey. Then, the mean
values by cross sections were used to calculate the mean flow velocity
and the mean bed shear stress (Table 1).
2.2. Bed morphology and sediment transport

When the bar was emerged, topographic surveys were conducted
(Fig. 1). In October 2012, topographic measurements were done using
the dGPS Magellan ProFlex 500 (Fig. 2). An average of 6 points/m2

was recorded to provide an appropriate representation of the slope
breaks on the bar. The Triangular Interpolation Network (TIN) tool of
ArcGis10 software was used to obtain digital elevation models (DEMs)
with a 1-m mesh. In June 2013, a terrestrial laser scanner (TLS) survey
was done (800 points/m2) (Fig. 2). The TLS Leica HDS 3000 station driv-
en by the Cyclone 7.3 software (Leica Geosystems) was used, and DEMs
were obtained using the above-mentioned method (TIN). Four targets
were set up around the station, located on perennial bench marks
(50-cm long metal tubes with plastic heads) georeferenced using the
dGPS during the TLS survey. During floods with lower discharges than
the flood with a 2-year return period (Fig. 2), bathymetric surveys
were performed using a monobeam echo-sounder (Tritech PA500 —
500 kHz) over 12 cross sections (Fig. 1) and one longitudinal track
(LT18). The longitudinal track was surveyed twice during a single sur-
vey (b1 h between two crossings) allowing the calculation of dune ce-
lerity (Simons et al., 1965; Peters and Sterling, 1975; Peters, 1978). For
discharge values higher than the flood with a 2-year return period
(Fig. 2), bathymetric surveys were performed using an Odom ES3
multibeam echo-sounder with 240 beams (240 kHz with 120° open-
ing). The two echo-sounders were connected to a dGPS Magellan
ProFlex 500 and driven by Hypack 2009 software. Accuracy of themea-
surements was 0.1 m during navigation and densities of points ranged
from 0.2 to 0.6 points/m2 for the monobeam surveys and 2 points/m2

for themultibeam surveys. Bathymetrical cross sectionswere compared
using Hypack 2009 and ArcGis 10 software. The transversal scour-and-
fill areas between each survey were quantified in terms of sediment
budget using the Average End Area 3 function of Hypack 2009
(Rodrigues et al., 2012). The errors were estimated combining the
total length of sections to the accuracy of measurements and the results
ranged between 9 and 15 m3. The longitudinal integration of these
budgets over the nonmigrating bar documented the dynamics of the
bedload sediment supply delivered by the main channel. The dune



Table 1
Average hydraulic and sediment transport parameters for each survey on the bara.

Flood Flood
stage

Survey
number

Discharge (m3 s−1) Average water
depth (m)

Mean flow velocity
(m s−1)

Average bed shear stress
(N m−2)

Number of
dunes

Dune celerity
(m s−1)

qbDTM
(kg s−1 m−1)

F1 Rise S1 0264 b0.7 No data No data No data No data No data
Rise S2 0527 No data No data No data 24 45.10−5 0.05–0.07
Fall S3 0400 No data No data No data 22 44.10−5 0.07–0.1

F2 Peak S4 0790 b1.43 1.2 4.8 50 50.10−5 0.08–0.12
Fall S5 0729 b1.22 1.1 2.1 46 43.10−5 0.09–0.12
Fall S6 0576 b0.9 0.9 2.7 28 24.10−5 0.04–0.06
Fall S7 0860 b1.19 1.1 5.3 66 43.10−5 0.08–0.11
Peak S8 1120 b1.55 1.1 5.7 30 48.10−5 0.10–0.14
Rising S9 1020 No data No data No data 36 65.10−5 0.13–0.18
Fall S10 0860 b1.28 1 4.2 38 39.10−5 0.08–0.11

F3 Fall S11 0797 b1.21 1 4.2 34 42.10−5 0.06–0.08
F4 Rise S12 1190 b1.81 1.4 6.6 No data No data No data

Rise S13 1890 b2.79 1.6 12 No data No data No data
Fall S14 1810 b2.43 1.6 7.6 06 80.10−5 0.16–0.23
Fall S15 0677 b0.92 1 2.6 No data No data No data
Rise S16 1210 b1.7 1.3 4.3 56 60.10−5 0.10–0.15
Fall S17 0886 b1.13 1.1 5.3 26 76.10−5 0.15–0.21

a The water depth is the depth in the intersection between the LT18 and the CS3. For survey S1, navigation was impossible because of insufficient flow depth. Discharge values were
provided by the DREAL Centre (environmental agency) for the Orleans gauging station (10 km upstream).
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heights (Hd) and lengths (Ld) were determined using the Matlab code
bedform tracking tool (BTT), based on a zero-crossing method (Van
der Mark et al., 2007, 2008). This method was applied on a part of
Fig. 3. Digital elevation models (DEM) after fluvial management works with ground picture ori
2013 (aerial picture, smooth topography).
LT18 (160–300 m), surveyed during floods lower than the flood with
a 2-year return period, delimited downstream by the front of the bar
(which could distort the adjustment of the trend line) and by the
ented downstream illustrating the ridge-and-swale topography (2012) and after floods of
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upstream limit of dune development. Using the BTT results, evolution of
the dune shape was studied using the steepness value defined as the
ratio between dune height and length.

The bedload transport rate related to bedform migration (Simons
et al., 1965; Van Den Berg, 1987; Kostaschuk et al., 1989; Ten Brinke
et al., 1999; Hoekstra et al., 2004; Gaeuman and Jacobson, 2007) was
calculated using the classical equation of the dune tracking method:

qbDTM ¼ ρSεβcDHD ð2Þ

where qbDTM is the unit bedload (kg.s−1 m−1); cD is the dune celerity
(m s−1); HD is the dune height (m); ε porosity of sediment; ρS density
of sediment; and β is the bedload discharge coefficient taking into ac-
count the deviation of the bedform shape (Gaeuman and Jacobson,
2007). This coefficient varies between 0.46 and 0.66 (Van Den Berg,
1987; Villard and Church, 2003; Hoekstra et al., 2004; Pinto Martins
et al., 2009). On the middle reaches of the Loire, it ranges between
0.46 and 0.56 (Claude et al., 2012).

2.3. Grain-size analyses

A total of 30 plots (Fig. 1B) of surface bed sediments located using
thedGPSwere sampled for grain-size analysis immediately after theflu-
vial management works and one year later during low flows. When ar-
mored layers were present, the surface and sublayer sediments were
sampled independently. During floods, four of these plots were sur-
veyed using a grab (Fig. 1B).

Sediment samples were analyzed by dry sieving using a vibratory
sieve shaker (Retsch 3D — AS450). The fraction finer than 63 μm (neg-
ligible in the river bed of the Loire; Macaire et al., 2013) was excluded.
The classical grain-size parameters were obtained using the Gradistat
Fig. 4.Mean flow velocities along the cross section CS3 (see location on thisfigure, C)with darke
on the bar are averaged and compared towater discharge on the cross section CS3 (B).Meandir
bed shear stress (C). Directions are classified according to their deviation from the direction of
4.0 spreadsheet (Blott and Pye, 2001) with the arithmetic Folk and
Ward method.

3. Results

Table 1 contains average hydraulic and sediment transport parame-
ters as a function of the stage of flood for each survey.

3.1. Hydrological history

After the fluvial managementworks (2012), four subsequentwinter
and springfloods occurred. In this paper, a flood is defined as the hydro-
logic variations higher than the average discharge. These flood events
were responsible for the morphological evolution of the bar after the
management works. The ridge-and-swale morphology was replaced
by bedforms for which elevation varied between 84 and 84.9 m
(Fig. 3). The flood F1 is a single-peak flood, whereas the others are
multiple-peak floods. During F1 and F4, rising, falling limbs, and peak
discharges were captured respectively with three (S1, S2, and S3) and
six (S12, S13, S14, S15, S16, and S17) surveys. Floods F2 and F3were re-
spectively described with seven (S4, S5, S6, S7, S8, S9, and S10) and one
(S11) surveys excluding the rising limb. Themaximum discharge of the
F3 flood is comparablewith the discharge of thewinter floods. Theflood
F4 exceeds the value of a flood with a 2-year return period. The effect of
the highest peak discharge (F4) was detailed using two surveys per-
formed during the rising stage (middle and end) and two surveys
done during the falling stage (beginning and end).

During floods, the water depth increases with the discharge for the
range of 576 to 1810 m3 s−1. So the water depth depends mainly on
the fluctuations of discharge. However, the vertical deformation of the
nonmigrating bar during floods occasionally disturbs this trend.
r curves for high flows and pale gray for the lower (A). Themean flowvelocitiesmeasured
ections and flow velocitiesmeasured on all cross sections for height surveys and associated
the longitudinal track LT18 (237°) and the main flow (270°).
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3.2. Effects of discharge conditions on flow velocity and bed shear stress

On the bar, mean daily flow velocities varied between 0.9 and
1.6 m s−1. Globally, the flow velocities decrease from the main channel
to the left side and from upstream to downstream. The spatial distribu-
tion is determined by the site morphology, but this influence decreases
as the discharge increases. Themean flow velocity and the flow velocity
near the bed follow the same trend: increasingwith discharge (Fig. 4B).
In the upstream part of the bar, established islands and riffles create lee
areas with low flow velocities and narrow channels with high flow
velocities. For high discharge values (1810m3 s−1, survey S14),flowve-
locities are high and show a more homogeneous distribution over the
bar compared with lower discharges. Associated bed shear stress calcu-
lated range from 0 to 20 N m−2; mean and median values equal to 4.6
Fig. 5. Longitudinal bathymetrical (LT18) evolution of the bar during floods (A, B, C, D) and be
surveys.
and 3.3 N m2, respectively. The shear stress is higher in the upstream
part of the bar than downstream.

On the bar, the flow directions are oriented southwest (between
270° [main channel direction] and 237° [LT18 direction]) owing to the
deflection of the channel curvature. The flow on the downstream part
of the bar is deflected toward the side channel caused by the presence
of the downstream island and the riffle. However, during high
discharges, the deflection effect decreases in the upstream part of the
bar and flow directions are oriented toward the concave bank of the
main channel (Fig. 4C, S14). For low discharges occurring during the
falling stage, the flow directions oriented toward the side channel
appear close to the middle part of the bar (Fig. 4C, S17). At this stage,
the elevation of water in the main channel is higher than in the side
channel, intensifying the deflection effect.
tween floods (E, F, G) with darker curves for more recent surveys and pale gray for older
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3.3. Effects of discharge variation on bar morphology

During the rising stage of the first flood, the front and the back of the
bar are stable (Fig. 5A). At the falling stage, the bar front spreads 15 m
downstream but the back of the bar is not modified (Fig. 5A). During
flood F2, the bar-top becomes convex, while the front slope decreases
(Fig. 5B). The front and the upstreampart of the bar are stable, reflecting
sediment storage. During flood 3, the bar-top recovers a flat surface and
a high slope of the front bar (Fig. 5C). During the lastflood F4, and for the
first time, the bar becomes convex again (Fig. 5D). Since the first falling
stage, the bar-top becomes flatwith awell-developed front that spreads
downstreamover a hundredmeters. In contrast with the previousmor-
phologies, this resulting flat morphology is set up at a high topographic
Fig. 6.Bar edges, characterizedby the isoline 84.2m, evolution duringfloods (A, B, C,D) and betw
in Fig. 5.
elevation. Between the first and last surveys of two consecutive floods,
flood 1–flood 2 (Fig. 5E) and flood 3–flood 4 (Fig. 5G), the inherited
morphology of the previous flood is preserved at the beginning of the
rising stage of the following flood. The evolutions are very small; only
the bar front reveals a spread of a fewmeters. In contrast, the inherited
morphology at the end of flood 2 is convex (Fig. 5F). The lower topogra-
phy surveyed during flood 3 shows erosion between the two consecu-
tivefloods separated by a falling stage driving to the emersion of the bar.

The 84.2-m isoline was defined as representative of the contour of
the bar and is used to determine the evolution of the bar planform dur-
ing flood events (Fig. 6). The total surface area over which the bar
evolves is 38,000 m2; the position of bar edges fluctuates downstream
and laterally over an area of 29,000 m2 around a fixed area of 9000 m2
een successivefloods (E, F, G, H). Distances on the LT18 refer to distance fromdownstream
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(Fig. 6H). During flood 1, the elongation observed on the longitudinal
track (Fig. 5A) is limited to the right side of the front of the bar
(Fig. 6A). Bar edges located upstream of cross section CS3 and south of
LT18 are stable. During flood 2, lateral edges vary with an elongation
of the bar front (Fig. 6B) but no significant lateral spreading occurred.
As observed on the longitudinal track, the front elongates during flood
4 in a first stage only in the downstream direction. In a second stage,
the bar spreads toward the side channel in the south. During the
flood, the downstream elongation velocities range from 0.5 to
5 m d−1. The upstream part is more stable with nonregular lines in
Fig. 7. Elevation variations between two successive surveys during floods for floods 1, 2, and 4
ically of the successive surveys.
the riffle location. The bar edge evolutions between successive floods
(Fig. 6E,F,G) confirm the trend observed on the longitudinal track
(Fig. 5E,F,G). There are low variations between flood1–flood 2
(Fig. 6E) and flood 3–flood 4 (Fig. 6G). However, front erosion is
revealed on the left side that does not appear on the longitudinal
track. Between flood 2 and flood 3, erosion is observed on the entire
front of the bar and on the south bar edges located close to the side
channel (Fig. 6F). During the study, the location of the front varied by
100 m, the left-bank by 50 m, and the upstream limit by 25 m during
floods (Figs. 5 and 6).
and between successive floods between the four floods. The maps are ordered chronolog-
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The deposition heights vary from a few centimeters to more than
2 m (Fig. 7). The variations of elevation are more important during
flood 4 than the floods of lower discharges. Over the study, deposition
of 0.5 to 2.5 m is observed in the front area and on the bar edges (left
side). In contrast, the erosion heights rarely exceed 0.5 m. The stronger
erosion appeared between flood 2 and flood 3.

Deposition on the bar-top and bar front is correlated with sediment
supply from the main channel. The stability of the upstream part of the
longitudinal track (Fig. 6) and the absence of marked erosion on eleva-
tion maps (Fig. 7) or on cross-sectional sediment budget curves (Fig. 8)
suggest a supply from the main channel. At the beginning of sediment
supply occurring during floods, sediments are coming laterally from
the main channel, as highlighted by the increase of the downstream
cross-sectional volumes (Fig. 8A and C). In a second time, sediments
come from upstream (Fig. 8B and D). For low discharges, the lateral
supply is delivered at the beginning of the falling limb and then follow-
ed by the upstream supply. In contrast, for high discharges, the lateral
supply occurs during the rising stage and the upstream supply since
the beginning of the falling stage. During time intervals flood 1–flood
2 and flood 3–flood 4, volumes of eroded and deposited material have
the same order of magnitude (Fig. 8E and G). Between flood 2 and
flood 3, volumes of erosion are important and grow downstream
(Fig. 8F).
Fig. 8. Sediment budget calculated between two successive surveys on each cross sectionwith a
from CS16 (270 m upstream) to CS6 (0 m).
3.4. Sediment grain size

During the engineering works of 2012, sediments were mixed and
no previously existing sedimentary structures remained. Two sediment
populations can be distinguished (Fig. 9A) and were still present in
2013. Sediments of the first group are finer and better sorted. The two
populations are finer in 2012 than in 2013. In 2012, the mean grain
size corresponds in majority to coarse sands, whereas in 2013 only for
sediments of the first group. Sediments of the second group have
mean grain sizes corresponding to the gravel class. While sediments in
2013 are coarser, four sediment samples on the middle part of the bar
have finer grain sizes and switched from group 2 to group 1 (Fig. 9B).
Two sediment samples on bar edges have an opposite trend that high-
lights a reorganization of the sediments on the bar (Fig. 9B) leading to
a fining distribution from upstream to downstream.

During the first peak of flood 4 (S13, S14, and S15), sediments SS5
(Fig. 10A) and SS9 (Fig. 10B) become finer after the peak, whereas
sediments SS12 (Fig. 10C) and SS29 (Fig. 10D) become coarser. During
the second peak of flood 4 (S16 and S17), sediments SS12 and SS5
become finer during the falling stage, whereas sediments SS9 and
SS29 become coarser. On the SS9 location, the falling stage promotes
armor layer development with a grain-size mixture similar to the
sediments of 2012. Sandy sediments correspond to particles supplied
n error estimated between 9 and 15m3. Gray diamonds refer to the cross section locations,



Fig. 9. (A)Grain size of sediments sampled on the bar (gray cumulative curves for group 1, black lines for group2) in 2012 and 2013. (B) Spatial distribution of sediments on the bar in 2012
and 2013. The letters A, B, C, and D refer to the location of sediment sampling during floods SS5, SS9, SS12 and SS29 (respectively).

195C.L. Wintenberger et al. / Geomorphology 248 (2015) 185–204
by the main channel during floods (and highlighted in the bathymetri-
cal surveys). In 2013, armor layers developed on the SS9 and SS5 loca-
tions. However, SS5 shows a lag time in armor layer development
during the falling stage and fining during the rising stage. Sediment
grain size depends on lateral sediment supply on SS29 and SS9 and on
the upstream supply on SS5 and SS12.

The relationship between the calculated bed shear stress and theD50

of sediments sampled during floods was integrated into the Southard
and Boguchwal (1990)'s diagram (Fig. 11). For low discharges, the bed
shear stress was sometimes insufficient to induce sediment motion (I
on Fig. 11). According to the diagram, hydraulic conditions can favor a
transition between the dune and the upper stage plane bed during the
highest discharge conditions when high flow strength induces a larger
portion of bed material to be transported as suspended material
(Bridge and Best, 1988; Naqshband, 2014). The result can be an increase
in suspended load to the detriment of bedload and so should affect dune
geometry. For all the surveys, conditions are favorable for dunedevelop-
ment on the back of the bar, specifically for SS12 and SS29 sediment
sampling located on the longitudinal track (LT18) and SS5 located
upstream. Sediments sampled in SS9 present less favorable conditions
for dune development.

3.5. Superimposed dune morphology and dynamics

3.5.1. Geometry
Only one population of dunes migrates on the bar during each sur-

vey (Fig. 12A). The number of dunes identified for each survey is
given in Table 1. The majority of surveys (12 out of 16) shows a repre-
sentative dune height of 0.2 m associated with three wavelength clas-
ses: (i) 0.5–1 m (group 1); (ii) 1.5–2 m (group 2); and (iii) 2–2.5 m
(group 3) (Fig. 12A). Dunes in the other surveys have heights and
lengths of 0.2–0.3 m and 3–3.5 m, respectively (group 4) (Fig. 12A).
Dunes observed during the high discharges of flood 4 (S14) have a
straight crest reminiscent of two-dimensional dunes (Fig. 12B).

On the bar, medium dunes (1m b L b 10m) are located between the
two curves established by Flemming (1988) and Ashley (1990)
(Fig. 13A). In contrast, small dunes (L b 1 m) are frequently higher
than the maximum height calculated by Ashley (1990) (Fig. 13A). The
median dune heights and lengths are in line with the theoretical values
except during the two highest discharges surveyed. More than half of
the dunes have steepness values between 0.06 and 0.12 (Fig. 12C).
The steepness values are high for the dunes of metric-order lengths.
Once their lengths are plurimetric, their steepness becomes markedly
lower, as was observed on the Rhine by Carling et al. (2000) (Fig. 13B).

During themonitored flood events, water depth on themid-channel
bar varied between 0.9 and 2.8 m. The dune heights are in agreement
with the maximum equilibrium height of river dunes (Kleinhans et al.,
2002; Fig. 14A). For half of the surveys, heights are close to the maxi-
mum equilibrium height for which water depth is the limiting factor
(Fig. 14A). However, for the other surveys, dune heights remain small
and lower than maximum equilibrium height of river dunes even for
the deepest water conditions (Fig. 14A). These results contrast with
the primary factor of control on dune morphology assumed to be the
water depth in the case of depth-limiting conditions (Flemming,
2000). However, dune heights are comparable to the predictive model
by Allen (1968) (Fig. 15B) as also shown on the Fraser River by
Kostaschuk and Best (2005). Dune lengths are also well predicted ex-
cept for three successive surveys (S12, S13, and S14) conducted during
the high-magnitude flood associated with deepest water and following
strong erosion during emersion of the bar.

The adaptation of the dunes to hydrological variations reveals an an-
ticlockwise hysteresis for the high-magnitude flood (Fig. 15). However,
the evolution of length and height parameters does not systematically
follow the same trend, and the lag time for these two parameters to



Fig. 10. Pictures show sediment surface in 2013 at four sampling sites (SS5, 9, 12, and 29). Cumulative curves refer to grain-size evolution between 2012 and 2013 (black dashed curves)
and during floods 2 and 4. The color of curves refers to sampling dates presented on the hydrograph.
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adjust differed. Unfortunately, because of the slight variation in dune
height relative to the accuracy of measurements, it is difficult to clearly
conclude on this point.

On migrating bars, sediment availability can promote dune growth,
the influence of water depth becoming, in this case, secondary (Villard
andChurch, 2005; Claude et al., 2012). On the nonmigrating bar studied,
although deep water depth occurred during floods, dune height
remained low even if hydraulics and grain-size conditions were favor-
able to dune development. This suggests that sediment supply becomes
the major limiting factor. The low erosion observed during floods
(Fig. 8) suggests that sediment stored on the nonmigrating bar only
slightly feeds the dunes. They grow once the sediment supply is provid-
ed by themain channel (after the peak discharge) and according to a lag
time of adaptation.

3.5.2. Bedload transport rates
The height of dunes ranges from 0.14 to 0.26 m and their migration

velocities from 24 10−5 m s−1 to 80.10−5 m s−1 (Table 1). At S6,
celerity is at its lowest (24.10−5 m s−1), as are the associated transport
rates (0.04–0.06 kg s−1 m−1). Similarly, the highest dune velocities
(≥65.10−5 m s−1) are associated with the highest transport rates
(0.13–0.23 kg s−1 m−1). For the intermediate values (38.10−5–
50.10−5 m s−1), the bedload transport rates range from 0.05 to
0.14 kg s−1 m−1, but show no direct relationship with the increase in
dune celerity. The lowest transport rates were observed for discharges
close to the peak of flood 1 (527 m3 s−1) and flood 3 (797 m3 s−1)
and during the falling stage of the single peak of flood 2 (S6) at a
discharge of 567 m3 s−1. For similar discharge and steepness values
for surveys S4, S5, and S11, transport rates are similar for S4 and S5
but are lower for S11.

4. Discussion

4.1. Schematic model of the nonmigrating bar and superimposed dune
dynamics during floods

The identification of a dominant control parameter among stage var-
iations, morphological context, or sediment supply remains a difficulty
in understanding the dynamics of bars (Hooke and Yorke, 2011;
Reesink et al., 2014). The data resolution of our study allows us to detail



Fig. 11.D50 sediment bed grain size in relation to the bed shear stress plotted in the Southard and Boguchwal (1990) bedform stability diagram. Labels for region: I, nomovement on plane
bed; II, ripples; III, lower plane bed; IV, dunes; V, overlap region of dunes, upper plane bed, and antidunes; VI, overlap region of ripples, upper plane bed, and antidunes; VII, overlap region
of upper plane bed and antidunes.
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the processes occurring during a single high-magnitude flood event by
proposing a conceptual model of the dynamics of a nonmigrating mid-
channel bar principally forced by a static perturbation (here a riffle),
which can be somehow transposed on other fluvial systems. We also
discuss the effect of flood succession (of various duration and intensi-
ties) on bar dynamics and superimposed dunes.

For the sake of simplicity, two specific areas can be distinguished in
terms of sediment dynamics on the nonmigrating bar studied in this
paper. Namely, the upstream part of the bar appears as a relatively sta-
ble area where the presence of the riffle and armor layers stabilize the
bar head. This part differs from the downstream part, margins, and bar
front that are highly mobile and are characterized by relatively well-
sorted sandy sediments. This can be explained by the high value of the
Shields critical threshold for sediment motion parameter (as already
shown on other bars of the Loire by Claude et al., 2012, and Rodrigues
et al., 2015). The sedimentary processes on these two areas of the bar
depend on hydrological variations (as shown by Friedman et al., 1996,
and Kiss and Sipos, 2007, for other fluvial systems) and associated
sediment supply (phasing, quantity, and grain size).

During a single peak of flood with magnitude higher than the flood
with two years of return period, deposition processes occur at the end
of the rising limb and at the beginning of the falling limb when sedi-
ments are delivered from the main channel. During a single peak flood
with lower magnitude, deposition processes occur after the flood
peak, during the beginning of the falling stage when sediments are sup-
plied from the main channel. During the falling water stage, the top of
the bar and the right-bank area of its front undergo erosion, while the
bar spreads laterally toward the left bank (southwest) caused by the
combined effects of the riffle and the slope gradient of the secondary
channel. Thus, the morphological evolution and the associated sedi-
mentary record are strongly correlated with discharge variations (as
shown by Jones, 1977; Friedman et al., 1996; Best et al., 2003; Kiss
and Sipos, 2007, in other contexts). Although the bar considered here
is induced by the presence of a riffle, the morphological evolution of
the mid-channel bar during a flood event is in line with the model
proposed by Bridge (1993, 2003) with a trend for erosion of the bar
margins and deposition on the top during the rising water stage and
erosion of the top and lateral deposition during the falling stage.
Although this general model should be slightly modified on our site
since the upstream part of the bar is fixed to the riffle, it is also in accor-
dance with the findings of Ashworth et al. (2000) and Kiss and Sipos
(2007) concerning the phasing of erosional and deposition processes
occurringduring aflood event aswell as the role played bydunes during
bar accretion (Ashworth et al., 2000; Best et al., 2003). The morpholog-
ical response of the nonmigrating bar to high-magnitude floods can be
described using the following five step conceptual models (Fig. 16):

- Stage 1: erosive phase, until the medium rising stage of previously
deposited sediments; development of dunes from sediments previ-
ously stored on the bar; no supply from main channel.

- Stage 2: swelling phase, associated with sediment deposition on the
back of the bar from lateral supply from themain channel leading to
a longitudinally convex morphology near the flood peak (the
bar-top continues to grow at the early stage of the flood decline).

- Stage 3: building phase, during high flow associated with sediment
supply from the main channel (lateral and upstream). Elongation
and lateral spreading at the end of rising and at the beginning of
falling water stages (Fig. 5C). This phase led to the elongation and
lateral spreading of the bar, absent for flood with lower discharge.
Thus, deleting this stage allows us the use of the conceptual model
for low-magnitude flood discharge.

- Stage 4: waning stage, with asymmetrical spreading and flattening
of the bar caused by sediment reworking during the falling limb of
the flood (S5–S6, S10–S11, and S16–S17); no resupply from the
main channel.

- Stage 5: margin-reworking, erosion of the bar front and of the mar-
gins when the bar is disconnected. The spatial extension of the bar
thus reduces considerably compared to higher discharge conditions.

The influence of the swelling of the bar on flow resistance was not
tested in this study but should be done in the future. This process can
modify the boundary layer and the development of dunes on migrating
bars (Carling et al., 2000; Claude et al., 2014) and on point bars (Dietrich
and Smith, 1984).

The succession of peak discharges duringmultipeak floods or time in-
tervals between floods also influence the nonmigrating bar morphology.
For instance, the bar's backmorphology inherited at the end of a falling



Fig. 12. Frequency of dunes length for each survey (A), the number of dune is available in Table 1. Digital elevation model during the high-magnitude flood (S14) with discharge of
1810 m 3 s−1 (B). Frequency of steepness for all dunes measured with the whole surveys.
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limb is preserved at the beginning of the subsequent one if the decline
between the two peaks does not drive to the emersion of the bar.
Then, the bar's back evolves from this inherited morphology. As a con-
sequence, the succession of flood peaks allows the swelling of the
bar's back avoiding the occurrence of stage 5 (mainly associated with
the emersion of the bar). Thus, two key parameters affect the morpho-
logical evolution of the nonmigrating, mid-channel bar during succes-
sive floods: (i) the duration of falling limbs determining the inherited
morphology (convex or flat), and (ii) the emersion of the bar leading
to the bar-top flattening and front bar retreat by erosion.

During flood events, the balance between deposited and eroded vol-
umes on CS6 to CS16 highlights a state of either a negative or positive
sediment budget compared to the initial state. Fig. 17 indirectly repre-
sents the gradient of sediment transport rate over the bar. Although
the relationship between sediment transport rates and sediment budget
is not linear, the rapid increase in sediment budget noted for floods 2
and 4 highlights a significant sediment deposition coming from the
main channel. After long or high amplitude falling limbs the bar tends
to show a negative budget,which is not always compensated for by sed-
iment supplied in the subsequent flood. Overall, for the study period,
the bar sediment budget is often negative compared to the initial
post-engineering work state (Fig. 17). These results lead us to the con-
clusion that during low-intensity floods, sediment supply is lower
than during the high-intensity events as shown by Rodrigues et al.



Fig. 13. Total andmedian dunewavelengths and heights compared to the theoretical equations of Flemming (1988) and Ashley (1990)(A). Steepness evolution in regard to dune lengths
compared to Carling et al. (2000) results on the River Rhine (B). (n = 1423).

199C.L. Wintenberger et al. / Geomorphology 248 (2015) 185–204
(2006) on a nonmigrating bar located in an inlet of a side channel of the
Loire.

As mentioned above, the flood stage and the phasing of sediment
supply have a major influence on the morphology of the nonmigrating
bar and ondunedevelopment. This latter is influenced by several poten-
tial limiting factors such as the water depth, the balance between sedi-
ment grain size, bed shear stress, and sediment availability (depending
on sediment supply from themain channel, armor layer formation, and
the presence of a previously deposited sediment store).

The initial morphology of the bar resulting from the fluvial manage-
ment works (vegetation removal, topographical lowering, and sedi-
ment mixing) influenced the dune development. During the first flood
after management works, dunes developed from the sediment store
represented by the low-elevation, flattened bar surface with mixed
sediments in a regressive way (upstream-oriented process).

Firstly, dunes appeared on the front of the bar (whichwas subject to
spreading) and also during the first peak of the second flood, whereas
no significant sediment supply from the main channel was recorded
on the bathymetrical data. This suggests that, initially, dunes developed
from the sandy sediments of thedownstreampart of the bar in a context
of sediment deficit (and independently of the low sediment supply
coming from the main channel). Kleinhans et al. (2002) suggested
that the sediment deficit for bedforms to develop can depend on the
grain sizes constituting the river bed, which are sometimes too large
to be mobilized; this can explain why dunes do not develop in themid-
dle part of the bar. However, the absence of dunes in the upstream part
could be induced by a thin active layer owing to the nonalluvial bed
marked by the natural riffle. This part remains without dunes through-
out the study. For low discharge conditions, our results suggest that the
predominant factor of dunes development is the sediment availability
and grain size. The development of relatively small dunes regular in
shape and size suggests a limited sediment supply or a thin active
layer (Dalrymple and Rhodes, 1995; Tuijnder et al., 2009). The armor
layer development also suggests a context of sediment deficit. Accord-
ing to Carling et al. (2000), even in a context of sediment deficit, dune
height can continue to grow to the detriment of their length, and this
was observed just before the peak of flood 4 (S12). Furthermore,
Kleinhans et al. (2002) and Tuijnder et al. (2009) showed that under
limited sediment supply conditions dune size was independent of
water depth and flow velocity.

Secondly, the massive sediment supply delivered by the main
channel at the end of the rising limb or at the onset of the falling limb
of high-magnitude floods (i.e., flood 4) influenced the dune dynamics.
These hydrological events have provided enough sediment for dune de-
velopment that was only limited by the balance between bed shear
stress and critical shear stress. The hysteretic process linked to variation



Fig. 14. (A) Dune height for each survey according to the maximum development height of dunes in rivers estimated at 20% of water depth (Kleinhans et al., 2002). (B) Comparison be-
tween median dune lengths (LD) and median dune heights (HD) per measurement survey with predicted values (Lpred and Hpred) using Allen (1968)'s equilibrium model. The error bars
represent the quartiles calculated around the median.
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in discharge, and showing a faster response in dune height than in dune
length, complicates the analysis of the abovementioned limiting factors
on dune growth. The rapid increase in dune height just after the peak of
F4 and its subsequent decrease is in phase with the sediment supply
delivered by the main channel. Apparently, dunes adapted to the mas-
sive sediment supply firstly by modifying their height and afterward
by increasing their length at the end of the flood (while their height
decreased probably because of the decrease in sediment supply).
Under nonlimiting sediment availability conditions, the difficulty that
the dunes had to grow in our system could be linked to the wide
grain-size range and the often bimodal character of the sediment
(Kleinhans et al., 2002). Our results show that, on a mid-channel,
nonmigrating bar developed in a sandy-gravel bed of a lowland river,
superimposed dune growth is mainly influenced by sediment supply,
grain size, flow strength, and in a lesser way, water depth (as shown
by Bartholdy et al., 2005, in a tidal environment).

The identification of dunes along longitudinal track LT18 allowed us
to apply the dune tracking method to calculate bedload transport rates.
They are comparable to those calculated in themain channel of the Loire
River by Claude et al. (2012). According to themigration ratesmeasured
and to Kuhnle et al. (2006), superimposition and amalgamation of
dunes was not observable in our system.
Fig. 15. Evolution of dune heights and lengths in regard to the modification o
4.2. Influence of hydrology on forcing parameters inducing a nonmigrating
bar

The results presented herein highlight a hydrological control of the
morphological forcing parameters that govern the presence and the dy-
namics of the nonmigrating bar. These forcing parameters are (i) the
presence of a stationary obstacle (riffle), (ii) an expansion area, and
(iii) a low-curvature degree in the channel planform. Hereafter, points
2 and 3 will be referred as planform forcing. On the study site, as for
other rivers, the effects of these parameters interact one to each other.
In otherwords, the presence of the riffle is responsible for the expansion
area and the building of vegetated islands in this part of the Loire. In that
sense, the obstacle (here the riffle) could be interpreted as a first-degree
forcing parameter, whereas expansion area and the vegetated islands
are consequences that also influence the bar dynamics.

During low and medium flows, the effect on the morphological
setting (riffles, vegetated islands, etc.) is stronger than during high-
flow periods. For low-flow conditions, the natural riffles, the expansion
area, and the vegetated islands influence elevation and slope of
the water surface as well as flow direction and velocity. The two riffles
present in the main channel (Fig. 1) reduce the water surface slope
and then promote a lateral gradient toward the side channel (Fig. 3)
f discharge and water depth during the high-magnitude flood surveyed.



Fig. 16.Conceptualmodel of themorphological evolution of the nonmigrating bar (planformand bathymetry) during aflood event. Onmaps, black dashed lines correspond to theprevious
stage, whereas colored bars refer to the evolution stage. Longitudinal tracks correspond to LT18 and the color code refers to the maps. Stages 2 and 3 are grouped because they refer to
sediment supply (different according to the flood magnitude).
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responsible for the spreading of the bar toward the left bank during low
flows.

During high-flow periods, the effects of the riffle on flow decreases.
Contrarily, the role of planform forcing parameters (expansion area and
low degree of curvature) becomes higher (Fig. 18). For these water
levels, flow is deflected toward the right bank. The divergence of flow
for discharges higher than the 1-in-2 year flood induces a sediment de-
position and a spreading of the bar in this direction. This sediment depo-
sition can afterward be colonized by vegetation and evolve as vegetated
Fig. 17. Evolution over time according to discharge rates of deposited
islands (i.e., I1 and I2, Fig. 1) which also interacts with the nonmigrating
bar by splitting the flow and sediment supply (I1, Fig. 1) or by inducing,
during the falling limb of the flood, the formation of a small channel
responsible for the lateral scouring of the margins of the bar after its
spreading during floods.

Nonmigrating bars can lead to the morphological evolution of river
beds (Parker, 1976; Hooke and Yorke, 2011; Van Dijk, 2013). For in-
stance, nonmigrating bars such as point bars explain the overdeepening
process occurring along the outer bankof rivers,which is responsible for
and eroded volumes and of cumulative volumes on CS6–CS16.



Fig. 18. Theoretical view (based on this study) of the hydrological control of the
morphological forcing parameters (obstacle [riffle] vs. planform [expansion and low-
amplitude curvature]) involved in the dynamics of nonmigrating bars. Arrows indicate
that the relative influence of the twomorphological forcing parameters can shift according
to the specificity of the site considered.
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the lateral migration of meander bends (Struiksma et al., 1985; Parker
and Johanneson, 1989) modulated by hydrology, bank geotechnical
characteristics, and riparian vegetation (Nanson and Beach, 1977;
Hooke and Yorke, 2011).

Results presented in this paper suggest that nonmigrating bars
forced by a steady local perturbation (i.e., a riffle) can be responsible
for some local morphological evolution (specifically on the erosion of
islands located close to the bar) but do not drive to a significant mor-
phological evolution of the river reach because of their fixed position
in the channel. Classically, if the banks of the reach were easily erodible
(which is not the case here because of the presence of levees), they
would retreat during the low migration of the bar inducing a general
morphological adjustment of the channel (Coleman, 1969; Klaassen
and Masselink, 1992; Thorne et al., 1993; Ashworth et al., 2000). This
process was observed on several fluvial systems of various sizes and
can be associated with the divergence of flows induced by the expan-
sion area, which can be involved in the development of secondary heli-
cal flows present in the surrounding channels (Whiting and Dietrich,
1991; Bridge and Gabel, 1992; Bridge, 1993; Richardson et al., 1996;
Richardson and Thorne, 1998). Contrary to a point bar or even to
some migrating bars present in meandering channels (Hooke and
Yorke, 2011), an obstacle-induced bar will not translate laterally as its
formation is linked to the presence of a static perturbation. However,
the morphological influence of this bar type on the river reach can
increase with time as it constitutes a potential site of woody vegetation
recruitment and island edification. If the bar evolves as an established
island, its influence on flow, sediment transport, and local morphologi-
cal evolution will increase with time (McKenney et al., 1995; Gurnell
et al., 2001). In other words, the life-cycle (see Hooke and Yorke,
2011) of two nonmigrating bars (induced by a steady perturbation or
by planform) will be different according to their cause of formation.

5. Conclusions

This study was conducted on the Loire River (France) on a
nonmigrating, mid-channel bar forced by a riffle and planform changes
(local channel widening and low sinuosity). Based on a large data set
acquired after management works that ensured an initial flat bed and
a homogenized grain-size distribution, we propose a conceptual
model of nonmigrating bar dynamics during floods, detailing the inter-
actionswith superimposed dunes. Themodel proves that, in a relatively
large lowland sandy-gravel bed river, the dynamics of a nonmigrating,
mid-channel bar forced by a riffle can be resumed to a rather stable
area that constitutes some type of nucleus around which spreading
(bar margins), elongation (bar front), and swelling (bar back) occur
and during flood events. During the falling limb of floods, sediments de-
posited on the top of the bar and on the bar front are reworked; a lateral
spreading toward a side channel was also shown. When water leaves
the bar, significant lateral erosion of the barmargin occurs. Dunes devel-
oped instantaneously from the flat surface created duringmanagement
works during the first flood by an upstream-oriented process. Dune de-
velopment strongly depends on sediment (phasing, quantity, and grain
size) supplied by the surrounding channels during high-magnitude
floods and by sediment availability (governed by armor layers and
non alluvial parts) during low-flow stages. The size and shape of
dunes were rather stable even if adaptations were noted according to
a weak anticlockwise hysteresis. This study shows that superimposed
dune growth is mainly influenced by sediment supply, grain size, flow
strength, and in a lesser way water depth.

Morphological forcing parameters (steady perturbation [riffle] vs.
planform [widening, channel curvature]) govern the presence, the
dynamics of the nonmigrating bar and its long-term evolution. The
role of these parameters on bar dynamics is cumulative but to a certain
extent stage dependant. For low discharges, the influence of the riffle
dominates (specifically on local flows). During high-flow stages it
influences sediment availability, but flow direction and strength are
rather influenced by planform parameters.

This study is a first step to understand interactions between a
nonmigrating, mid-channel bar forced by a steady perturbation (riffle)
and superimposed dunes during unsteady flows. As a sedimentological
perspective, the analysis of the influence of the location of dunes on the
bar (front/back) on their development and morphological evolution
should be done.
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